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ABSTRACT
Northeastern forests are in a period of immense change. While forests are
inherently dynamic ecosystems, a range of environmental challenges may cause unique
and uncertain transformations within forests moving forward. How trees in northern
forests respond to these environmental and anthropogenic changes remains uncertain;
reductions and increases in the growth of various species and shifts in current species’
ranges may take place.
I analyzed associations between tree growth (assessed using xylem increment
cores) and a range of site, climate, and pollution deposition variables for seven major tree
species in Vermont. First, I looked at red oak (Quercus rubra L.), a species that is
projected to expand into the northern hardwood forest. Summer moisture metrics were
consistently and positively associated with growth, while higher summer temperatures
were often negatively associated with growth. Several pollution metrics were associated
with reduced growth – a surprising result for a species not known to be sensitive to inputs
of acid deposition.
Second, I examined growth of three tree species emblematic of the northern
hardwood forest: sugar maple (Acer saccharum Marsh), American beech
(Fagus grandifolia Ehrh.), and yellow birch (Betula alleghaniensis Britton), plus a fourth
species, red maple (Acer rubrum L.), whose abundance has increased within the region.
Winter moisture (likely snow) was important for all species except for red maple, and
either summer moisture (positively associated) or temperature (mostly negatively
associated) variables were important for all species, with some differences in
relationships based on the elevation or time period evaluated. Pollution metrics were also
negatively associated with growth for all species except beech.
Third, I studied correlations of growth and environmental parameters for two
temperate conifers: eastern white pine (Pinus strobus L.) and eastern hemlock
(Tsuga canadensis (L.) Carrière). For both species, growth was positively associated with
warmer spring temperatures but negatively associated with summer temperatures.
Negative relationships between pollution deposition and growth for white pine, and to a
far lesser extent, eastern hemlock, were also detected. If growing seasons lengthen as
projected, temperate conifers may be at a competitive advantage for increased growth if
changes in summer temperature and moisture regimes do not add excessive stress that
offset possible increases in spring growth. These three studies highlight the importance of
considering the distinct seasonal projections for moisture availability and temperature
when evaluating the likely growth trajectories of these keystone species.
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CHAPTER 1: COMPREHENSIVE LITERATURE REVIEW

1.1 Introduction
Northeastern forests of the United States (U.S.) are in a period of significant
change. While forests are inherently dynamic ecosystems, a range of environmental
challenges may now be causing unique and uncertain transformations. Forests in eastern
North America have experienced considerable regrowth following historical clearing of
original forests by European colonizers for agricultural and timber utilization (Foster
1992; Foster et al. 1998). In addition to this recovery, the singular and interactive
impacts of climate change, atmospheric pollution, invasive species, and fragmentation are
some of the major pathways that may cause future shifts in forest health and productivity.
Since climate change is happening at a faster pace than trees can migrate (e.g., Sittaro et
al. 2017), reductions and increases in the growth of specific species and shifts in current
species’ ranges may take place. Considering the myriad of potential stresses,
understanding the response and resilience of northern tree species to environmental
change is critical for future management and resiliency.

1.2 Climate change in the northeastern United States
1.2.1 Observed changes in climate
Over the past century, the northeastern U.S. has experienced increases in
temperature and precipitation. Between 1895 and 2011, temperatures in this region
increased by almost 1.1°C (Kunkel et al. 2013). This rise in temperature occurred across
all seasons, where minimum and mean temperatures increased for all months, but
maximum temperatures were more variable (Janowiak et al. 2018). Since the late 1980’s,
1

the region has undergone more frequent heat waves than the period from the late 1950searly 1980s, although similar heat wave frequencies were present prior to the 1950s
(Kunkel et al. 2013). Of all seasons, winter has exhibited the greatest temperature
increases, with February displaying the largest rise in temperature (Janowiak et al. 2018).
Since the mid-1980s, the length of the freeze-free season has increased as well (Kunkel et
al. 2013).
In addition to rises in temperature, mean annual precipitation increased by about
16% over the past century (Janowiak et al. 2018). Indeed, hydrologic trends show this
region has been experiencing an unprecedented pluvial event over the past several
decades (Pederson et al. 2013). More extreme precipitation events have become
increasingly common over the past century (Kunkel et al. 2013); these extreme events are
most likely driving the rise in total annual precipitation rather than more frequent
precipitation (Thibeault and Seth 2014).
Over the last century, the eastern U.S. has experienced few droughts (Dai et al.
2004), with those that do occur having diminished intensities relative to those in western
portions of the country (Peters et al. 2015). However, in the New England states,
droughts have occurred at the local scale, and could easily be missed if solely focusing on
broad trends drawn from coarse climate data (Dupigny-Giroux 2001). The severity of
local droughts are dependent on many factors including the timing of drought onset, air
temperature, and humidity; indeed, droughts in this region were observed during recordbreaking temperatures in summer months (Dupigny-Giroux 2001). Thus, despite the
increase in precipitation that the region has experienced, drought must be considered at
finer scales (Dupigny-Giroux 2001).

2

1.2.2 Projected future changes in climate
Continued emissions of greenhouse gases will cause further global warming
(IPCC 2014). Depending on future emission trends, mean annual temperatures in the
Northeast are projected to increase 1.4°C - 4.2°C by the end of the century (Janowiak et
al. 2018). In fact, the northeastern region is expected to experience the largest
temperature increase in the contiguous U.S. and reach heightened temperature levels up
to two decades before global average temperatures (Karmalkar and Bradley 2017).
Total annual precipitation is also projected to rise in the region (Thibeault and
Seth 2014). These changes are not expected to take place uniformly across all seasons,
and projections of future precipitation regimes show variability. Increases are projected
for winter and spring, but summer precipitation is expected to either show little change
(Lynch et al. 2016) or to decrease, depending on the emissions scenario (Janowiak et al.
2018). In addition, more frequent and extreme precipitation events are expected to
continue (Thibeault and Seth 2014), as recent increases in rainfall intensity have
surpassed other areas of the contiguous U.S. (U.S. Global Change Research Program
2018). While total annual rainfall is expected to rise, the timing and frequency of rain
events must be considered within the context of intensifying temperatures. Simulations
show that projected increases in summer temperatures over a longer growing season will
result in higher potential evapotranspiration rates (Thibeault and Seth 2014), especially
since precipitation increases will largely be driven by late winter and early spring rainfall
(Lynch et al. 2016).
These changes in temperature and moisture regimes are expected to have
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profound effects on the seasons- particularly winter. Just as in the past, minimum winter
temperatures are projected to increase the most: under a high emissions scenario, these
temperatures are expected to warm 5.5°C by the end of the century (Janowiak et al.
2018). In the Northeast, the greatest decreases in cold extremes are expected to occur in
the northern and interior areas (Thibeault and Seth 2014). As temperatures warm, winter
precipitation is more likely to fall as rain rather than snow (Ning and Bradley 2015).
Snowfall is expected to show a decline in early winter (December-January; Notaro et al.
2014). Simulations and models show that less snowfall will result in decreased snowpack
(Reinmann et al. 2018), snow depth, negative trends in snow water equivalent, and earlier
snowmelt (Demaria et al. 2016). These changes in snow will also affect the amount and
timing of streamflow (Demaria et al. 2016).

1.3 Highlights of potential effects of climate change on temperate forests
1.3.1 Effects of a longer growing season on forests
Temperature changes can alter growing season length, a major determinant of net
primary productivity in temperate forests (Kimball et al. 2004). Growing season length
has increased across the northeastern U.S., and this progression is expected to continue
(Janowiak et al. 2018). The lengthened growing season has been partially responsible for
forest growth increases (McMahon et al. 2010; Richardson et al. 2010; Keenan et al.
2014). Predictions of future tree growth show an increase in productivity for all tree
species as a result of warmer temperatures and a longer growing season (with adequate
water), although this growth is also a result of succession and forest maturation
(Duveneck et al. 2017; Wang et al. 2017). When fall, winter, and spring temperatures are

4

mild, some temperate conifers (e.g., red spruce, white pine and eastern hemlock) are able
to photosynthesize (McGregor and Kramer 1963; Schaberg et al. 1995; Hadley 2000;
Schaberg and DeHayes 2000; Hadley and Schedlbauer 2002), which raises the possibility
that these species could gain a competitive advantage over hardwood species in some
locations. However, overall productivity could be offset if summer temperatures surpass
what is ideal for photosynthesis (Ollinger et al. 2008), or if warming soils (depending on
soil moisture availability) lead to a loss of forest carbon (C) (e.g., Campbell et al. 2009).
While a longer growing season may be a potentially positive outcome for some
species, there could be many drawbacks. Earlier warmer spring temperatures which
promote leaf-out could expose plants to an expanded period of potential frost damage
(Wolfe et al. 2018). Asynchronies may arise such as a decoupling of soil microbial
processes with plant phenology, possibly leading to large nutrient losses in ecosystems
(Groffman et al. 2012). Escalations of disturbances such as insect or pathogen outbreaks
may also abound (Dale et al. 2001; Guilbert et al. 2014).
Additionally, an extended growing season may also lead to a decline in soil
moisture due to increased transpiration (Huntington et al. 2009), particularly in
conjunction with higher summer temperatures (Thibeault and Seth 2014). Earlier
snowmelt and peak streamflow could further increase the possibility of late-summer
moisture deficiencies (Janowiak et al. 2018). This combination of events could increase
drought stress within forests. Tree species respond differently to drought conditions, and
after drought events in 1998 and 1999, drought symptoms were observed in an array of
species including sugar maple, beech, birch, oak and hickory trees in Vermont (DupignyGiroux 2001). A better understanding of species-specific drought tolerance and
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sensitivity is important in understanding the vulnerability of northern forests to future
drought (Coble et al. 2017).

1.3.2 Effects of changes in winter on forests
Changes across all seasons will affect forest growth and health, but for species
adapted to freezing, snowy winters, changes in the winter hydrologic regime may
instigate specific adverse consequences. Snow acts as a powerful insulator of forest soils,
protecting them from low air temperatures that can lead to soil freezing (Hardy et al.
2001; Hennon et al. 2012). Soil freezing can result in root freezing injury and loss
(Cleavitt et al. 2008), which can disrupt tree C relations and cause reduced root biomass
and woody growth (Comerford et al. 2013; Reinmann and Templer 2016; Reinmann et
al. 2018). Frozen soils can also inhibit water infiltration into the soil, diminishing
moisture availability (Hardy et al. 2001). In the northeastern U.S., the connection
between soil freezing and reduced growth has been particularly well documented for
sugar maple (Tierney et al. 2001; Comerford et al. 2013; Reinmann et al. 2018), but
yellow birch has also been shown to be vulnerable to root freezing injury due to
decreased snowpacks and soil freezing (Zhu et al. 2000; Zhu et al. 2002).

1.3.3 Future shifts in tree species’ ranges
Changes in climate are expected to shift the ranges of tree species. Models for
New England indicate that projected warming through the end of the century is likely to
result in a loss of boreal conifer forests and a contraction of the northern hardwood forest
(Tang and Beckage 2010). The oak-hickory forest type is predicted to increase in suitable
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habitat in New England (Prasad et al. 2007-ongoing; Tang and Beckage 2010). Fei et al.
(2017) observed that moisture availability may already be impacting species ranges, with
more tree species displaying a westward rather than poleward shift. Pederson et al.
(2015) also described the rise in precipitation as the main driver in a shift to more
mesophytic species in eastern forests.
Climate factors will not exclusively control future habitat suitability for tree
species. Multiple internal characteristics of species as well as external drivers of change
will likely play a role in shifting species ranges (Chen et al. 2011). Internal traits,
including genetics and fecundity (Aitken et al. 2008) and external traits including land
use (Foster and D'Amato 2015), competition (Liang et al. 2018) and soil properties
(Lafleur et al. 2010) are also driving factors in species’ range shifts. Many observations
and predictions describe a northward (e.g., Boisvert-Marsh et al. 2014; Liang et al. 2018;
Boisvert-Marsh et al. 2019) and/or upslope (e.g., Beckage et al. 2008; Chen et al. 2011)
migration of species, but evidence has shown that this is not exclusively the case. Foster
and D'Amato (2015) found that the montane boreal-hardwood forest ecotone shifted
downward rather than upwards, possibly reflecting the influence of land-use recovery
from selective removal of conifer species in these forests in the 19th and early twentieth
centuries. The importance of land use has also been noted in shifting seedling
demographics (Wason and Dovciak 2017). While various estimates suggest that tree
migration rates will not be able to keep pace with changes in climate (e.g., Malcolm et al.
2002; Sittaro et al. 2017), areas of refugia may provide opportunities for individual
species to persist in low-density populations (Pearson 2006). These and other studies
highlight the complexities in predicting future suitable habitat, but also spotlight the often
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divergent species-specific requirements that need to be considered when building models
of projected species distributions.
In terms of individual species, the Climate Change Tree Atlas (Prasad et al. 2007ongoing) projects a decline in suitable habitat for many species in northern areas of the
Northeast, including red spruce, paper birch, and balsam fir. In contrast, species such as
northern red oak and white oak whose ranges are expected to extend further north, show
increases in suitable habitat in the region (Prasad et al. 2007-ongoing). Of all species
evaluated, red maple has the most positive outlook for suitable habitat (Prasad et al.
2007-ongoing) due to its ability to succeed in a wide range of environmental conditions
(Abrams 1998). These and other findings from the Climate Change Tree Atlas only
represent broad trends and may not accurately predict changes at more local scales.
Models that simulate tree abundance and density project that sugar maple,
American beech, and red maple will be generally more abundant in the region, while red
spruce and balsam fir will be substantially reduced (Wang et al. 2017). More speciesspecific empirical evidence is required for better ground-truthing of models of future
species abundance.

1.4 Mitigation of climate change by forests
While forests will likely experience varied and uncertain outcomes in response to
a changing climate, they are also actively reducing some of the potential impacts of
climate change by storing atmospheric C. The regrowth of regional forests over the past
150 years following wide-spread deforestation (Foster et al. 1998) has enabled forests to
sequester a substantial amount of CO2; in 2017, 11.3% of U.S. CO2 emissions were offset
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by C sequestration in forests (EPA 2019). Most of the C in forests is stored in soils
(Domke et al. 2017; Nave et al. 2018), in additional to live and dead wood and the forest
floor (USDA 2016).
As the century progresses, U.S. forests are projected to continue to sequester C,
but at a declining rate due to land use and lower expected CO2 uptake as forests age
(Wear and Coulston 2015; U.S. Global Change Research Program 2018). Compared to
other regions of the country, eastern forests are anticipated to exhibit only a gradual
decline in C sequestration (Wear and Coulston 2015). However, forest stands that
undergo late-successional development can continue to accumulate significant amounts
of biomass, as unmanaged northern hardwood forests store more aboveground C than
younger, managed ones (Nunery and Keeton 2010; Gunn et al. 2014), and large trees
have been shown to act as significant C sinks (Carey et al. 2001; Ford and Keeton 2017).
Dead wood also has the potential to maintain the C sink ability of secondary
forests for many future decades (McGarvey et al. 2015). Continued changes in land use
and disturbance patterns alter forest cover over time, so maintaining tree health and
productivity within regional forests will be an important contributor toward maintaining
the C sinks needed to buffer climate change. However, management efforts to increase C
capture need to be carefully considered, since potential tradeoffs exist that could reduce
the adaptation potential of forest stands (D’Amato et al. 2011). Eastern forests contain
most of the C stored in U.S. forests (Woodbury et al. 2007; McKinley et al. 2011), so
understanding productivity trends in this region is of particular value.
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1.5 Another anthropogenic environmental stressor on trees: pollutant deposition
1.5.1 Acidic deposition
In addition to the multiple ways that climate change can impact tree health and
productivity, another historical anthropogenic stressor has been acidic deposition. The
acidification of precipitation in the northeastern U.S. was highlighted as a major
environmental threat in the mid-1970s (Likens and Bormann 1974). Caused by industrial
emissions and fossil fuel combustion, sulfur dioxide (SO2), nitrogen oxides (NOx),
ammonia (NH3), and other particulate emissions (Driscoll et al. 2001) are transported
hundreds of miles via prevailing winds, and can be deposited in two forms: wet (rain,
snow, or fog) or dry (aerosols, gases or particles; Burns et al. 2011).
Acid deposition has been shown to be detrimental to forest health. Sulfur and
nitrogen oxides mix in the atmosphere to produce acids that can leach crucial base cations
like calcium (Ca) and magnesium (Mg) from forest soils (e.g., Likens et al. 1996; Likens
et al. 1998; Lawrence et al. 1999), and mobilize aluminum (Al) from the underlying
mineral strata. In this reactive form, Al can displace soil Ca (Shortle and Smith 1988;
Lawrence et al. 1995). The loss of Ca is especially important to tree health because Ca
regulates plant C metabolism and stress response systems (Schaberg et al. 2001;
Schaberg et al. 2010), which can result in the physiological impairment of trees
(DeHayes et al. 1999).

1.5.2 The effects of acidic deposition on different tree species
The deleterious effects of acid deposition have been best documented for two tree
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species in the northeastern U.S.: red spruce and sugar maple. Extensive evidence has
shown growth declines and mortality increases for red spruce (Picea rubens Sarg.) in
relation to acid deposition: the harmful sequence of acid deposition and Ca depletion
lowers the cold tolerance of red spruce and substantially increases the possibility of
winter injury and crown damage (DeHayes et al. 1999; Schaberg and DeHayes 2000;
DeHayes et al. 2001). Recent work has found that red spruce is rebounding across its
range, at least partially in response to reduced acidic deposition (Kosiba et al. 2018;
Mathias and Thomas 2018).
In addition to red spruce, sugar maple has experienced declines and mortality
related to acid deposition. Sugar maple is particularly sensitive to Ca availability (St.Clair
et al. 2008); the adverse effects of the deficiency of Ca and mobilization of Al on sugar
maple health has been well established (Duchesne et al. 2002; Long et al. 2009; Sullivan
et al. 2013). Indeed, numerous studies show a link between sufficient Ca nutrition and
better health and growth for this species (e.g., Long et al. 1997; Duchesne et al. 2002;
Juice et al. 2006; Schaberg et al. 2006; Huggett et al. 2007; Schaberg et al. 2010; Ouimet
et al. 2017).
To a far lesser extent, yellow birch is another northern hardwood species with
evidence of pollution sensitivity. In a comparison of forest plots treated with Ca and Al at
the Hubbard Brook Experimental Forest, yellow birch exhibited significantly higher
levels of mortality on Al-treated compared to Ca-treated and control plots (Halman et al.
2014). In an additional study in Quebec comparing the long-term effects of acidic vs.
basic-treated plots, yellow birch growth (basal area increment) showed greater increases
on the alkalinized soil (Ouimet et al. 2017).
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Experimental evidence indicates that acid deposition can adversely affect other
species as well. Schaberg et al. (2001) found that in response to experimental applications
of acid mist, eastern hemlock seedlings displayed reduced membrane-associated Ca,
which can weaken a tree’s ability to identify and respond to stress. In addition, white pine
seedlings showed reduced foliar cold tolerance, implying that foliar Ca disruption
triggered by acid deposition may have more wide-reaching effects beyond red spruce and
sugar maple (Schaberg et al. 2001). Whether these experimental effects of acid deposition
are reflected in the woody growth of eastern hemlock and white pine has yet to be fully
explored.
While many species experience negative effects from Ca loss and Al
mobilization, one species exhibits a tolerance to these factors: American beech. Studies
comparing Ca- vs. Al-treated plots found that American beech growth (BAI) increased on
Al-treated plots as compared to control or Ca-treated plots (Halman et al. 2014; Ouimet
et al. 2017). Other work has shown that the growth of American beech saplings did not
respond to liming (Long et al. 2011; Duchesne et al. 2013). Evidence suggests that the
success of American beech on low-base soils may have more to do with the decline of
other species in these environments rather than a preference of beech for acidic soils:
Lawrence et al. (2018) did not find a relationship between American beech canopy vigor,
DBH, or regeneration and base saturation, and beech trees in a study in Quebec showed
low sensitivity to soil base status (Duchesne and Ouimet 2009, 2011).
After the enactment of the Clean Air Act amendments of 1970 and 1990, sulfur
and nitrogen emissions have declined considerably (e.g., Driscoll et al. 2001; Strock et al.
2014; Siemion et al. 2018). Consequently, soils in the region are showing some evidence

12

of improvement (Lawrence et al. 2015). However, any broad recovery will likely be
spatially (Lawrence et al. 2015; Siemion et al. 2018), and temporally heterogeneous –
taking decades for the most affected sites to recover from protracted acidification and
nutrient loss (Likens et al. 1996; Driscoll et al. 2001). Indeed, even in very recent years,
sugar maple trees growing on naturally acidic sites in the Adirondack mountains have not
returned to the higher growth rates expected after years of reduced pollutant deposition
(Bishop et al. 2015).
Also, although it has generally decreased over the past 15 years, nitrogen
pollution has not significantly declined in the U.S. in the same way as sulfur (Driscoll et
al. 2003), so its harmful effects can still be observed (Greaver et al. 2012). Thus, it is
possible that the impacts of acid deposition may still be detectable today in certain
integrated long-term processes such as tree growth. There is also the potential that growth
of tree species other than red spruce and sugar maple has been negatively affected by
pollutant deposition, but to a lesser degree. Growth may also be influenced by the
interaction of acid deposition legacies and climate change (Janowiak et al. 2018). This is
an area that requires further exploration.

1.6 Conclusions
The effects of regional temperature and precipitation increases and associated
impacts (e.g., reduced winter snowpacks and changes in precipitation patterns), in concert
with other shifting anthropogenic biotic and abiotic factors such as invasive pests and
acid deposition, can complicate our understanding of forest trajectories within the already
dynamic ecosystems to which trees are adapted. Inevitably certain species will benefit
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from various changes in climate, while others may decline in response to the same or
alternative but equally pertinent changes. Fortunately, the long-term, species-specific data
on growth and response to environmental influences that exists within tree-ring
chronologies can provide valuable information to document, understand the causes, and
project the consequences of changes in tree growth.
In this dissertation, I have investigated the response of tree growth (assessed using
xylem increment cores) to changes in climate and pollution variables within Vermont.
The three projects I describe on the following pages aim to understand how tree growth
for major species of the northern forest have responded to climate and pollutant factors in
the past, and whether or how these responses have shifted through time. This information
can improve models for potential growth trajectories of these species. This knowledge
can also advise other researchers, policy makers, and forest managers in planning for
future courses of action within the forests of the northeastern U.S.
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2.1 Abstract
Red oak (Quercus rubra L.) is projected to expand into the northern hardwood
forest over the coming century. We explored the connection between red oak basal area
growth and a number of factors: tree age and size, stand dynamics, site elevation, and
climate and acid deposition variables for 213 trees in 11 plots throughout Vermont, USA.
Red oak growth generally increased over the course of the chronology (1935-2014) and
has been particularly high in recent decades. Growth differed among elevational groups
but did not differ between age or size groups. Summer moisture metrics were consistently
and positively associated with growth, whereas fall moisture was associated with reduced
growth in recent decades. Higher summer temperatures were often negatively associated
with growth, though there was evidence that low temperatures in the summer (higher
elevations) and fall (lower elevations) constrain growth. Several pollution metrics were
associated with reduced growth – a surprising result for a species not known to be
sensitive to inputs of acid deposition that have predisposed other species in the region to
decline. While red oak growth is currently robust, increases in summer temperatures,
reductions in growing season precipitation, or increases in fall precipitation could reduce
future growth potential.
Key words: Quercus rubra, dendrochronology, tree rings, climate change, acid deposition
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2.2 Introduction
As climate change progresses, efforts are underway to understand how and when
forests and constituent tree species will respond. Numerous studies have applied models
to estimate the composition and dynamics of future forests and help in resilience planning
(e.g., Gray and Hamann 2013; Iverson et al. 2017; Wang et al. 2017). While these models
are well-grounded, some fundamental limitations exist in accounting for the future
performance of any given species. In particular, empirical evidence is needed to evaluate
the fitness and climate response of species projected to experience changes in future
suitable habitat.
Tree-ring data can provide valuable evidence with its unique ability to document
growth data necessary to develop historical relationships between tree growth and
climate. With chronologies spanning decades to centuries, tree rings can highlight how
these relationships have shifted in accordance with changes in environmental cues,
notably climate (Bishop et al. 2015). Moreover, trees near a species’ range limit may
provide a particularly good indication of possible responses because these populations are
often climate sensitive (e.g., Pederson et al. 2004; Hacket-Pain et al. 2015).
Areas of noteworthy interest for answering questions around shifting tree
performance are transition zones, where different forest types converge. In the
northeastern United States (U.S.), the northeastern U.S. is one such area where forest
types mix (Cleland et al. 2007). Here, maple-beech-birch forests currently predominate,
but are climate conditions are projected to shift towards those favoring oak-hickory
forests (a forest type that currently provides the greatest total live-tree biomass on U.S.
timberland; Oswalt et al. 2014) over time as the climate warms. Indeed, by the year 2100,
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the oak-hickory forest, which includes northern red oak (Quercus rubra L.), is anticipated
to gain a significant amount of suitable habitat within the northeastern U.S. under all
atmospheric carbon dioxide emission scenarios (Prasad et al. 2007-ongoing). For red oak
specifically, increases in growing season (May through September) temperatures are
projected to have a particularly strong influence on improving habitat suitability in the
north (Prasad et al. 2007-ongoing) – though this awaits field verification.
Anthropogenic drivers other than climate can also have a detectable influence on
tree growth. For example, defoliation from introduced gypsy moth (Lymantia dispar L.)
larvae have periodically been associated with significant reductions in radial growth
within eastern forests (e.g., Naidoo and Lechowicz 2001), though this has historically had
less of an influence in VT (Vermont Department of Forests Parks and Recreation 2019).
Acid deposition has also been linked to declining health and productivity in a number of
northeastern tree species (e.g., Schaberg et al. 2001; Schaberg et al. 2010; Kosiba et al.
2018), though detrimental effects on oak have not yet been documented (e.g., LeBlanc
1998). Furthermore, red oak’s ability to expand regionally likely also depends on the
legacies of changing land uses, including the reduced prevalence of fire that once favored
oak regeneration (Nowacki and Abrams 2008).
Numerous factors may differentially impact the growth of red oak within the
Northern Forest. Since our objective was to isolate the potential climate and pollution
variables that are best associated with growth, we measured tree rings for 213 dominant
and codominant red oak trees at 11 VT sites, and statistically compared growth to tree
and stand characteristics and regional climate and pollutant deposition data. Because red
oak wood is ring-porous, exhibiting a bimodal distribution of vessels (Woodcock 1989),
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xylem growth can be easily partitioned into earlywood (EW) and latewood (LW) growth
as well as whole-ring widths (WRW). A variety of EW vessel parameters (i.e., the width,
area and number of vessels) have been shown to be especially sensitive to different
climate factors as compared to measures of LW or WRW (e.g., Tardif and Conciatori
2006b). Therefore, we evaluated relationships between WRW, LW and EW growth and
environmental factors that may influence growth. Overall, we hypothesized that:
(H1) Growth will be positively related to growing season temperature (mean,
minimum and possibly maximum) because sampled populations are near the northern
edge of the species’ range (Burns and Honkala 1990).
(H2) Growth will be positively related to moisture variables because the species is
vulnerable to catastrophic xylem embolism (Cochard and Tyree 1990).
(H3) Growth will not be related to sulfur and nitrogen deposition inputs because
red oak is not known to be sensitive to acid deposition (LeBlanc 1998).
(H4) Growth response will differ little based on tree and site characteristics (e.g.,
tree age, size and stand elevation) because most sites likely originated during a similar
period of agricultural land abandonment (Foster 1992) and because oak occupy a
relatively uniform elevational band within VT (Gudex-Cross et al. 2019).

2.3 Methods
2.3.1 Study area
The study area is located in western VT, ranging from 42.75°N – 44.82°N latitude
and 73.02°W -73.24°W longitude (Fig. 2.1), situated in the western valleys of the Green
Mountains. Average temperature (1935-2014) is warmest in July (19.5°C) and coldest in
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January (-8.5°C); mean annual precipitation is 108 cm, with 48% of precipitation falling
from May through September (Fig. 2.2; NOAA National Climatic Data Center 2018).
Within this area, 11 second-growth forest stands recovering from intensive land use in the
early 20th century were selected for study, at varying elevations. Soils at the 11 sites are
loamy or coarse-loamy, derived from glacial till (National Resources Conservation
Service 2019). We were not selective in choosing sites with specific intrinsic
characteristics such as aspect, soil type or elevation. Rather, we were interested in
choosing sites that would provide a broad representation of mature red oak trees in the
northern part of its range. We avoided areas with known history of management over the
past several decades, as human disturbance can influence and obscure other potential
drivers of growth (e.g., climatic or pollutant). In addition to red oak, other deciduous tree
species at these sites included Quercus alba (L.), Fagus grandifolia (Ehrh.), Acer rubrum
(L.), and coniferous species included Pinus strobus (L.) and Tsuga canadensis ((L.)
Carrière).
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Figure 2.1. Locations of the 11 red oak sites throughout Vermont, delineated by
elevational group (≥258m = higher elevation [red triangles] versus <258m = lower
elevation [green circles]), overlaid on historical range map and Field Inventory
Analysis importance value data (Prasad and Iverson 2003), indicating red oak’s
dominance in a given forest area.
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Figure 2.2. Monthly mean temperature (black circles) and monthly total
precipitation (grey bars) for the study area from 1935-2014 (NOAA National
Climatic Data Center 2018a).

2.3.2 Dendrochronological techniques
The target of this study was to assess the possible sensitivities of red oak growth
to climate and pollution factors in the species’ northern range. In order to better isolate
environmental signals in this species, we focused on sampling dominant and co-dominant
trees rather than conduct a complete ecological analysis that included intermediate and
suppressed trees. The growth of intermediate and suppressed trees would include trends
such as those related to competition, which, in addition to other growth trends, could
further obscure the environmental signals that we were seeking to understand. To
emphasize the environmental factors that could affect red oak growth, we collected
increment cores from only dominant and co-dominant red oak trees (n=213) following
standard dendrochronological techniques (Stokes and Smiley 1968). Two xylem
increment cores (5 mm in diameter) were collected from each tree at diameter at breast
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height (DBH, 1.37 m above ground level), 180° from each other and perpendicular to the
slope. Between 14 and 33 trees were cored at each site. Trees with observable bole or
crown damage were avoided to better characterize average growth and minimize the
influence of non-climatic factors on growth.
Following collection, cores were oven-dried, mounted, and sanded with
progressively finer grit sandpaper (ranging from 220 to 800 grit). Annual whole-ring
increments were visually crossdated using the list method (Yamaguchi 1991), and
microscopically measured to 0.001 mm resolution using a Velmex sliding stage unit
(Velmex Inc., Bloomfield, NY) with MeasureJ2X software (VoorTech Consulting,
Holderness, NH). EW and LW widths were also visually partitioned and measured, since
EW is composed of visibly larger vessels (García-González et al. 2016). The program
COFECHA was used to statistically detect and correct for crossdating errors in the
whole-ring series (Grissino-Mayer 2001). Dendrochronological statistics such as series
intercorrelation, autocorrelation, and average mean sensitivity were calculated in
COFECHA for WRW and in the R package dplR (Bunn et al. 2016) for EW and LW, and
were used to calculate the expressed population signal (EPS) based on the equation
presented by Wigley et al. (1984). EPS values (cutoff of 0.80) determined the time period
(1935 onward) over which all plot chronologies maintained a robust stand-wide signal.
Individual cores were occasionally discarded from a site chronology if they correlated
poorly with the master chronology (i.e., below Pearson critical correlation 99%
confidence levels) due to unusual growth trends that were not representative of overall
site growth. Approximate tree age at breast height was calculated using the maximum
number of rings per tree if the pith was evident. If the pith was not visible, core age was
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estimated using a pith estimator (Speer 2010) based on the curvature of the inner-most
annual rings. Age was not assessed for incomplete cores which did not exhibit ring
sequence curvature.

2.3.3 Statistical Analyses
To determine if any stand-wide release events occurred over the period of the
chronologies, individual tree growth (raw ring width; RRW) was analyzed per plot using
the radial-growth averaging criteria established by Nowacki and Abrams (1997). A tenyear running median with a 50% threshold was employed to detect major release events,
with a stand-wide release defined as ≥ 25% of the trees experiencing a major release
within the same decade (Nowacki and Abrams 1997). Release events were discerned
using the TRADER package for R (function growthAveragingALL; Altman et al. 2014).
RRW measurements for both cores were averaged per tree and standardized using
two methods. Standardization creates a dimensionless index by dividing the observed
ring widths by the expected value of a detrended chronology (Fritts 1976). We first
calculated basal area increment (BAI), which converts diameter increments (cm/year)
into area increments (cm2/year) to minimize age/size growth trends (West 1980). BAI
chronologies were calculated per site and across all sites to create a study-wide
chronology (functions bai.out and chron, R package dplR; Bunn et al. 2016). For our
second RRW standardization, we created six ring width indices (RWIs) using the detrend
function in the R package dplR (Bunn et al. 2016). Five cubic smoothing splines were
tested (67%n, 20-year, 30-year, 40-year, or 50-year) with a 50% frequency response
cutoff, and the sixth standardization was the Friedman Super Smoother (Pederson et al.
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2013). Although the different detrending methods provided near-identical results, we
chose the 67%n cubic smoothing spline with a 50% frequency response cutoff for use in
later analyses because this standardization showed slightly higher correlation coefficients
with environmental parameters than the others. Splines are useful for relating annual
growth to climate variables by smoothing out growth trends that are considered noise
(e.g., the result of stand-wide release events) while leaving in climate signals (Cook and
Peters 1981). Autoregressive modeling was performed on the standardized series to
reduce the influence of endogenous disturbances, remove the effects of temporal
autocorrelation (first order autocorrelations), and enhance the common signal (Cook
1985), resulting in prewhitened (residual) chronologies. Annual mean values of growth
were computed using Tukey’s biweight robust mean, which minimizes the effect of
outliers (Cook and Kairiukstis 1990) and increases the common signal. Residual RWI
chronologies were calculated per site, across all sites to create a state-wide chronology,
and then truncated to the common period of 1935 to 2014 based on EPS results. A mean
RWI chronology was calculated for WRW and were also developed for EW and LW
growth, since these portions of woody growth can be sensitive to different climatic
drivers (García-González et al. 2016).

2.3.4 Climate and pollutant deposition data
A wide range of climatic variables were evaluated for possible associations with
red oak growth (Table S2.2). To evaluate moisture variables, data from the Standardized
Precipitation-Evapotranspiration Index (SPEI) was obtained for individual sites and
averaged to create a state-wide SPEI dataset at four time-steps (Table S2.2; Vicente-
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Serrano et al. 2017). SPEI is a moisture index which accounts for precipitation and
potential evapotranspiration in estimating drought, and also includes the impact of
increasing temperatures on water demand (Vicente-Serrano et al. 2010). Only the 1- and
3-month time steps (SPEI01 and SPEI03, respectively) were used for further analyses,
because they exhibited the most consistent associations with growth and reduced
redundancy among moisture variables. Similarly, although direct precipitation data was
also initially assessed, it was not used in final analyses because it was not independent of
the more ecologically significant SPEI measures. A total timespan for the climate and
SPEI datasets of 1934-2014 was selected to match the tree-ring data.
To evaluate temperature variables, we acquired climate data from the National
Climatic Data Center (NOAA National Climatic Data Center 2018) for VT Climate
Division 2 (Western Division), because our sites spanned this division’s latitudinal
gradient. We focused on two variables to reduce redundancy and intercorrelation of
climatic data: monthly maximum temperature (Tmax) and monthly minimum temperature
(Tmin), from which we also created seasonal (Winter: Dec-Feb, Spring: Mar-May,
Summer: Jun-Aug, Fall: Sep-Nov) and water year (Wyr: previous Oct- current Sep)
metrics. We also assessed two heat indices: heating degree days (HDD) and cooling
degree days (CDD). HDD is a gauge of low temperature exposure calculated as the
number of degrees that a day’s average temperature is below 18.3° C (65° F).
Conversely, CDD is a measure of high temperature exposure calculated as the number of
degrees that a day’s average temperature is above 18.3° C (65° F). Although HDD and
CDD were devised for evaluating building heating and cooling requirements, they have
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been shown to also relate to tree growth and physiology, and can be used as proxies for
higher or lower temperature exposure over time (e.g., Kosiba et al. 2018).
Pollutant deposition data (SO42-, NO3-, cation to anion ratio, and rainfall pH) were
obtained from two sources: two National Atmospheric Deposition Program (National
Atmospheric Deposition Program 2017) sites in VT (Underhill and Bennington) and the
Hubbard Brook Ecosystem Study in New Hampshire (Likens 2016). Data from the two
VT sites (1982-2014) were averaged and then regressed against deposition data from
New Hampshire (1965-2012) to extend the VT data back from 1982 to 1965. Total
timespan for this combined dataset was 1965-2014 (Table S2.2).

2.3.5 Correlations and model building
Stationary correlation functions were calculated using Pearson’s correlations
(function dcc, R package treeclim; Zang and Biondi 2015) using bootstrap resampling
(1,000 bootstrap samples; Biondi and Waikul 2004). Correlations were conducted
between monthly, seasonal, or water year climate data and the extent of the regional RWI
chronologies (1935-2014), spanning an 18-month window from the previous year’s June
to the current year’s November to account for lagged and integrated effects. We also
divided the chronology period in half and performed climate-growth correlations for the
first (1935-1974) and second (1975-2014) halves of the chronology. This division of
equal sample sizes allowed us to see whether associations with climate variables were
consistent over time or if any changes were evident. In addition, since deposition data
was not available for the entire chronology, we were able to assess the influence of
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pollution on growth during the second half of the chronology (1975-2014). Correlations
were calculated with monthly, seasonal, and water year pollution deposition data.
Significant correlation variables were then utilized to build a series of plausible
models, using a generalized linear model approach with Gaussian distribution. For model
inputs, we only used variables with a correlation = 0.01 to limit the number of
significant variables, reduce redundancy, and focus on the most powerful relationships. A
null model (intercept only) was built to serve as a benchmark for comparing relative
model fit to an uninformed model. To evaluate whether climatic drivers of red oak
growth differed through time, we fit linear models to the entire tree-ring chronology
(1935-2014) as well as the first (1935-1974) and second (1975-2014) halves of the
chronology. Pollution deposition variables were only included in models for the second
half of the chronology because this was the sole period for which pollution data was fully
available.
Models were assessed for multicollinearity using variance inflation factors (VIF;
Marquaridt 1970) by applying the function vif in the R package car (Fox and Weisberg
2011). Models with a high VIF (>2) were removed. From the remaining models with
VIF<2, the model with the lowest Akaike’s information criterion (AIC; Akaike 1974)
was selected. When ∆AIC between models was < 2, the most parsimonious one was
chosen. P-values, which identify the significance of each model by comparing the
reduced deviance between the null and candidate models, were computed using an
analysis of variance with an F distribution. Adjusted R2 was calculated as the squared
correlation between predicted and observed values.
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2.4 Results
2.4.1 General Growth Trends: BAI and RWI
Across all 11 sites, red oak trees had an estimated median age range of 83-149 years and
a mean DBH range of 32.2 cm-55.3 cm (Table S2.1). One site (Castleton) exhibited a
stand-wide release event of unknown origin in 1954-1964. From 1935-2014, red oak
growth (BAI) generally increased (P<0.0001), with maximum growth in 2014 at 26.2
cm2 (Fig. 2.3). Temporary reductions in growth were evident after multiple regional
stress events: drought in 1964 and 1965 (NOAA National Centers for Environmental
Information 2018), gypsy moth defoliations in 1977 and 1991, the 1998 ice storm and a
late spring frost event in 2010 (Vermont Department of Forests Parks and Recreation
2019). Sites were partitioned into two approximately equal groups based on mean tree
size (44.3 cm), median age (102 years), and median elevation (258 m). Regarding tree
size and age, there was no difference in BAI slope over time for stand-level chronologies
(1935-2014), which we examined to understand if there were changes in growth over
time. However, there was a difference in slope between elevation groups: lower elevation
(< 258 m) sites showed a greater rate of increased growth over the length of the
chronology than red oak sites at higher elevations (> 258 m; t=2.47, P=0.04).
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Figure 2.3. Mean BAI growth (±SE) from 1935-2014 for red oak trees at 11 sites located throughout
Vermont. The linear regression of growth over time (dotted line and the associated equation) is
presented, as are known regional stress events (Vermont Department of Forests Parks and
Recreation 2019) that are identified at the time of occurrence.

Chronology curves for WRW and LW (Fig. 2.4) were very similar (r=0.98),
suggesting that yearly variations in WRW may have arisen from changes in LW growth.
The EW chronology exhibited considerably less year-to-year variability than WRW or
LW growth (r=0.29 and r=0.15, respectively). Mean sensitivity of the chronologies,
which represents the year-to-year variation of the tree-ring series at a site, was lower for
EW than for WRW and LW (P<0.0001; Tables S2.3, S2.4).
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Figure 2.4. Ring width index (RWI) of red oak earlywood (EW), latewood (LW), and whole ring
width (WRW) across all 11 Vermont sites. Inserted table shows correlation coefficients between
each of the three chronologies.
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2.4.2 Climate- and Deposition-Growth Correlations
2.4.2.1 Patterns for WRW/EW/LW chronologies
Moisture-related variables during the summer months were consistently associated with
red oak growth (Fig. 2.5). For the 1935-2014 period, June and July SPEI01 (r=0.40and
r=0.36, respectively; P0.01) were significantly related to WRW growth. Seasonal
summer moisture variables were also important metrics: SPEI03 for June, July and
August (r=0.32, 0.41, and 0.34, respectively; P0.01). In addition to moisture variables,
June Tmax showed a negative correlation with growth (r=-0.39, P0.01) as well as June
CDD, a measure of accrued heat (r=-0.27, P0.01). June HDD, a measure of accumulated
cold, exhibited a positive correlation with WRW (r=0.26, P0.01), highlighting the same
influence of temperature. WRW showed a negative correlation (1975-2014) with July
SO42- (r=-0.29, P0.05). The LW chronology exhibited similar patterns to the WRW
chronology, but with generally stronger correlations and three additional correlations
with SO42- (1975-2014): previous November (-0.25, P0.05), June (r= -0.30, P0.05),
and summer (r= -0.26, P0.05; Fig. 2.5).

42

43
Figure 2.5. Significant climate- (1935-2014) and deposition- (1975-2014) growth (ring
width index) correlation coefficients for a) earlywood (EW), b) latewood (LW), and c)
whole ring width (WRW). Lower case letters indicate previous year’s months. Multimonth variables appear to the right of the dashed line. JJA= June, July, August:
grouped to create a summer variable. Climate-growth correlations were significant at
the P≤0.01 level, while deposition-growth correlations were significant at P≤0.05.

EW was far less variable over time than WRW or LW chronologies (Fig. 2.4).
Still, even this more uniform architectural component displayed variability related to
climate. The EW chronology was positively correlated with previous July SPEI01 (r=
0.31, P0.01) and previous August and September SPEI03 (r=0.32 and 0.38,
respectively; P0.01; Fig. 2.5).

2.4.2.2 WRW patterns based on elevation
To understand how climate response may vary among sites, we compared climate- and
deposition-growth correlations between lower and higher elevation sites (Fig. 2.6).
Certain correlations highlighted differences between the elevational groupings: growth
(1935-2014) at low elevation sites was negatively correlated with previous October HDD
(r=-0.28, P0.01), and growth at high elevation sites was positively correlated with
August Tmin (r=0.28, P0.01). Growth (1975-2014) at low elevation sites showed a
greater sensitivity to pollution parameters than high elevation sites (Fig. 2.6). Low
elevation growth was negatively correlated with April NO3- (r= -0.34, P0.01), June
SO42- (r= -0.32, P0.01), and previous September cation to anion ratio (r= 0.29, P0.01).

2.4.2.3 Changes in WRW patterns through time
Climate correlations with WRW for the 1935-1974 period showed similar patterns to the
entire (1935-2014) chronology, with the addition of significant negative correlations with
spring Tmax (r= -0.25, 0.05) and August HDD (r= -0.34, P0.05), and a positive
correlation with August CDD (r=0.39, P0.05).
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Figure 2.6. Significant climate-(1935-2014) and deposition- (1975-2014) growth
correlation coefficients for a) high elevation (>258 m) and b) low elevation (<258 m)
groups. Lower case letters indicate previous year’s months. All correlations are
significant at the P0.05 level unless denoted by a * which indicates significance at the
P0.01 level. Multi-month variables appear to the right of the dashed line. son =
previous September, October, November: grouped to create a previous fall variable;
JJA= June, July, August: grouped to create a summer variable; Wyr= water year:
previous October to current September. NO3-= nitrate deposition, SO42-=sulfate
deposition, cation:anion = cation to anion ratio. Note that deposition variables (shown
in grayscale) are only significant at lower elevation sites.

Similar but additional climate-growth correlations were found for 1975-2014 as
for the whole chronology. For example, while only June Tmax was significant for the
whole chronology, July Tmax and summer Tmax were also significant for this more recent
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period (r= -0.36 and r= -0.45, respectively; P0.01). A new relationship emerged as
significant during this time as well: a negative correlation with fall moisture (October
SPEI03: r= -0.31, P0.05 and November SPEI03: r= -0.42, P0.01).

2.4.3 Growth Models
For a complete listing of the candidate models assessed for all three time periods, see
Tables S2.5-S2.7. Based on AIC, the model for 1935-2014 that performed best included
summer moisture (July SPEI03) and June Tmax (F= 14.277, P<0.0001). The best model
predictors for 1935-1974 were July SPEI03 and June Tmax (F=7.699, P<0.01), although
we found analogous results for another model with August SPEI03 and June Tmax (F=
8.518, P<0.0001); Table S2.6). For the 1975-2014 period, multiple models exhibited
∆AIC<2; of these models, there were two equally parsimonious models: July SPEI03 and
summer Tmax (F=9.397, P<0.001), and July SPEI01 and June Tmax (F=9.346, P<0.001).
All moisture predictors exhibited a positive relationship with growth, while temperature
displayed a negative relationship with growth (Table 2.1).
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Table 2.1. Red oak growth-climate model results from three time periods: 1935-2014 (the entire chronology), 1935-1974
(first half of the chronology; two equivalent models), and 1975-2014 (second half of the chronology; two equivalent models).

Model
Adj. R2
Time
Period
1935-2014 0.26

F ratio Prob>F
(model) (model)
14.277

Term(s)

Estimate ± SE

F ratio Prob>F
(terms) (terms)

<0.0001 July SPEI03
June Tmax

0.036 ± 0.010
-0.014 ± 0.004

12.690
15.864

0.0006***

0.045 ± 0.019
-0.017± 0.007

10.098
5.300

0.0030**
0.0271*

0.060 ± 0.023

7.921

0.0078**

-0.021 ± 0.007

9.113

0.0046**

1935-1974 0.28

7.699

<0.01

July SPEI03
June Tmax

0.30

8.518

<0.0001 August
SPEI03
June Tmax

0.0002***
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1975-2014 0.26

9.397

<0.001

July SPEI03 0.031 ± 0.011
Summer Tmax -0.021 ± 0.008

10.997
7.796

0.0021**
0.0082**

0.32

9.346

<0.001

July SPEI01
June Tmax

9.549
9.144

0.0038**
0.0045**

0.045 ± 0.013
-0.015 ± 0.005

SPEI03 = 3-month Standardized Precipitation-Evapotranspiration Index; Tmax = maximum monthly temperature. P-values show
the significance of each model by comparing the reduced deviance between the null model and the candidate model; they were
calculated using an analysis of variance with an F statistic. Significance levels: *P<0.05; **P<0.01; ***P<0.001.
For more information on variables see methods.

2.5 Discussion
2.5.1 Climate-Growth Relationships
Red oak has been growing well throughout VT, reaching its highest level of growth
during the most recent decades. This evidence of a sustained rise in growth throughout
the chronology is in agreement with studies that have observed increasing growth trends
into late stand development for several species, including northern red oak (Johnson and
Abrams 2009; Foster et al. 2014). Summer moisture parameters were some of the most
important environmental variables correlated with red oak growth: June and July SPEI01,
and general summer moisture (June, July and August SPEI03). Indeed, the highest
overall correlation for the entire chronology span (1935-2014) was July SPEI03 (r=0.41,
P0.01). The importance of moisture availability to growth would be expected for a
species adapted to conduct large volumes of water through its EW vessels (Zimmerman
1983). Our results concur with findings from red oak in the southeastern U.S. (Pan et al.
1997; Speer et al. 2009), southern Quebec (Tardif and Conciatori 2006a; Tardif et al.
2006), and elsewhere in eastern North America (LeBlanc and Terrell 2011), although
drivers of growth can differ based on latitude (Crawford 2012; Martin-Benito and
Pederson 2015).
Although less numerous than associations with moisture, negative correlations
with maximum summer temperatures and June CDD were evident. Since correlations
with moisture featured so prominently overall, our observed negative temperature-growth
correlations may point to a drought signal. Throughout eastern North America, drought
has been found to be the largest climate signal among eight deciduous species (Martin-
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Benito and Pederson 2015), though of all species sampled, red oak exhibited the weakest
link with precipitation. Moreover, drought has been shown to be a significant driver of
tree growth among 24 species in eastern North America, including red oak
(D'Orangeville et al. 2018). Additional findings suggest that moisture, as opposed to
temperature, has been a driving factor in tree migration because multiple oak species
have migrated westward along precipitation gradients, rather than northward along
temperature gradients (Fei et al. 2017).
While higher temperatures may be driving a more moisture-limited environment,
it is also possible that red oak is sensitive to high temperature exposure directly (though
these are difficult or impossible to disentangle). On hot days, trees must balance the
possibility of xylem embolism with the need to assimilate carbon – especially ring-porous
species such as oaks with large-diameter EW vessels that are particularly prone to
embolism (e.g., Cochard and Tyree 1990). In an effort to prevent cavitation during hot
summer months, red oaks can reduce water loss by decreasing stomatal conductance,
which limits carbon dioxide uptake (Cowan and Farquhar 1977), and reduces
photosynthesis and growth (Tyree and Cochard 1996). The positive correlation with June
HDD further suggests that red oak growth can benefit from moderate-to-cool
temperatures (and associated reductions in transpirational water loss) that likely optimize
leaf function and carbon capture. In contrast, opposite correlations with August CDD
(positive) and August HDD (negative) with growth were found for the 1935-1974 period.
This may suggest that red oak growth was more sensitive to late summer temperatures
earlier on in the chronology, whereas if more recent trends are accounted for, early
summer influence better accounts for variations in growth.
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Correlations of LW growth and climate parameters mirror those for WRW (Fig.
2.5) and highlight the importance of moisture and moderate temperatures to wood
production, especially in LW production that varies more over time. In contrast, EW
growth was solely related to previous year’s moisture metrics, indicating that previous
years’ water availability appears to be influential in driving EW growth. These results are
in line with Tardif and Conciatori (2006b) who found significant positive correlations
between red oak EW and previous year’s summer moisture indicators in southern
Quebec. EW vessels begin to form prior to budbreak (e.g., Takahashi et al. 2013; Kitin
and Funada 2016), so their production relies heavily on carbon storage from the previous
year (Barbaroux and Bréda 2002); a crucial reserve, since EW vessels are responsible for
over 90% of water transport during the growing season (Ellmore and Ewers 1985).
Our models suggest that the influence of intensifying summer temperatures in
recent decades, whether directly or through a consequential decrease in water availability,
may impose a greater impact on red oak growth in the future. For the 1975-2014 period,
growth was not only correlated with June Tmax but also July Tmax and summer Tmax,
suggesting that overall warmer summer temperatures - or associated increases in
evaporative demand - may be having a greater impact on growth in recent years. A
projected increase in future temperatures must also be considered within the context of
the amount of precipitation that falls within any one growing season, and the timing at
which precipitation occurs.
Our findings on drivers of red oak growth overlap with results reported by the
Climate Change Tree Atlas (CCTA), which ranks the most important factors that describe
future habitat suitability for tree species in the U.S. (Prasad et al. 2007-ongoing). Annual

50

precipitation is an important predictor of red oak habitat in the CCTA, though not
specific to the months and seasons that we found to be significant. Mean May-September
temperature and mean July temperature are also key predictors of suitable habitat for red
oak throughout its range in the CCTA. Elevation, another red oak habitat predictor in the
CCTA, featured prominently in our findings as well; low elevation stands appeared more
responsive to moisture and pollution deposition levels, whereas high elevation plots
appeared more sensitive to temperature. Additionally, the CCTA finds multiple soil
factors influential for defining red oak suitable habitat. We explored possible links
between similar soil parameters (e.g., available water capacity and depth to bedrock) and
xylem growth for our study sites, as soil characteristics have been shown to influence
growth of certain species in eastern North America (e.g., Gewehr et al. 2014). However,
with our sample size and the coarseness of available soil data, there were few apparent
differences in soil characteristics among our 11 sites to compare to growth. It is possible
that with finer-scaled soil data and a larger sample size, soil factors may also be identified
as significant modifiers of red oak growth in the region.

2.5.2 Pollution Deposition-Growth Correlations
The influence of pollution deposition on growth was evident as negative correlations
between SO42- inputs on WRW and especially LW growth (Fig. 2.5). Deposition-growth
correlations (evident as relationships with SO42-, NO3-, pH and cation to anion ratio of
rainfall) also differed by altitudinal group (Fig. 2.6). Notably, low elevation red oak sites
displayed a number of significant correlations with deposition while high elevation sites
did not show any. Pollutant deposition has previously been documented as being
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detrimental to the growth of other tree species in the Northeast – notably red spruce
(Picea rubens Sarg.) and sugar maple (Acer saccharum Marsh.; Schaberg et al. 2001;
Schaberg et al. 2010), but it was unexpected to find these results for red oak.
Additionally, we would normally anticipate higher elevation sites to exhibit a greater
sensitivity to pollutant deposition (Lovett 1994), in part because pollution inputs
generally increase with elevation. In considering why low elevation red oak sites
appeared more responsive to pollution deposition variables, it is useful to recall that our
study sites – including our higher altitude sites (and most oak locations in VT; GudexCross et al. 2019) – would in most contexts be considered low elevation sites since the
highest one was only at 354 m. It is unlikely that deposition levels would be significantly
different at the limited range of elevations that we sampled. One possibility for why we
found significant correlations with pollutant factors at low elevation sites is because,
generally, these sites were growing at a higher rate (Fig. S2.1). A higher growth rate
implies fewer limitations on growth at low elevation sites; thus, other limitations (such as
pollution inputs) at these locations may better explain growth. Since correlations with
deposition existed during both summer and fall months (Fig. 2.6), it seems likely that
pollution deposition not only affected tree leaves during the growing season, but had
longer lasting impacts on productivity through shifts in soil acidity and nutrient
availability as noted for the region (Driscoll et al. 2001). Although sulfate emissions have
declined in the northeastern U.S. over the past several decades (e.g., Siemion et al. 2018)
and soils in the Northeast are showing some evidence of improvement (Lawrence et al.
2015), broader recovery will likely be spatially (Lawrence et al. 2015; Siemion et al.
2018), and temporally heterogeneous – taking many decades for the most impacted sites
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to rebound from chronic acidification and nutrient loss (Likens et al. 1996; Driscoll et al.
2001). In addition, although it has generally decreased over the past 15 years, nitrogen
pollution has not significantly decreased in the U.S. in the same way as sulfur (Driscoll et
al. 2003), so its deleterious effects are still evident (Greaver et al. 2012). This continued
nitrogen loading could explain the negative correlation in our study between growth and
water year nitrate emissions. Therefore, the observed links with pollution deposition
could reflect the legacy of pollution in the region and may result in red oak trees failing
to reach their full growth potential in impacted areas.

2.5.3 Implications for future growth
The Northeast region is expected to continue to experience increases in both temperature
and precipitation throughout the 21st century (Janowiak et al. 2018). Multiple summer
moisture metrics were observed to be pivotal to red oak growth; however, summer is the
singular season in which projections show a decrease in precipitation in the northeastern
U.S. This may not bode well for red oak since its growth was positively correlated with
summer moisture indicators throughout the chronology. Foster et al. (2016) also
anticipate red oak to respond more intensely to summer moisture stress in the future as
compared to other temperate species.
Red oak growth was also negatively correlated with fall precipitation in more
recent decades. In the Northeast, the season with the greatest increase in precipitation
over the last century was fall – specifically, October and November –and fall is estimated
to experience precipitation increases moving forward (Janowiak et al. 2018). While it
may seem counterintuitive, the negative relationship with fall precipitation in the latter
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half of the chronology may be connected to red oak’s physiology. Red oak is a species
that exhibits marcescence (Berkley 1931). Delayed senescence/extended retention may
provide red oak with the opportunity to assimilate carbon later in the growing season if
the weather is favorable (Heim 2016). However, high fall precipitation levels could
reduce solar inputs needed to power photosynthesis. In addition, precipitation events in
the Northeast are becoming more extreme (Janowiak et al. 2018), so increasingly heavy
autumn downpours and associated wind gusts could hasten abscission by mechanically
removing leaves. This could reduce potential photosynthetic gain if leaves are lost earlier
in fall. The negative association between red oak growth and fall precipitation was not
found in the central Appalachian Mountains where autumnal daylength is longer
(Rollinson et al. 2016), so this may be a phenomenon specific to the Northeast.
Our results from climate-growth relationships based on elevation indicate that an
extended growing season may benefit red oak (Fig. 2.6). Growth at low elevation sites
was negatively correlated with previous October HDD (a measure of cold), similar to
findings in the Hudson Valley region of New York, where red oak showed a positive
correlation with prior minimum October and current maximum October temperatures
(Pederson et al. 2004). Experimental evidence in the south of red oak’s range found that,
of the four deciduous species tested, red oak had the latest abscission date (Gunderson et
al. 2012), suggesting that it might capitalize on increased opportunities for carbon capture
if warming extended the functional growing season. Summer and fall are the seasons
projected to display the greatest intensification in maximum temperature in the Northeast
(Janowiak et al. 2018). Red oak growth showed a negative correlation with maximum
summer temperatures, a link that was even stronger in recent decades. The negative
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correlation with June Tmax for both low and high elevation groups was higher (r= -0.36,
P0.01 for both) than with variables related to an extended growing season (r = 0.25 for
low elevation, and r=0.26 for high elevation, P0.05; Fig. 2.6), suggesting that hotter
summer temperatures may have a greater impact on growth than any positive benefit
afforded from a longer growing season. Additionally, since tree growth exhibited a
negative association with fall precipitation in recent decades, the potential benefits of an
extended growing season in the fall could be tempered by adverse influences associated
with elevated fall precipitation.
While red oak sites investigated for this study have exhibited substantial growth –
particularly in recent decades – there may be mounting constraints on this growth into the
next century if the climate variables most associated with reduced growth (e.g., summer
heat and elevated fall precipitation) become more extreme. Whether regional forests will
be increasingly dominated by oak species in the future (as suggested by the CCTA) will
depend on multiple factors. Chiefly, this will depend on the recruitment of new
individuals, which may be challenging in the absence of fire, other disturbances, or
artificial regeneration (e.g., Dey 2014), as well as the possible mitigating influence of an
extended growing season and concomitant responses of native and introduced
competitors as the climate changes. Furthermore, the dynamic effects of future changes in
climate and possible increases in extreme weather events that challenge red oak growth
and regeneration beyond the limits currently experienced could alter trajectories of red
oak growth and survival in ways that are currently unforeseen.
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2.8 Supplementary Material
Table S2.1. Whole ring-width (WRW) chronology statistics for red oak trees at the 11 sites used in this study.
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Location
(Town)

Elev.
cat. a

Chron.
span

n
trees

n
cores

Median
age,
IQR(yrs)

Mean DBH
± SD (cm)

RW±SD
(cm)

RW
SIb

RW
MSb

RW
ACb

RW
Rbarc

RW
EPSc

RW
SNRc

Pownal 1

Upper

1872-2015

33

67

102, 7

1.52 ± 0.54

0.68

0.20

0.74

0.49

0.91

10.3

Pownal 2

Upper

1918-2015

31

62

102, 4

35.97 ±
10.11
32.22 ± 5.58

1.39 ± 0.46

0.62

0.18

0.73

0.38

0.88

7.4

Goshen

Upper

1909-2016

18

39

109, 17

48.67 ± 9.20

1.91 ± 0.60

0.66

0.19

0.73

0.35

0.87

6.5

Casleton

Lower

1885-2015

20

40

115, 14

43.81 ± 8.15

1.59 ± 0.52

0.77

0.21

0.68

0.72

0.88

7.0

Pittsford

Upper

1877-2015

15

31

113, 7

1.71 ± 0.67

0.71

0.22

0.67

0.40

0.87

6.5

Essex

Lower

1928-2016

15

30

94, 41

3.08 ± 0.91

0.63

0.16

0.78

0.82

0.97

32.9

Ripton

Upper

1894-2015

15

30

97, 3

43.02 ±
11.84
55.27 ±
12.65
46.53 ± 9.88

2.00 ± 0.66

0.72

0.19

0.75

0.34

0.86

5.9

Salisbury

Lower

1902-2015

14

31

88, 29

42.01 ± 6.47

1.94 ± 0.65

0.71

0.20

0.78

0.40

0.81

4.2

Colchester

Lower

1883-2016

19

37

149, 10

53.55 ±
14.52

1.62 ± 0.58

0.71

0.19

0.67

0.55

0.92

11.3

South
Burlington

Lower

1897-2016

16

32

99, 22

54.06 ±
16.13

2.56 ± 0.74

0.63

0.20

0.68

0.58

0.80

3.8

St. Albans

Upper

1892-2016

17

35

83, 38

36.97 ± 5.02

1.84 ± 0.59

0.77

0.22

0.65

0.63

0.89

8.4

Elevation categories: Upper ≥258 m, Lower <258 m; bSI= series intercorrelation, MS= mean sensitivity, AC=autocorrelation of raw ring-width series.
R-bar = average correlation between tree-ring series, EPS= expressed population signal, SNR= signal-to-noise ratio. From detrended, standardized (67%n cubic
smoothing spline) and prewhitened chronologies.
a
c

Table S2.2. Variables evaluated for links with red oak growth were from NOAA
weather (NOAA National Climatic Data Center 2018), Standardized PrecipitationEvapotranspiration Index (SPEI; Vicente-Serrano et al. 2017), NADP deposition
stations (National Atmospheric Deposition Program 2017) and Hubbard Brook
Ecosystem Study (Likens 2016). For more details on climate indices, see the
Methods.
Data Source
Temporal
Variablea
Coverage
NOAA Climate Data,
1934-2014 Mean, minimum, maximum monthly
Vermont Division 2
temperature, total monthly precipitation, Palmer
Drought Severity Index, Heating degree days,
Cooling degree days
Global Standardized
PrecipitationEvapotranspiration Index
(SPEI) database

1934-2014

SPEI-01 (Jan-Sep)
SPEI-03 (Mar-Sep)
SPEI-06 (June-Sep)
SPEI-09 (Jul-Sep)

Monthly deposition of SO42-, NO3-, cation:anion,
pH of rainfall
NADP Underhill, VT
1984-2014 Monthly deposition of SO42-, NO3-, cation:anion,
pH of rainfall
Hubbard Brook Ecosystem 1965-2012 Monthly deposition of SO42-, NO3-, cation:anion,
Study, NH
pH of rainfall
a
2NO3 : nitrate deposition, SO4 : sulfate deposition.
NADP Bennington, VT

1982-2014
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Table S2.3. Earlywood ring-width (EW) chronology statistics for red oak trees at the
11 sites used in this study.
Location
EW±SD (cm)
EW SIa
EW EW EW
EW EW
a
a
MS AC
REPSb SNRb
b
bar
Pownal 1
0.66 ± 0.13
0.41
0.13 0.60 0.29 0.91 10.4
Pownal 2
0.62 ± 0.11
0.43
0.13 0.50 0.37 0.91 10.2
Goshen
0.72 ± 0.15
0.41
0.14 0.59 0.67 0.88
7.1
Casleton
0.67 ± 0.17
0.43
0.13 0.71 0.31 0.89
8.4
Pittsford
0.73 ± 0.18
0.37
0.15 0.58 0.27 0.80
4.0
Essex
1.09 ± 0.18
0.32
0.12 0.43 0.37 0.84
5.1
Ripton
0.77 ± 0.17
0.40
0.14 0.62 0.55 0.82
4.4
Salisbury
0.80 ± 0.14
0.40
0.12 0.59 0.19 0.80
1.6
Colchester
0.74 ± 0.14
0.37
0.12 0.57 0.25 0.82
4.4
South Burlington
0.91 ± 0.18
0.33
0.13 0.57 0.48 0.78
3.6
St. Albans
0.61 ± 0.13
0.38
0.13 0.58 0.48 0.84
5.1
a
SI= series intercorrelation, MS= mean sensitivity, AC=autocorrelation of raw ring-width
series.
b
R-bar = average correlation between tree-ring series, EPS= expressed population signal,
SNR= signal-to-noise ratio. From detrended, standardized (67%n cubic smoothing spline)
and prewhitened chronologies.

Table S2.4. Latewood ring-width (LW) chronology statistics for red oak trees at the
11 sites used in this study.
Location
LW±SD (cm)
LW LW LW LW LW LW
SIa MSa ACa R- EPSb SNRb
barb
Pownal 1
0.88 ± 0.47
0.65 0.31 0.69 0.28 0.91 10.1
Pownal 2
0.79 ± 0.41
0.69 0.29 0.68 0.38 0.92 11.5
Goshen
1.17 ± 0.57
0.64 0.27 0.71 0.82 0.93 13.9
Casleton
0.94 ± 0.47
0.70 0.32 0.63 0.84 0.96 26.4
Pittsford
0.97 ± 0.55
0.65 0.36 0.58 0.87 0.97 33.4
Essex
1.96 ± 0.82
0.59 0.23 0.69 0.48 0.86
5.9
Ripton
1.26 ± 0.63
0.64 0.26 0.73 0.44 0.92 11.1
Salisbury
1.18 ± 0.63
0.69 0.27 0.74 0.32 0.82
4.6
Colchester
0.88 ± 0.51
0.69 0.33 0.61 0.52 0.93 12.4
South
1.60 ± 0.71
0.61 0.28 0.63 0.29 0.82
4.4
Burlington
St. Albans
1.24 ± 0.54
0.73 0.30 0.56 0.56 0.86
6.3
a
SI= series intercorrelation, MS= mean sensitivity, AC=autocorrelation of raw ring-width
series.
b
R-bar = average correlation between tree-ring series, EPS= expressed population signal,
SNR= signal-to-noise ratio. From detrended, standardized (67%n cubic smoothing spline)
and prewhitened chronologies.
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Figure S2.1. Mean BAI growth (±SE) for higher elevation (≥258 m) and lower
elevation (<258 m) red oak sites (11 sites total), 1935-2014.
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Table S2.5. Top ten (of 21) models and results for the entire red oak chronology
(1935-2014). The model selected as best is shown in bold. Complete set of models
available upon request.
Model Adj.
R2

AIC

F
Prob>F Term
statistic (model)
(model)
10.797 <0.0001 June SPEI01
July SPEI01
June CDD

F
statistic
(terms)
17.075
6.800
8.517

Prob>F
(terms)

1

0.329

-162.01

2

0.29

-161.85

10.726

<0.0001 June SPEI01
July SPEI01
June Tmax

17.041
6.786
8.350

0.0001***
0.0110*
0.0050**

3

0.26

-160.85

14.277

<0.0001 July SPEI03
June Tmax

12.690
15.864

0.0006***
0.0002***

4

0.28

-160.56

10.145

<0.0001 June SPEI01
July SPEI01
June HDD

16.767
6.677
6.993

0.0001***
0.0117*
0.0099**

5

0.27

-159.9

9.855

<0.0001 July SPEI01
Jun SPEI03
June Tmax

11.053
6.833
11.680

0.0014**
0.0108*
0.0010***

6

0.24

-158.68

12.866

<0.0001 July SPEI01
June Tmax

10.757
14.976

0.0016**
0.0002***

7

0.24

-158.65

12.851

<0.0001 July SPEI03
June HDD

17.631
8.071

0.0001***
0.0058**

8

0.24

-158.63

12.836

<0.0001 July SPEI03
June CDD

17.626
8.047

0.0001***
0.0058**

9

0.22

-156.66

11.587

<0.0001 August SPEI03
June Tmax

11.166
12.008

0.0013 **
0.0009***

10

0.24

-156.58

8.426

<0.0001 June SPEI03
July SPEI01
June CDD

10.291
6.868
8.117

0.0020**
0.0106*
0.0056**

0.0001***
0.0110*
0.0046**

Note: P-values show the significance of each model by comparing the reduced deviance
between the null model and the candidate model; they were calculated using an analysis of
variance with an F statistic. Significance levels: *P<0.05; **P<0.01; ***P<0.001
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Table S2.6. Complete set of candidate models and results for the first half of the red
oak chronology (1935-1974). The models selected as best are shown in bold.
Model

Adj. R2

AIC

1

0.25

2

3

Prob>F
(model)

Term

-67.00

F
statistic
(model)
6.851

Prob>F
(terms)

June SPEI01
June Tmax

F
statistic
(terms)
9.952
3.750

<0.01

0.28

-68.31

7.699

<0.01

July SPEI03
June Tmax

10.098
5.300

0.0030**
0.0271*

0.30

-69.54

8.517

<0.001

August SPEI03
June Tmax

7.921
9.1138

0.0078**
0.0046**

0.0032**
0.0605

Note: -values show the significance of each model by comparing the reduced deviance between
the null model and the candidate model; they were calculated using an analysis of variance with
an F statistic. Significance levels: *P<0.05; **P<0.01; ***P<0.001
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Table S2.7. Top ten (of 21) growth models and results for the second half of the red
oak chronology (1975-2014). The models selected as best are shown in bold.
Complete set of models available upon request.
Model

Adj.R2

AIC

1

0.41

2

Prob>F
(model)
<0.001

Term(s)

-94.62

F statistic
(model)
6.477

July SPEI03
Summer Tmax
Previous June SPEI01
November SPEI03

F statistic
(terms)
12.005
8.511
3.281
2.110

Prob>F
(terms)
0.0014**
0.0061**
0.0787
0.1553

0.36

-93.61

7.371

<0.001

July SPEI03
Summer Tmax
November SPEI03

11.454
8.120
2.537

0.0017**
0.0072**
0.1199

3

0.32

-92.89

9.397

<0.001

July SPEI03
Summer Tmax

10.997
7.796

0.0021**
0.0082**

4

0.32

-92.81

9.346

<0.001

July SPEI01
Jun Tmax

9.549
9.144

0.0038**
0.0045**

5

0.34

-92.17

6.688

<0.01

July SPEI01
Summer Tmax
November SPEI03

9.612
7.503
2.948

0.0037**
0.0095**
0.0946

6

0.30

-91.51

8.457

<0.001

July SPEI03
Previous June SPEI01

10.627
8.457

0.0024**
0.0009***

7

0.36

91.045

5.177

<0.01

August SPEI03
Summer Tmax
Previous June SPEI01
November SPEI03

7.797
7.399
2.587
2.923

0.0084**
0.0101*
0.1167
0.0962

8

0.29

-91.03

8.13

<0.01

July SPEI01
Summer Tmax

9.131
7.128

0.0045**
0.0112*

9

0.328

-90.79

7.972

<0.01

July SPEI03
June Tmax

10.436
5.509

0.0026**
0.0244*

10

0.32

-90.75

6.034

<0.01

August SPEI03
Summer Tmax
November SPEI03

7.573
7.186
3.343

0.0092**
0.0110*
0.0758

Note: P-values show the significance of each model by comparing the reduced deviance between the
null model and the candidate model; they were calculated using an analysis of variance with an F
statistic. Significance levels: *P<0.05; **P<0.01; ***P<0.001
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3.1 Abstract
The future of the northern hardwood forest of the northeastern United States is uncertain.
To better understand its trajectory, we studied the growth of three tree species
emblematic to this forest, sugar maple (Acer saccharum Marsh), American beech
(Fagus grandifolia Ehrh.), and yellow birch (Betula alleghaniensis Britton), plus a fourth
species, red maple (Acer rubrum L.), whose abundance has increased in the region. We
also analyzed the link between growth and several factors for 690 trees in 45 plots
throughout Vermont: tree age and size, site elevation, and climate and acid deposition
variables. Throughout their chronologies (1945-2014), all four species exhibited
increasing growth followed by plateaued growth indicative of a maturing forest. Winter
moisture (likely snow) was important for all species except for red maple, and either
summer moisture or temperature variables were important for all species, with some
differences based on elevation or time period evaluated. Measures of pollution deposition
were also correlated with growth for all species except American beech. Decreases in
future snowpack and summer moisture and increases in summer temperatures may reduce
future growth potential for these species. Of the four species studied, red maple growth
appears to be the least connected to climate factors.

Key words: climate change; sugar maple; yellow birch; American beech; red maple
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3.2 Introduction
Recent large-scale studies in the eastern United States (US) show that moisture
availability and drought sensitivity are major drivers of change in tree species abundance
(Fei et al. 2017) and growth (Martin-Benito and Pederson 2015; D'Orangeville et al.
2018). The northeastern US has experienced an unprecedented amount of precipitation
over the last several decades (Pederson et al. 2013), a pattern that is expected to continue
or even increase as climate change progresses (Janowiak et al. 2018). However, while
total annual precipitation amounts have risen, this increase has not been distributed
equally across all seasons (Kunkel et al. 2013). While growing season moisture has been
shown to be a driving factor of growth for numerous tree species in the Northeast
(D'Orangeville et al. 2018), for some species specifically adapted to the northern
hardwood forest, a changing hydrological regime during the non-growing season may be
as influential on growth. For example, tree species of the northern hardwood forest are
adapted to winters with consistent periods of snowpack, yet in recent decades, winter
precipitation has increasingly fallen as rain, reducing winter snowpacks, which could
detrimentally affect tree species’ health and productivity (Reinmann et al. 2018). In
addition to a shift in seasonal water patterns, increases in temperature have not occurred
uniformly across all seasons in the Northeast. Winter temperatures – in particular,
minimum winter temperatures – have exhibited the greatest increases amongst seasons
(Janowiak et al. 2018). Understanding how these nuanced changes in non-growing season
moisture and temperature are affecting tree communities is crucial to managing the iconic
northeastern forests (Swanston et al. 2018) for the current and future ecological,
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economic, and recreational services that they provide.
The three major species of the northern hardwood forest are sugar maple (Acer
saccharum Marsh), American beech (Fagus grandifolia Ehrh.), and yellow birch (Betula
alleghaniensis Britton). Despite extensive research on the decline of sugar maple in the
northeastern US and eastern Canada (Horsley et al. 2002), few recent studies exist that
link climate factors to the growth of these species in Vermont (VT), which is in the heart
of the northern hardwood forest. Northern hardwood forests predominate across much of
the state of VT and are found across a range of site and climate conditions (Duveneck et
al. 2015). Historic records also indicate northern hardwood dominance was the main
characteristic of pre-European landscapes (Cogbill et al. 2002). Thus, VT provides an
ideal testing ground for unlocking the key drivers of past and present growth for these
distinctive species. In addition to the traditionally abundant species of this forest type,
questions about how shifting climate patterns might affect the relative importance of
other species must be considered, since different tree species can have varying effects on
ecosystems (Loreau et al. 2001). One species that has been increasing its abundance in
the Northeast is red maple (Acer rubrum L.) (Fei and Steiner 2007; Pontius et al. 2016).
However, few studies have been done in the Northeast linking climate factors to the
growth of this prolific species, yet empirical evidence of how tree species are faring with
a changing climate is vital to forest management and resiliency plans.
One key to understanding and managing for the future trajectory of all four tree
species is knowing how they have responded to past environmental factors. Only by
discerning how trees have responded in the past can we understand how tree response
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may be shifting as a result of decreased pollution and changing climate regimes (Kosiba
et al. 2018). Sugar maple health has been well documented as being negatively affected
by inputs of acid deposition (e.g., Schaberg et al. 2010; Halman et al. 2013) and soil
cation depletion (Hallett et al. 2006). Whether pollution deposition has affected other
species has been surprisingly underexplored. If certain species show little change in
associations to environmental cues over time, that may reflect their ability to thrive
regardless of a changing climate. Tree-ring data, especially from multiple sites over large
areas and varying elevations and latitudes, can provide a high-resolution, longer term
retrospective view of climate- and environmental-growth relationships for regional tree
species and communities.
The focus of this study was to isolate the potential influences of climate and
pollution cues on the growth of all four species. To evaluate this potential, we measured
tree rings for 690 dominant and co-dominant trees at 45 plots at varying elevations in VT,
and statistically compared growth to tree and stand characteristics and regional climate
and pollutant deposition data. For all four species – sugar maple, American beech, yellow
birch, and red maple, our specific objectives were to: (1) characterize growth patterns of
the last several decades; (2) analyze the growth responses of each species to climate; (3)
investigate potential growth responses to pollutant deposition; (4) look for differences in
climate- and deposition-growth associations due to elevation or over time, and (5) build
species-specific growth models to better understand which environmental parameters best
explain growth in this region.
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3.3 Methods
The study area is located in VT, ranging from 43.0547° N to 44.9324°N latitude and
73.2541°W to 71.7164°W longitude (Fig. 3.1). Average temperature (1945-2014) is
warmest in July (25.4°C) and coldest in January (-14.7°C); mean annual precipitation is
111 cm, with 47% of precipitation falling from May through September (Fig. 3.2; NOAA
National Climatic Data Center 2018). Within this area, we selected a total of 45 sites of
mainly dominant or co-dominant trees of our study species for sampling: 12 sites for
sugar maple, yellow birch, and red maple, and nine sites for American beech. In selecting
plots, we avoided areas with known history of management over the past several decades,
as human disturbance can influence and obscure other potential drivers of growth such as
climatic or pollutant drivers. Common co-occurring dominant and co-dominant tree
species varied by site and included Quercus rubra L., Quercus alba L., Pinus strobus L.
and Tsuga canadensis (L.) Carrière.
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Figure 3.1. Locations of the study sites throughout Vermont. SM=
sugar maple, YB= yellow birch, AB= American beech, RM= red
maple.
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3.3.1 Study Area
While numerous factors affect the growth of trees, the objective of our study was
to isolate the climate and pollution signals among the four study species as best as
possible. In order to better isolate a climate and pollution signal in these species, we
focused sampling on dominant and co-dominant trees rather than conduct a complete
ecological analysis that would include intermediate and suppressed trees. The growth of
intermediate and suppressed trees would include trends such as those related to
competition, which, in addition to other growth trends, could obscure the influence of
environmental signals that we were seeking to understand. A total of 690 dominant and
co-dominant trees were sampled: 203 sugar maple at 12 sites, 137 American beech at
nine sites, 172 yellow birch at 12 sites, and 178 red maple at 12 sites (Table 3.1).
Between 11 and 20 trees were sampled at each site. Parent material across sites ranged
from loamy lodgement and supraglacial tills to sandy glaciofluvial or clayey
glaciolacustrine deposits (National Resources Conservation Service 2019). We were not
selective in choosing sites with specific intrinsic characteristics such as aspect, soil type
or elevation; rather, we were interested in choosing sites that would provide a broad
representation of mature trees of each species. We avoided trees with obvious crown or
bole damage to reduce the influence of non-climatic factors on growth measurements.

3.3.2 Dendrochronological techniques
Trees were cored following standard dendrochronological techniques (Stokes and
Smiley 1968): two (5 mm in diameter) xylem increment cores were collected per tree at
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diameter at breast height (DBH, 1.37 m above ground level), perpendicular to the slope
and 180° from each other. One red maple site (Site 2) was collected by an affiliate
(Kosiba et al. 2017).
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Figure 3.2. Monthly mean temperature (black circles) and monthly total
precipitation (grey bars) for the study area from 1945-2014 (NOAA National
Climatic Data Center 2018b).
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Cores were oven-dried, mounted and sanded. Annual whole-ring increments were
visually crossdated (list method; Yamaguchi 1991) and measured microscopically to a
0.001 mm resolution using a Velmex sliding stage unit (Velmex Inc., Bloomfield, NY)
with MeasureJ2X software (VoorTech Consulting, Holderness, NH). The software
program COFECHA was utilized to statistically detect and correct for crossdating errors
(Holmes 1983; Grissino-Mayer 2001) and to calculate series intercorrelation, average
mean sensitivity and autocorrelation. Expressed population signal (EPS; cutoff of 0.80),
based on the equation described by Wigley et al. (1984), was computed in the R package
dplR (Bunn et al. 2016), and was used to determine the time period (1945 onward) during
which all plot chronologies maintained a robust stand-wide signal. When an individual
core occasionally correlated poorly with the master chronology (i.e., below Pearson
critical correlation 99% confidence levels), it was removed from the site chronology
since it indicated unusual growth trends not representative of general site growth. If a
core’s pith was visible, estimated tree age at breast height was assessed. If the pith was
not present, core age was approximated using a pith estimator (Speer 2010) based on the
curvature of the inner-most annual rings. For incomplete cores which did not exhibit
curvature, age was not assessed since the pith could not be estimated.

3.3.3 Statistical Analyses
To ascertain whether any stand-wide release events occurred throughout the
chronology period, individual tree-ring growth (raw wing width; RRW) was assessed per
plot using the radial-growth averaging criteria (Nowacki and Abrams 1997) using the R
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package TRADER (Altman et al. 2014). We used a ten-year running median with a 100%
threshold to identify major release events. A stand-wide release was defined as ≥ 25% of
all trees at a site exhibiting a major release within a decade (Nowacki and Abrams 1997).
After averaging RRW per tree, chronologies were standardized via two different
methods. First, basal area increment (BAI) was calculated to assess general growth
trends. BAI converts diameter increments (cm/year) into area increments (cm2/year),
which minimizes size and age growth trends (West 1980). Individual site BAI
chronologies were calculated and then averaged across all sites to create study-wide
chronologies per species. For each species, sites were also divided into two groups based
on age, size, and elevation to evaluate possible differentiations in growth based on these
factors.
To relate annual growth to climate and pollution parameters, we needed a
standardization method that would smooth out growth trends regarded as noise – such as
the result of an episodic release – and leave in climate signals, an advantageous feature of
splines (Cook and Peters 1981). Through standardization, observed RRWs are divided by
the expected value of a detrended tree-ring chronology (Fritts 1976). We chose a 67%n
cubic smoothing spline with a 50% frequency response cutoff to retain high-frequency
variations, and then conducted autoregressive modeling on the standardized series.
Autoregressive modeling removes the effects of temporal autocorrelation (first order
autocorrelations), reduces the influence of endogenous disturbance, and enhances the
common signal (Cook 1985), producing prewhitened (residual) chronologies. Mean
annual growth values were calculated with Tukey’s biweight robust mean to minimize
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the effect of outliers (Cook and Kairiukstis 1990) and enhance the common signal,
creating a ring width index (RWI). Similar to BAI chronologies, RWI chronologies were
created for each site and across all sites (per species) to create study-wide chronologies.
All chronologies were truncated to the common period of 1945-2014 based on EPS
calculations. Standardization and chronology building were completed using the dplR
package for R (Bunn et al. 2016).

3.3.4 Climate and pollution deposition data
Numerous climate parameters were considered for potential associations with growth for
sugar maple, American beech, yellow birch, and red maple. To evaluate moisture metrics,
we utilized data from the Standardized Precipitation-Evapotranspiration Index (SPEI;
Vicente-Serrano et al. 2017). SPEI is an index that includes precipitation and potential
evapotranspiration when estimating drought; it also accounts for the effect of intensifying
temperatures on water demand (Vicente-Serrano et al. 2010). SPEI values were acquired
for individual sites and averaged to create a region-wide SPEI dataset at 1-month
(SPEI01) and 3-month (SPEI03) time steps. The 1-month time step enabled us to more
closely pinpoint specific times of influence within a season, while the 3-month time step
allowed us to evaluate moisture on a seasonal level.
To assess temperature variables, we obtained climate data from the National
Climatic Data Center (NOAA National Climatic Data Center 2018). We used divisional
climate data because climate divisions could synthesize climate characteristics across the
state of VT, versus individual climate stations which may record locally specific weather
phenomena, and which also had gaps in the data. We evaluated two variables within this
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dataset: monthly maximum temperature (Tmax) and monthly minimum temperature (Tmin).
From these variables we also created additional date-specific categories for previous
Summer (pJune – pAugust), previous Fall (pSeptember – pNovember), Winter
(pDecember – current February), Spring (March – May), Summer (June – August), Fall
(September – November), and Water year (pOctober – current September). We also
applied two heat indices: cooling degree days (CDD) and heating degree days (HDD).
CDD measures high temperature exposure, computed as the number of degrees that
average daily temperature is above 18.3° C (65° F). Conversely, HDD gauges low
temperature exposure, calculated as the number of degrees that daily average temperature
is below 18.3° C (65° F). While CDD and HDD were invented for estimating building
cooling and heating needs, they have also been associated with tree growth and
physiology and can serve as proxies for accumulated high and low temperature exposure
over time (e.g., Kosiba et al. 2018).
Pollution deposition data (SO42-, NO3-, cation to anion ratio, and rainfall pH) were
acquired from the National Atmospheric Deposition Program (National Atmospheric
Deposition Program 2017) for two sites in VT: Bennington and Underhill. Data were also
obtained from the Hubbard Brook Ecosystem Study in New Hampshire (Likens 2016).
To extend the VT data back from 1982 to 1965, data from the sites in VT (1982-2014)
were averaged and regressed against pollutant deposition data from New Hampshire
(1965-2012). The total timespan for this expanded dataset was 1965-2014.

3.3.5 Correlations and model building
To understand associations between environmental variables and tree growth, we
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conducted stationary correlation functions using Pearson’s correlations via bootstrap
resampling (1,000 bootstrap samples; Biondi and Waikul 2004) using the R package
treeclim (Zang and Biondi 2015). These correlations were between monthly, seasonal,
and water year climate data and the RWI regional chronologies (1945-2014). Monthly
correlations extended 17 months from previous year’s June through current year’s
October to account for integrated and lagged effects. To explore potential changes over
time, we also evaluated climate-growth correlations prior to (1945-1979) and after 1980
(1980-2014), the point at which sugar maple decline was well documented in the region
(Houston 1999). We were interested in any conceivable differences in correlations with
sugar maple growth between the two periods, and whether there were similarities or
differences in response among the other three species. Deposition data was not available
for the entire period of 1945-1979; thus, we conducted monthly, seasonal, and water year
pollution deposition correlations with deposition data only for the 1980-2014 period. To
understand any possible variations in climate response based on site features, we also
conducted correlations between two elevation groups, divided by the median elevation
for each species. Median elevations were as follows: sugar maple, 542 m, American
beech, 282.2 m, yellow birch, 466 m, and red maple, 368 m.
To better integrate parameters most associated with growth and project possible
growth trajectories moving forward, we also built growth models for each species for the
entire chronology (1945-2014) using a generalized linear model approach. Some
significant variables were indicative of the same signal (e.g., Tmax and CDD for the same
month). To reduce redundancy and avoid multicollinearity within models, among these
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similar sets of variables, we selected the one with the highest significance level for model
building and evaluation. When variables held the same significance level, we chose the
one with the highest correlation coefficient. We built a null model (intercept only) to use
as a benchmark to compare relative model fit to an uninformed model. The best models
per species were selected using the Akaike information criterion (AIC; Akaike 1974). If
models exhibited ∆AIC < 2, we chose the most parsimonious one. P-values were
calculated for each model by comparing the reduced deviance between the null and
candidate models using an analysis of variance with an F distribution. Adjusted R2 was
calculated as the squared correlation between predicted and observed values.

3.4 Results
3.4.1 Chronology statistics
The average interseries correlations and mean sensitivities of our four regional species
chronologies did not differ greatly (Table 3.1). Sites had an estimated median age range
of 62.5 to 190 years; yellow birch had both the youngest and oldest median site age
(Tables S3.2-S3.5). Sites exhibited a mean DBH range of 35.5 cm-38.7 cm (Tables S3.2S3.5); American beech were the smallest trees and red maple were the largest trees.
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Table 3.1. Summary of regional chronology statistics for the four study species.
Statistics shown are average values for all sites within a species from detrended,
standardized (67%n cubic smoothing spline) and prewhitened chronologies. For
individual site statistics, see tables S3.2-S3.5.
Sugar
American Yellow
Statistic
Red maple
maple
beech
birch
n sites
12
9
12
12
n trees
203
137
172
178
n cores
398
275
343
358
Longest chronology span
1873-2014 1826 -2015 1740-2014
1847-2015
Interseries correlation
0.59
0.56
0.53
0.53
Mean sensitivity
0.30
0.25
0.30
0.25
First-order autocorrelation
0.742
0.781
0.760
0.753
Mean correlation between
0.505
0.426
0.438
0.532
trees
Expressed population signal
0.91
0.89
0.87
0.89
Signal-to-noise ratio
11.7
11.5
8.9
12.0

3.4.2 BAI Growth Trends
From 1945-2014, BAI growth for all four species increased during stand maturation and
leveled off during the second half of the chronology (Fig. 3.3). Maximum growth for
each species was: sugar maple 17.7 cm2 in 2008 and 2009, American beech 16.2 cm2 in
2009, yellow birch 17.3 cm2 in 2009, and red maple 18.5 cm2 in 1980 (Fig. 3.3). There
were indications of release events of unknown origin for only some species at four of the
45 plots assessed (Table S3.1).
To assess whether growth among stands differed based on tree size, age or
elevation, sites were partitioned into two equal groups based on mean tree size (DBH),
median age, and elevation per site. For sugar maple, American beech and red maple,
there were no differences among sites in BAI slope over the chronology (1945-2014)
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attributable to these three stand characteristics. For yellow birch, younger (<107 years)
sites had a significantly higher rate of growth than older sites (t=2.69; P=0.03), as did
sites with smaller trees (<35.9 cm) as compared to sites with larger trees (t=2.65;
P=0.03).
3.4.3 Climate and Deposition Correlations with Growth
3.4.3.1 Sugar maple
Sugar maple exhibited positive correlations with winter moisture availability throughout
the chronology (1945-2014), which were evident as associations in early winter
(December SPEI01; r=0.35, P0.01), as well as the entire winter (February SPEI03;
r=0.26, P0.05). These winter variables were significant regardless of time period or
elevation (Tables S3.6a and S3.7a). Summer moisture was also positively associated with
sugar maple growth, as indicated by associations with June SPEI01 (r=0.26, P0.05) and
August SPEI03 (r=0.31, P0.05).
Correlations with temperature (1945-2014) were less numerous than those with
moisture. Sugar maple growth was negatively correlated with pJuly CDD, a measure of
accumulated heat (r=-0.26, P0.05). Growth was also negatively associated with March
Tmax (r=-0.29, P0.01) and positively associated with March HDD, a measure of
accumulated cold (r=0.26, P0.05). In the 1980-2014 period, multiple negative
associations with warmer temperatures in pNovember appeared (Table S3.6a). The only
association found with pollution deposition was a positive correlation with pAugust
cation to anion ratios (1980-2014; r=0.28, P0.05).
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(a) Sugar maple
Mean BAI = -155.72198 + 0.08504*Year
p<0.0001

(b) American beech
Mean BAI = -173.2341 + 0.0931561*Year
p<0.0001

(c) Yellow birch
Mean BAI = -151.8896 + 0.0827979*Year
p<0.0001

(d) Red maple
Mean BAI = -167.5738 + 0.0916299*Year
p<0.0001

Figure 3.3. Mean BAI growth (±SE) from 1945-2014 for four species: a) sugar maple,
b) American beech, c) yellow birch and d) red maple. The linear regression of growth
over time (dotted line and the associated equation) is depicted. For all four species, we
see increasing growth followed by plateaued growth indicative of a maturing forest.
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3.4.3.2 American beech
Only one moisture variable was significantly associated with American beech growth for
the entire chronology: pDec SPEI01 (r=0.32, P0.05). This correlation appeared to be
strongly influenced by a response across more recent decades (r=0.41, P0.01) and at
higher elevation sites (r=0.33, P0.01). For temperature, beech exhibited negative
correlations with pAugust Tmax (r=-0.33, P0.01), HDD (r=0.30, P0.05), and CDD (r=0.30, P0.05; Fig. 3.4). Overall, beech was also negatively correlated with January HDD
(r=0.25, P0.05), most likely influenced by the response of trees at lower elevations
(January HDD; r=0.32, P0.01), where negative correlations with Jan Tmin and Jan Tmax
were also evident (Table S3.7b). American beech growth showed negative associations
with warmer temperatures at the beginning of summer (June Tmax; r=-0.33, P0.01 and
June HDD; r=0.30, P0.05) and the entire summer season (summer Tmax: r=-0.34, P0.01
and summer HDD: r=0.27, P0.05). Both elevational groups exhibited these associations
with summer temperatures (Table S3.7b). American beech exhibited no significant
correlations with pollutant deposition parameters.
3.4.3.3 Yellow birch
Yellow birch growth showed positive correlations with numerous previous year moisture
availability variables, including pAugust SPEI01 (r=0.30, P0.01), pOctober SPEI03
(r=0.26, P0.05), and pDecember SPEI03 (r=0.25, P0.05). The association with
pDecember SPEI03 was particularly evident in the first half of the chronology (r=0.40,
P0.01) and at higher elevation sites (r=0.30, P0.05). Summer moisture in the current
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year was also an important metric for yellow birch. Growth (1945-2014) was positively
correlated with August SPEI03 (r=0.25, P0.05), the relationship likely driven by higher
correlations in the first half of the chronology (r=0.39, P0.01) and at high elevation sites
(r=0.30, P0.05).
For temperature, yellow birch growth was negatively correlated with pAugust
Tmax (r=-0.39, P0.01), HDD (r=0.30, P0.01) and CDD (r=-0.34, P0.01), and
pSeptember Tmax (r=-0.25, P0.05). Of all species, yellow birch exhibited the most
numerous associations with pollution deposition variables; in the second half of the
chronology, yellow birch growth correlated negatively with April NO3- (r=-0.33, P0.05)
and positively with numerous cation to anion ratio variables, including those for winter
(r=0.38, P0.05) and spring (r=0.35, P0.05; Fig. 3.4).
3.4.3.4 Red maple
Red maple growth (1945-2014) was positively associated with multiple summer moisture
metrics: June SPEI01 (r=0.30, P0.01), July SPEI01(r=0.28, P0.05), July SPEI03
(r=0.29, P0.05), and August SPEI03 (r=0.31, P0.01). Associations with summer
moisture were particularly influenced by lower elevation sites, which showed numerous
significant correlations with moisture in May through August (Table S3.7d). For
temperature, pOctober Tmin correlated positively with red maple growth (r=0.26, P0.05),
and March Tmax showed a negative correlation (r=-0.26, P0.05). For pollutant deposition
variables, red maple exhibited one negative correlation with May SO42- (r=-0.32, P0.05)
in the second half of the chronology.
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Figure 3.4. Significant climate-(1945-2014) and deposition- (1980-2014) growth (ring
width index) correlation coefficients for a) sugar maple, b) yellow birch, c) American
beech, and d) red maple. Lower case letters and shaded area specify previous year’s
months. JJA= current year’s June, July, and August: pooled to create a summer
variable; dJF= previous year’s December and current year’s January and February,
grouped to create a winter variable; MAM= current year’s March, April and May:
grouped to create a spring variable. Tmax= maximum temperature, Tmin= minimum
temperature, CDD= cooling degree days, HDD= heating degree days, SPEI=
Standardized Precipitation-Evapotransipiration Index, ca:an=cation to anion ratio,
SO42-=sulfate deposition. For further explanation on variables, see Methods.
Significance levels: *P<0.05; **P<0.01
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3.4.4 Growth models
The best growth model (1945-2014; Table 3.2) for each species, based on AIC, is as
follows: for sugar maple, previous December SPEI01, August SPEI03, previous July
CDD and March Tmax (F=8.443, P0.001); American beech, previous December SPEI01,
previous August Tmax and Summer Tmax (F=12.127, P0.001); yellow birch, previous
December SPEI03 and previous August Tmax (F=9.666, P0.001); and red maple, August
SPEI03 and March Tmax (F=5.66, P0.01). A complete list of candidate models for all
species can be found in Tables S3.8-S3.11.

Table 3.2. Climate-growth model results (1945-2014) for each of the four species:
sugar maple, American beech, yellow birch, and red maple.
Prob> F
Species
Adj.
F
Prob>F Term
F
2
(term)
R
statistic
statistic
(model)
(term)
Sugar maple 0.33 8.443
>0.001
pDec SPEI01
11.673
0.0011**
August SPEI03
5.370
0.0236*
pJuly CDD
8.306
0.0054**
March Tmax
8.421
0.0051**
American
beech

0.35

12.127

Yellow birch

0.22

9.666

Red maple

0.14

5.66

>0.001

pDecember SPEI01
pAugust Tmax
Summer Tmax

10.456
10.331
15.595

0.0019**
0.0020**
0.0002***

>0.001

pDecember SPEI03
pAugust Tmax

5.4992
13.8319

0.0220*
0.0004***

>0.01

August SPEI03
March Tmax

6.494
4.821

0.0131*
0.0315*

SPEI01 and SPEI03 = 1- and 3-month Standardized Precipitation-Evapotranspiration Index; CDD= cooling
degree days; Tmax= maximum monthly temperature. Lower case “p” denotes previous year. P values were
calculated using an analysis of variance (F statistic) and indicate a model’s significance by comparing the
reduced deviance between the null and candidate models. Significance levels: *P<0.05; **P<0.01;
***P<0.001. For further information on variables see methods.
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3.5 Discussion
3.5.1 Growth trends
BAI growth patterns of all four species – sugar maple, American beech, yellow birch, and
red maple – display two distinct periods: a maturing forest showing steady increases in
growth followed by plateaued growth indicative of a mature forest (Fig. 3.3). This is the
expected growth pattern as trees get larger (Weiner and Thomas 2001) such as in forests
recovering from historic land clearing in the northeastern US (Foster 1995). In the
Northeast, sugar maple has exhibited a slowed rate of basal area growth (Pontius et al.
2016) similar to our findings, but also negative growth trends in the Adirondack
mountains of New York (Bishop et al. 2015), unlike what we found. While American
beech generally showed only modest growth, rates appear to have increased in recent
years (Fig. 3.3). This apparent increase occurred despite the prevalence of beech bark
disease, an insect-disease complex that reduces the woody growth of affected trees
(Gavin and Peart 1993). However, because we sampled trees with little evidence of
beech bark disease, we had a reduced capacity to detect disease-related growth declines.
Yellow birch sites in our study exhibited variable but sustained growth over the
past several decades. Red maple had the highest growth of any species that we assessed
(Fig. 3.3). Red maple has increased in both basal area and abundance in the region, which
has been attributed to the species’ capacity to outcompete co-occurring species because
of its characteristics as an ecological generalist with great physiological plasticity (Fei
and Steiner 2007, Pontius et al. 2016). Its growth in Canada has also been found to
increase with latitude, suggesting that this species is less limited by low temperature than
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other factors, such as disturbance history (Zhang et al. 2015).
3.5.2 Correlations with moisture
For all four species, moisture exhibited a positive relationship with growth over the past
70 years. The three classic species of the northern hardwood forest (sugar maple,
American beech, and yellow birch) showed a greater number of correlations with
moisture in the first half of their chronologies (1945-1979) than the second (Table S3.6).
During this time, the region experienced a major drought (1964-1967; NOAA National
Centers for Environmental Information 2018). Conversely, more recent decades have
seen an unparalleled increase in precipitation (Pederson et al. 2013), possibly explaining
the weaker moisture signal in the second half of the chronologies. Lack of drought in
recent years has been used to explain the reduced sensitivity of tree rings to soil moisture
in the Midwest U.S. (Maxwell et al. 2016), so this may be a more widespread
phenomenon.

Summer moisture availability showed significant associations with growth for all
species. Similar outcomes have been found for each of these species in previous studies.
In eastern Canada, sugar maple has shown positive correlations with summer
precipitation (Tardif et al. 2001), suggesting that water stress is connected to growth
during this part of the growing season. In our study, beech also showed these positive
correlations during the first half of its chronology and at low elevations (Table S3.6b and
S3.7b). Tardif et al. (2001) found similar associations between beech growth and summer
precipitation in Quebec, although Takahashi and Takahashi (2016) found no significant
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climate-growth correlations for beech at all in eastern Canada. Yellow birch growth in
eastern Canada has shown a negative relationship with lack of moisture in the current
year’s summer (Drobyshev et al. 2014). For red maple, growing season precipitation has
been shown to correlate significantly with growth in the Appalachian Mountains
(Fekedulegn et al. 2003), and was also the only climate variable that improved growth
models of this species’ basal area development in the midwestern US (Pszwaro et al.
2016). Our findings are in line with larger-scale studies showing the dominating
importance of growing season moisture on broadleaf trees in the Northeast (MartinBenito and Pederson 2015; D'Orangeville et al. 2018). Along with correlations with
current summer moisture, each species showed associations with previous summer
moisture in at least one time period or elevational grouping. This is consistent with a
possible “legacy effect” or ecological memory of environmental conditions one year
affecting growth in subsequent years, presumably through influences on stored
carbohydrates used to fuel early growth (e.g., Tardif et al. 2003, Itter et al. 2019).
While many tree species show a link with growing season moisture, what was
most notable in our study were the numerous significant correlations with moisture
availability in the non-growing season. Winter moisture availability was positively
associated with growth for the three classic northern hardwood species. While these
species showed associations with multiple winter moisture metrics, all three were linked
with moisture levels during pDecember, underscoring the key role of moisture in early
winter, presumably in the form of snow. Kosiba et al. (2017) also found pDecember
moisture to be positively associated with sugar maple and yellow birch growth at one
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mountain in VT. Assuming that precipitation at this time falls as snow, our finding may
reflect the essential function of snowpack at winter’s start. Snow acts as a potent insulator
of forest soils, buffering them from low air temperatures that can lead to soil freezing
(Hennon et al. 2012). Considering this, insufficient snowpack can increase the risk of soil
freezing and associated root freezing injury and loss (Cleavitt et al. 2008). This can then
disrupt tree carbon relations and reduce growth in the following growing season
(Comerford et al. 2013). Although noted for multiple tree species and locations (e.g.,
Hennon et al. 2012), this chain of events has been particularly well documented for sugar
maple in the northeastern US (Tierney et al. 2001; Comerford et al. 2013; Reinmann et
al. 2018). Indeed, for sugar maple in our study, correlations of growth and winter
moisture were significant across both time periods and elevation groups (Tables S3.6S3.7).
Like sugar maple, yellow birch has been reported to also be sensitive to root
freezing injury associated with low snowpacks, soil freezing, and freeze-thaw events
(Zhu et al. 2000; Tierney et al. 2001; Zhu et al. 2002; Cox and Zhu 2003). For American
beech in our study, positive correlations between growth and winter moisture availability
were evident only in recent decades, perhaps associated with a decline of snowpack
during this time (Burakowski et al. 2008; Campbell et al. 2010). Unlike the other three
species evaluated, winter moisture was not associated with red maple growth. Red maple
is a generalist species (Abrams 1998) with diverse rooting capabilities that allow it to
successfully compete under a range of soil conditions (Burns and Honkala 1990). This
phenotypic plasticity may also be advantageous for maintaining growth under variable
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snowpack and soil freezing regimes. Indeed, in a snow removal experiment, red maple
showed an increase in radial growth after soil freezing despite reductions in fine root
biomass (Reinmann and Templer 2016).
Our findings highlighting the key role of moisture in both the growing and nongrowing seasons raise questions about the impacts of future hydrological regimes within
the Northeast. Total annual precipitation in the northeastern US has been increasing over
the past several decades and is projected to increase further (Janowiak et al. 2018). While
increases in annual precipitation may seem promising for tree growth, the seasonality of
water availability must be considered, since in the future, precipitation is not expected to
increase uniformly across all seasons. Winter and spring are projected to experience the
greatest rises in precipitation (Janowiak et al. 2018). However, models show that as the
21st century progresses, winter precipitation will likely fall increasingly in the form of
rain as opposed to snow (Demaria et al. 2016). In addition, simulations show that
snowfall is expected to decline especially in early winter (December-January; Notaro et
al. 2014), a period in our study that was identified as significant for the three classic
species of the northern forest. In contrast, summer is not expected to show an increase
(Lynch et al. 2016) and may even exhibit decreases in precipitation (Janowiak et al.
2018). Coupled with a longer growing season that will result in higher potential
evapotranspiration rates (Thibeault and Seth 2014), this phenomenon could jeopardize
the growth potential of iconic northern hardwood species. In this context, species
distribution models project that northern and cold-adapted species in eastern forests are
more vulnerable to changes in climate as compared to other species (Rogers et al. 2017).
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3.5.3 Correlations with temperature
While all moisture metrics displayed positive relationships with growth, most measures
of temperature illustrated negative associations, with a few exceptions. Growth of the
three typical northern hardwood species showed a negative relationship with previous
summer or fall temperatures. In contrast, red maple showed a positive relationship with
previous summer and fall temperatures. In another VT study, similar patterns between
sugar maple and previous summer temperatures were evident, although red maple
exhibited the opposite association (Kosiba et al. 2017). In our study, both sugar and red
maple also had negative relationships with warmer spring temperatures.
Just as winter moisture showed a notable influence on growth, winter temperatures
were significant for the three quintessential northern hardwood species. Beech growth
had negative associations with warmer winter temperatures throughout the entire time
period, while yellow birch exhibited this trend only in more recent decades. The negative
association we observed between sugar maple growth and pNovember temperatures
(Table S3.6a) was similar to Takahashi and Takahashi (2016), who found negative
correlations between sugar maple growth and pDecember temperatures in eastern
Canada. Tardif et al. (2001) also found negative correlations between sugar maple growth
and mild late winters (February-March) in southwestern Quebec. Throughout the last
century in the Northeast, the season with the greatest observed increases in temperature
was winter, where minimum temperatures increased even more than maximum
temperatures (Janowiak et al. 2018). In the second half of their chronologies, the three
classic northern hardwood species all had negative associations with maximum and
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minimum temperatures in either late previous fall (November) or in winter (Table S3.6ac). In contrast, red maple displayed a positive relationship with warmer winter
temperatures at higher elevations (Table S3.7b), suggesting that less extreme winter
temperatures may benefit this species at some locations.
Numerous associations between summer temperatures and growth were evident, with
mixed results. For example, during the first half of their chronologies, sugar maple and
yellow birch showed positive relationships with warmer minimum summer temperatures.
However, this correlation disappeared in more recent decades when temperatures
increased. In Quebec, sugar maple and American beech growth showed a negative
association with warmer summer temperatures in both current and previous years (Tardif
et al. 2001).
Interestingly, red maple showed a positive relationship with minimum summer
temperatures at high elevation sites throughout its chronology, another indication that
rising temperatures may benefit this species at higher locations where temperatures may
otherwise constrain growth. In contrast, American beech (overall) and red maple (at low
elevations) showed negative relationships with warmer summer temperatures, suggesting
a sensitivity to summer heat for these species and locations.
3.5.4 Correlations with pollution deposition
Significant deposition-growth correlations, while less numerous than ones with moisture
and temperature, were evident for all species except American beech. Consistent with our
findings, much work has documented that sugar maple can experience growth declines
following pollution exposures (e.g., Schaberg et al. 2001; Juice et al. 2006; Schaberg et
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al. 2010), and some evidence points to the pollution sensitivity (Halman et al. 2014) and
positive growth response to soil liming treatment (Ouimet et al. 2017) of yellow birch .
Furthermore, our findings of no significant correlations between beech growth and
pollution deposition are consistent with its documented insensitivity to acid deposition
(Halman et al. 2014). However, it was somewhat surprising that red maple growth was
negatively correlated with pollution inputs since it is not a species reported to experience
pollution-induced decline (e.g., Driscoll et al. 2001; Schaberg et al. 2010). This may
showcase a previously unrecognized vulnerability of a species that otherwise seems to be
thriving (Abrams 1998). Nonetheless, the relatively few numbers of correlations with
pollution deposition overall are logical since pollutant levels are generally declining in
the northeastern U.S. (Siemion et al. 2018) and thus should have less of an impact on
growth.
3.5.5 Red maple – a unique case?
Of the four species we examined, red maple exhibited some unique responses to climate,
indicating that this species may be less impacted by changing conditions. This finding is
in agreement with projections from the Climate Change Tree Atlas (Prasad et al. 2007ongoing), which forecasts an increase in suitable habitat for red maple in the northeastern
US throughout this century. Red maple has been increasing its abundance throughout its
range (Fei and Steiner 2007). In addition to having a large ecological amplitude that
enables this species to thrive in many locations (Abrams 1998), red maple showed a
positive correlation with winter temperatures at higher elevation sites, suggesting that a
warming climate may actually benefit this species by extending its growing season.
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Indeed, others have predicted that red maple will show a positive growth response to a
warming climate (Dombroskie et al. 2010). Of all the species examined in our study, the
best growth model for red maple had a lower significance level and lower pseudo R2 than
the other three species (Table 3.2), perhaps indicating that climate is not as important a
factor influencing its growth as it is for the other three species. With its great plasticity in
growth response to climate (Teets et al. 2018) and its noted capacity to be competitive
across a wide range of soil and other site conditions (Burns and Honkala 1990), growth of
red maple may be only moderately influenced by climate (Pszwaro et al. 2016) and
therefore more resilient to climate change.

3.5.6 Conclusions
Moisture availability in the summer months was important for all four species we
examined, which contributes further evidence to recent broad-scale studies that highlight
the importance of growing season moisture regimes in sustaining woody productivity.
Considering the overwhelmingly positive influence of adequate moisture for maintaining
growth, changes in the amount, form (rain versus snow), intensity (increasing runoff
versus allowing for soil penetration), and periodicity of precipitation beyond
contemporary norms could threaten optimal growth within the northern hardwood forest.
However, accurately predicting impacts to future forests is complicated by that fact that
climate projections differ in their estimates of summer precipitation (ranging from
maintaining current to experiencing reduced levels) and because extreme events
(inundations and dry periods) may become more likely and widespread (Janowiak et al.
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2018).
Nonetheless, what was most notable from our study was the consistent sensitivity
of the three archetypical northern hardwood species to winter moisture and temperature
regimes. This may be due to the interconnection between winter snowpacks, soil freezing
and the potential for root damage that alter tree carbon relations – phenomena that have
been well documented at specific sites (Campbell and Laudon 2019), but require further
study to verify their broader relevance. An important next step would be to examine the
growth of potentially vulnerable species in relation to regional snow depth data. Over the
course of the century, the Climate Change Tree Atlas projects decreasing importance
values (dominance of a species in a given forest area) in VT for the three classic northern
hardwood species, though suitable habitat will still be present (Prasad et al. 2007ongoing). In these projections, January temperature was one predictor of habitat
suitability for all three species, but winter moisture was not. Our study indicates that
winter precipitation may be another factor to consider in determining future habitat
suitability for tree species adapted to cold climates. Red maple growth did not show a
negative association with winter temperature and moisture availability, and instead
showed a positive association with warmer winter and summer temperatures at some
locations. These responses were unique among the species we examined, which supports
the possibility that red maple may be less vulnerable to changes in the climate than some
co-occurring species.
Climate models show that the northeastern US is expected to see greater rises in
temperature as compared to other parts of the country (U.S. Global Change Research
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Program 2018). The ability to adapt to a warmer climate in the Northeast likely poses a
significant challenge for northern hardwood species. Our study highlights the uncertainty
of the future productivity of the three defining species of the northern hardwood forest,
and the potential opportunity for red maple to make further inroads in the region as
temperature and moisture regimes change.
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3.8 Supplementary Material
Table S3.1. Sites that exhibited growth release events of unknown origin.
Site
Time period
Species

5

1994-2004

Sugar maple

11

1947-1954

Sugar maple

28

1938-1948

Sugar maple
American
beech
Yellow birch

29

2003-2205

Red maple
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Table S3.2. Ring-width chronology statistics for the 12 sugar maple sites used in this study.
Elev. cat. a

Chronology
Span

n
trees

n
cores

Tunbridge

Lower

1889-2014

20

39

Median
Age,
IQR
(yrs)
108, 4

Wallingford

Higher

1927-2014

19

38

86, 6

Stowe1

Lower

1915-2014

15

29

104, 15

Stowe2

Higher

1879-2014

15

28

110, 23

Caledonia

Higher

1893-2014

20

39

120, 15

West
Topsham
Waterbury

Higher

1899-2014

18

36

120,47

Higher

1911-2014

20

39

106, 9

Guildhall

Lower

1912-2014

17

34

97, 13

Bristol

Higher

1893-2014

15

30

98, 43

Hancock

Lower

1886-2014

20

38

131, 3

Ripton

Lower

1873-2014

11

22

82, 68

Lake
Willoughby

Lower

1917-2014

13

26

94, 31

Location
(Town)

Mean
DBH ±
SD (cm)

111

47.9 ±
12.35
33.59 ±
6.81
36.77 ±
8.25
35.64 ±
5.09
41.67 ±
8.82
44.01 ±
7.87
37. 42 ±
6.37
39.24 ±
5.52
41.73 ±
12.46
36.65 ±
5.49
28.18 ±
7.12
36.47 ±
4.09

SIb

MSb

0.720

0.382

0.598

0.282

0.599

0.336

0.599

0.297

0.635

0.312

0.559

0.272

0.605

0.322

0.551

0.248

0.554

0.299

0.633

0.283

0.568

0.289

0.437

0.237

RW±S
D (cm)
1.86 ±
0.99
1.76 ±
0.67
1.77 ±
0.95
1.39 ±
0.65
1.56 ±
0.66
1.99 ±
0.81
1.55 ±
0.83
1.91 ±
0.74
1.87 ±
0.80
1.14 ±
0.62
1.36 ±
0.67
1.93 ±
0.85

ACb

R-barc

EPSc

0.688

0.577

0.97

27.3

0.656

0.479

0.88

7.4

0.737

0.429

0.86

6.1

0.750

0.352

0.88

7.6

0.666

0.342

0.91

9.9

0.736

0.525

0.94

14.4

0.754

0.386

0.92

11.7

0.751

0.363

0.89

8.0

0.738

0.525

0.83

5.0

0.819

0.518

0.95

19.3

0.798

0.782

0.92

10.8

0.815

0.782

0.93

12.9

Elevation categories: Higher ˃542 m, Lower <542 m
SI= series intercorrelation, MS= mean sensitivity, AC=autocorrelation of raw ring-width series.
c
R-bar = average correlation between tree-ring series, EPS= expressed population signal, SNR= signal-to-noise ratio. From
detrended, standardized (67%n cubic smoothing spline) and prewhitened chronologies.
a
b

SNRc

Table S3. 3. Ring-width chronology statistics for the nine American beech sites used in this study.
Location
(Town)

Elev.
cat. a

Chronology
Span

n trees

n
cores

Median
Age, IQR
(yrs)

Mean DBH
± SD (cm)

SIb

MSb
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Goshen

Higher

1886 -2015

17

33

102, 18

36.48 ± 4.77

0.610

0.234

Essex

Lower

1906-2015

17

33

109, 13

38.06 ± 5.42

0.633

0.232

Salisbury

Lower

1903-2014

14

28

114, 3

32.00 ± 5.92

0.609

0.260

Stowe 1

Higher

1898-2014

13

26

77, 46

27.37 ± 6.59

0.558

0.276

Stowe 2

Higher

1865 -2014

13

28

105, 30

34.32 ± 6.74

0.447

0.236

Colchester

Lower

1881-2015

17

35

106, 38

40.12 ± 7.38

0.570

0.211

South
Burlington
St. Albans

Lower

1826 -2015

16

31

127, 49

0.578

0.267

Higher

1906-2015

15

29

102, 12

36.55 ±
12.48
35.35 ± 6.91

0.536

0.253

Lake
Willoughby

Higher

1865-2015

15

32

145, 22

40.43 ±
11.51

0.532

0.261

RW±SD
(cm)
1.55 ±
0.61
1.69 ±
0.80
1.38 ±
0.58
1.79 ±
0.72
1.47 ±
0.74
1.67 ±
0.63
1.29 ±
0.58
1.57 ±
0.57
1.40 ±
0.79

ACb

Rbarc

0.750

EPSc

SNRc

0.343

0.89

8.0

0.806

0.700

0.98

38.8

0.743

0.444

0.91

10.6

0.792

0.505

0.83

4.8

0.839

0.328

0.85

5.5

0.767

0.468

0.93

12.7

0.747

0.463

0.92

12.0

0.696

0.279

0.85

5.8

0.889

0.3

0.85

5.6

Elevation categories: Higher ≥ 282.8 m, Lower < 282.8 m
SI= series intercorrelation, MS= mean sensitivity, AC=autocorrelation of raw ring-width series.
c
R-bar = average correlation between tree-ring series, EPS= expressed population signal, SNR= signal-to-noise ratio. From
detrended, standardized (67%n cubic smoothing spline) and prewhitened chronologies.
a
b

Table S3. 4. Ring-width chronology statistics for the 12 yellow birch sites used in this study.
Location
(Town)

Elev.
cat. a

Chronology
Span

n
trees

n
cores

Median
Age,
IQR
(yrs)
80.5,
17.25

Lower

1918-2015

14

28

Jay

Higher

1853-2014

18

37

107.5,
26.75

Sunderland

Higher

1891-2014

14

28

75, 55

Winhall

Lower

1740-2014

14

28

190, 46

Stowe

Lower

1904-2014

12

24

62, 37

Stowe

Lower

1899-2014

13

26

97, 6

Stowe

Higher

1863-2014

14

28

114, 19

Eden

Lower

1913-2014

16

31

102,
14.5

Lewis

Higher

1922-2014

15

29

69.5,
48.5

Bristol

Higher

1871-2014

15

30

138,
53.5

Ripton

Lower

1871-2014

12

24

132,
67.5

Lake
Willoughby

Higher

1844-2015

15

30

147, 2
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Goshen

Mean
DBH
± SD
(cm)
31.39
±
4.08
31.85
±
7.05
36.52
±
8.13
46.82
±
8.36
35.21
±
7.02
33.96
±
8.92
42.34
±
8.35
35.30
±
8.02
29.00
±
6.88
45.28
±
11.69
40.69
±
13.40
45.41
±
8.35

SIb

MSb

RW±SD
(cm)

ACb

R-barc

EPSc

SNRc

0.398

0.283

1.73 ±
0.72

0.722

0.577

0.92

12.0

0.561

0.340

1.24 ±
0.63

0.760

0.229

0.83

4.9

0.460

0.285

1.99 ±
0.96

0.783

0.38

0.82

4.6

0.534

0.332

1.05 ±
0.56

0.784

0.322

0.87

6.7

0.585

0.310

2.34 ±
1.00

0.667

0.632

0.84

5.2

0.530

0.288

1.60 ±
0.74

0.737

0.342

0.86

5.9

0.559

0.309

1.57 ±
0.83

0.813

0.38

0.90

8.6

0.548

0.315

1.88 ±
0.94

0.761

0.446

0.90

8.8

0.573

0.319

2.09 ±
0.98

0.733

0.361

0.80

4.1

0.417

0.284

1.96 ±
0.93

0.775

0.73

0.97

29.8

0.584

0.297

1.52 ±
0.85

0.821

0.472

0.88

7.2

0.609

0.290

1.31 ±
0.64

0.762

0.386

0.90

9.4

Elevation categories: Higher ˃466 m, Lower <466 m; bSI= series intercorrelation, MS= mean sensitivity, AC=autocorrelation of raw ring-width series.
R-bar = average correlation between tree-ring series, EPS= expressed population signal, SNR= signal-to-noise ratio. From detrended, standardized
(67%n cubic smoothing spline) and prewhitened chronologies.
a
c

Table S3.5. Ring-width chronology statistics for the 12 red maple sites used in this study.

114

n
trees

n cores

1919-2015

17

34

Median
Age,
IQR
(yrs)
64, 8

Higher

1903-2015

17

37

99, 3.5

Manchester

Higher

1878-2014

14

28

62.5, 3.5

Sunderland

Higher

1856-2014

16

32

77, 36

Leicester

Lower

1866-2014

14

28

97, 26.5

Salisbury

Lower

1888-2014

16

31

90, 33

Stowe

Higher

1884-2014

14

28

Stowe

Lower

1940-2014

16

32

95.5,
9.25
74.5, 2.5

Eden

Higher

1892-2014

15

31

Ripton

Lower

1870-2014

14

28

Charlotte

Lower

1847-2015

14

29

151.5,
28.25

Underhill

Higher

1892-2012

11

20

112, 22

Location
(Town)

Elev.
cat. a

South
Burlington
Goshen

Lower

Chronology
Span

95.5,
26.5
74, 41.5

Mean
DBH ±
SD
(cm)
39.04
± 9.04
38.71
± 6.69
30.62
± 4.32
43.73
± 8.61
34.94
± 8.03
31.34
± 7.22
40.91
± 7.91
34.06
± 6.49
33.51
± 6.56
38.56
±
10.74
59.26
±
10.33
40.15
± 5.68

SIb

MSb

0.574

0.256

0.491

0.224

0.542

0.228

0.484

0.226

0.625

0.298

0.533

0.317

0.501

0.226

0.452

0.200

0.504

0.251

0.461

0.241

0.599

0.528

RW±SD
(cm)

ACb

R-barc

EPSc

SNRc

2.70 ±
0.89
1.64 ±
0.62
2.05 ±
0.87
2.10 ±
0.88
1.37 ±
0.64
1.31 ±
0.69
1.85 ±
0.64
2.12 ±
0.97
1.54 ±
0.70
1.79 ±
0.76

0.612

0.915

0.97

28.0

0.713

0.236

0.83

4.9

0.768

0.745

0.85

5.9

0.809

0.393

0.87

6.8

0.745

0.248

0.82

4.5

0.770

0.393

0.90

8.7

0.760

0.479

0.92

11.8

0.836

0.552

0.92

11.3

0.797

0.657

0.88

7.2

0.811

0.633

0.90

8.6

0.302

1.77 ±
0.77

0.662

0.741

0.98

40.1

0.241

1.42 ±
0.57

0.752

0.396

0.87

6.4

Elevation categories: Higher ˃ 368 m, Lower < 368 m; bSI= series intercorrelation, MS= mean sensitivity, AC=autocorrelation of raw ring-width series.
R-bar = average correlation between tree-ring series, EPS= expressed population signal, SNR= signal-to-noise ratio. From detrended, standardized
(67%n cubic smoothing spline) and prewhitened chronologies.
a
c

Table S3. 6. Significant climate-growth correlations with tree growth (RWI) for two
time periods by species; (a) sugar maple, (b) American beech, (c) yellow birch, and
(d) red maple. Significance levels: *P<0.05; **P<0.01
(a) sugar maple
Time
period
19451979

Moisture

Temperature

Previous November SPEI01 (0.33) *
Previous December SPEI01 (0.38) *
June SPEI01 (0.34) *
Previous September SPEI03 (0.35) *
Previous November SPEI03 (0.34) *
Previous December SPEI03 (0.42) **
August SPEI01 (0.50) **

Previous July Tmin (-0.44) **
Previous July Tmax (-0.28) *
Previous July HDD (0.36) *
Previous July CDD (-0.41) **
Previous November Tmin (0.31) *
Previous fall Tmin (0.29) *
March Tmax (-0.33) *
July Tmin (0.33) *
Summer Tmin (0.42) **

19802014

Previous December SPEI01 (0.33) *

Previous October Tmax (0.33) *
Previous November Tmin (-0.37) *
Previous November Tmax (-0.40) **
Previous November HDD (0.40) **
May Tmin (-0.36) *
Spring Tmin (-0.30) *
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(b) American beech
Time
Moisture
period
1945June SPEI01 (0.35) **
1979
April SPEI03 (0.40) **
May SPEI03 (0.29) *
June SPEI03 (0.31) *
July SPEI03 (0.28) *
August SPEI03 (0.29) *

19802014

Temperature
Previous August Tmin (-0.53) **
Previous June Tmax (0.34) **
Previous August Tmax (-0.40) **
June Tmax (-0.53) **
Summer Tmax (-0.38) **
Previous June HDD (-0.39) *
Previous August HDD (0.49) **
June HDD (0.46) *
Previous August CDD (-0.47) **
June CDD (-0.39) *

Previous August SPEI01 (0.36) **
Previous December SPEI01 (0.41) **
Previous July SPEI03 (0.29) *
Previous September SPEI03(0.32) *

January Tmin (-0.33) *
Winter Tmin (-0.37) **
Water year Tmin (-0.35) *
January Tmax (-0.36) *
Winter Tmax (-0.30) *
July CDD (-0.38) *
Water year CDD (-0.33) *

(c) yellow birch
Time
period
19451979

Moisture

Temperature

Previous August SPEI01 (0.38) *
Previous December SPEI01 (0.34) *
June SPEI01 (0.43) **
Previous December SPEI03 (0.40) **
January SPEI03 (0.29) *
August SPEI03 (0.39) **

Previous July Tmin (-0.38) *
Previous August Tmin (-0.42) **
July Tmin (0.36) *
Summer Tmin (0.35) **
Previous August Tmax (-0.56) **
Previous September Tmax (-0.32) *
Previous August HDD (0.49) **
Previous July CDD (-0.34) *
Previous August CDD (-0.54) **

19802014

Previous September SPEI03 (0.37) *

Winter Tmin (-0.34) *
Winter Tmax (-0.35) *
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(d) Red maple
Time
period
19451979

Moisture

Temperature

June SPEI01 (0.38) **
March SPEI03 (0.32) *
August SPEI03 (0.41) *

Previous fall Tmin (0.29) *
March Tmax (-0.38) **
Spring Tmax (-0.27) *
March HDD (0.27) *

19802014

Previous June SPEI01 (-0.36) *
July SPEI01 (0.33) *
July SPEI03 (0.34) *

Previous June Tmax (0.28) *
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Table S3.7. Significant climate-growth correlations (1945-2014) with tree growth
(RWI) for two elevational groupings by species; (a) sugar maple (Higher ˃542 m,
Lower <542 m), (b) American beech (Higher ≥ 282.8 m, Lower < 282.8 m), (c) yellow
birch (Higher ˃466 m, Lower <466 m), and (d) red maple (Higher ˃ 368 m, Lower <
368 m). Significance levels: *P<0.05; **P<0.01
(a) sugar maple
Elevation
Category
Lower
(<542 m)

Moisture

Temperature

Previous December SPEI01 (0.35) **
July SPEI01 (0.30) *
Feb SPEI03 (0.25) *

March Tmin (-0.26) *
Spring Tmin (-0.30) *
March Tmax (-0.33) **
March HDD (0.31) **
Spring HDD (0.27) *

Higher
(>542 m)

Previous August SPEI01 (0.29) **
Previous December SPEI01 (0.28) *
June SPEI01 (0.26) *
January SPEI03 (0.25) *
August SPEI03 (0.30) *

Previous July Tmin (-0.32) **
June Tmin (0.30) *
Previous July Tmax (-0.33) **
Previous July HDD (0.33) **
Previous July CDD (-0.37) **
June CDD (0.27) *

(b) American beech
Elevation
Moisture
Category
Lower
July SPEI01 (0.29) *
(<282.2 m)

Higher
(>282.2 m)

Temperature
Jan Tmin (-0.32) **
Previous August Tmax (-0.34)
**
January Tmax (-0.32) **
June Tmax (-0.29) *
July Tmax (-0.30) *
Summer Tmax (-0.36) *
Previous August HDD (0.29) *
January HDD (0.32) **
Summer HDD (0.26) *

Previous December SPEI01 (0.33) **
February SPEI03 (0.28) *
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June Tmax (-0.27) *
June HDD (0.30) *

(c) yellow birch
Elevation Moisture
Category
Lower
Previous August SPEI01 (0.29) **
(<466 m) Previous September SPEI03 (0.29) **
Previous October SPEI03 (0.32) **

Temperature

Higher
(>466 m)

Previous August Tmax (-0.28) *

Previous August SPEI01 (0.27) *
Previous December SPEI01 (0.32) **
Previous December SPEI03 (0.30) *
February SPEI03 (0.25) *
August SPEI03 (0.30) *

Previous August Tmax (-0.41) **
Previous September Tmax (-0.27) *
Previous August HDD (0.33) **
Previous September HDD (0.25) *
Previous August CDD (-0.36) *

(d) Red maple
Elevation
Category
Lower
(<368 m)

Moisture

Temperature

Previous June SPEI01 (-0.32) *
May SPEI01 (0.28) *
June SPEI01 (0.44) **
July SPEI01 (0.38) **
Previous June SPEI03 (-0.28) *
Previous July SPEI03 (-0.28) *
May SPEI03 (0.33) **
June SPEI03 (0.43) **
July SPEI03 (0.50) **
August SPEI03 (0.38) **

June Tmax (-0.32) **
July Tmax (-0.27) *
Summer Tmax (-0.35) **

Higher
(>368 m)

N/A

Winter Tmin (0.28) *
July Tmin (0.27) *
Winter Tmax (0.28) *
Previous June HDD (-0.26) *
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Table S3.8. Complete set of candidate models and results for the sugar maple
chronology (1945-2014). The model selected as best is shown in bold.
Model

Adj. R2

AIC

1

0.33

-122.1
3

2

0.25

3

F
statistic
(model)
8.443

Prob>F

Term

F statistic
(term)

Prob> F
(term)

>0.001

pDec SPEI01
August SPEI03
pJuly CDD
March Tmax

11.673
5.370
8.306
8.421

0.0011**
0.0236*
0.0054**
0.0051**

-115.6

7.596

>0.001

pDec SPEI01
August SPEI03
pJuly CDD

10.494
4.827
7.466

0.0019**
0.0315*
0.0081**

0.23

-114.2
9

7.046

>0.001

pDec SPEI01
August SPEI03
March Tmax

10.299
4.738
6.103

0.0021**
0.0331*
0.0161*

4

0.24

-115.1

7.384

>0.001

pDec SPEI01
pJuly CDD
March Tmax

10.4183
6.0054
5.7268

0.0019**
0.0169*
0.0196*

5

0.16

-110.1

6.986

>0.01

pDec SPEI01
August SPEI03

9.5699
4.4023

0.0029**
0.0397*

6

0.17

111.28

7.671

>0.001

pDec SPEI01
pJuly CDD

9.7317
5.6097

0.0027**
0.0208*

7

0.16

110.16

7.019

>0.01

pDec SPEI01
March Tmax

9.5776
4.4599

0.0029**
0.0384*

8

0.28

-119.1

9.112

>0.001

August SPEI03
pJuly CDD
March Tmax

8.470
8.233
10.633

0.0049**
0.0055**
0.0018**

9

0.17

110.65

7.302

>0.01

August SPEI03
pJuly CDD

7.405
7.198

0.0083**
0.0092**

10

0.18

111.39

7.738

>0.001

August SPEI03
March Tmax

7.484
7.991

0.0080**
0.0062**

11

0.15

109.16

6.444

>0.01

pJuly CDD
5.442
0.0227*
March Tmax
7.447
0.0081**
SPEI01 and SPEI03 = 1- and 3-month Standardized Precipitation-Evapotranspiration Index; CDD= cooling
degree days; Tmax= maximum monthly temperature. Lower case “p” denotes previous year. P values were
calculated using an analysis of variance (F statistic) and indicate a model’s significance by comparing the
reduced deviance between the null and candidate models. Significance levels: *P<0.05; **P<0.01;
***P<0.001. For further information on variables see methods.
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Table S3.9. Complete set of candidate models and results for the American beech
chronology (1945-2014). The model selected as best is shown in bold.
Model

Adj. R2

AIC

F statistic
(model)

1

0.36

-166.85

9.685

2

3

4

5

6

7

8

9

10

11

0.25

0.35

0.26

0.19

0.14

0.24

0.23

0.16

0.20

0.12

-157.69

-166.86

-157.98

-154.02

-149.79

-158.82

-155.66

-151.71

-154.73

-147.99

7.937

12.127

8.058

8.534

6.074

11.519

7.079

7.173

8.965

5.066

Prob>F
>0.001

>0.001

>0.001

>0.001

>0.001

>0.01

>0.001

>0.001

>0.01

>0.001

>0.01

Term

F statistic
(term)

Prob> F
(term)

pDecember SPEI01

10.595

0.0018**

pAugust Tmax
Jan HDD

10.468
6.442

0.0019**
0.0136*

Summer Tmax

11.235

0.0013**

pDecember SPEI01

9.172

0.0035**

pAugust Tmax

9.062

0.0037**

Jan HDD

5.577

0.0212*

pDecember SPEI01

10.456

0.0019**

pAugust Tmax

10.331

0.0020**

Summer Tmax

15.595

0.0002***

pDecember SPEI01

9.209

0.0034 **

Jan HDD

4.631

0.0351*

Summer Tmax

10.334

0.0020**

pDecember SPEI01

8.586

0.0046**

pAugust Tmax

8.483

0.0049**

pDecember SPEI01

8.083

0.0059**

Jan HDD

4.065

0.0478*

pDecember SPEI01

9.195

0.0034**

Summer Tmax

13.842

0.0004***

pAugust Tmax

9.127

0.0036**

Jan HDD

6.258

0.0148*

Summer Tmax

5.852

0.0183*

pAugust Tmax

8.510

0.0048**

Jan HDD

5.836

0.0184*

pAugust Tmax

8.885

0.0040**

Summer Tmax

9.044

0.0037**

Jan HDD

4.639

0.0349*

Summer Tmax

5.493

0.0221*

SPEI01 and SPEI03 = 1- and 3-month Standardized Precipitation-Evapotranspiration Index; CDD= cooling degree
days; Tmax= maximum monthly temperature. Lower case “p” denotes previous year. P values were calculated using an
analysis of variance (F statistic) and indicate a model’s significance by comparing the reduced deviance between the
null and candidate models. Significance levels: *P<0.05; **P<0.01; ***P<0.001. For further information on variables
see methods.
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Table S3.10. Complete set of candidate models and results for the yellow birch
chronology (1945-2014). The model selected as best is shown in bold.
Model

Adj. R2

AIC

F statistic
(model)

Prob>F

Term

F statistic
(term)

Prob> F
(term)

1

0.28

-118.17

6.549

>0.001

pAugust SPEI01

7.927

0.0064**

pDecember SPEI03
August SPEI03
pAugust Tmax

4.681
2.118
11.472

0.0342*
0.1504
0.0012**

pAugust SPEI01

6.8410

0.0110*

pDecember SPEI03

4.0400

0.0485*

August SPEI03

1.8277

0.1810

pAugust SPEI01

7.7896

0.0069**

pDecember SPEI03

4.6002

0.0357*

pAugust Tmax

11.2328

0.0013**

pAugust SPEI01

7.7023

0.0072**

August SPEI03

4.5007

0.0376*

pAugust Tmax

10.4147

0.0019**

pAugust SPEI01

6.7575

0.0115*

pDecember SPEI03

3.9907

0.0498*

pAugust SPEI01

6.7533

0.0115*

August SPEI03

3.9462

0.0511

pAugust SPEI01

7.2728

0.0088**

pAugust Tmax

9.4036

0.0031**

pDecember SPEI03

5.6092

0.0208*

August SPEI03

2.3977

0.1263

pAugust Tmax

14.0516

0.0004***

pDecember SPEI03

4.6947

0.0338*

August SPEI03

2.0068

0.1612

pDecember SPEI03

5.4992

0.0220*

pAugust Tmax

13.8319

0.0004***

August SPEI03

5.2105

0.0256*

pAugust Tmax

12.8750

0.0006***

2

3

4

5

6

7

8

9

10

11

0.15

0.25

0.24

0.13

0.13

0.19

0.24

0.08

0.21

0.20

-108.79

-117.88

-117.09

-108.88

-108.83

-114.02

-116.64

-105.13

-116.21

-115.19

4.236

7.874

7.539

5.374

5.350

8.338

7.353

3.351

9.666

9.043

>0.01

>0.001

>0.001

>0.01

>0.01

>0.001

>0.001

>0.05

>0.001

>0.001

SPEI01 and SPEI03 = 1- and 3-month Standardized Precipitation-Evapotranspiration Index; CDD= cooling
degree days; Tmax= maximum monthly temperature. Lower case “p” denotes previous year. P values were
calculated using an analysis of variance (F statistic) and indicate a model’s significance by comparing the
reduced deviance between the null and candidate models. Significance levels: *P<0.05; **P<0.01;
***P<0.001. For further information on variables see methods.
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Table S3.11. Complete set of candidate models and results for the red maple
chronology (1945-2014). The model selected as best is shown in bold.
Model Adj.
R2
1

2

3

4

0.15

0.11

0.13

0.09

AIC

-169.63

-167.97

-169.98

-166.92

F
statistic
(model)
4.330

4.55

5.66

3.983

Prob>
F

Term

F statistic
(term)

Prob> F
(term)

>0.01

August
SPEI03
pOctober
Tmin
March Tmax

6.550

0.0128*

2.893

0.0937

3.546

0.0641

August
SPEI03
pOctober
Tmin

6.310

0.0144*

2.787

0.0997

August
SPEI03
March Tmax

6.494

0.0131*

4.821

0.0315*

pOctober
Tmin
March Tmax

5.1216

0.0269*

2.8441

0.0964

>0.05

>0.01

>0.05

SPEI01 and SPEI03 = 1- and 3-month Standardized Precipitation-Evapotranspiration Index; CDD= cooling
degree days; Tmax= maximum monthly temperature. Lower case “p” denotes previous year. P values were
calculated using an analysis of variance (F statistic) and indicate a model’s significance by comparing the
reduced deviance between the null and candidate models. Significance levels: *P<0.05; **P<0.01;
***P<0.001. For further information on variables see methods.
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4.1 Abstract
A warming climate and extended growing season may confer competitive
advantages to temperate conifer species, which can photosynthesize across seasons.
Whether this potential for photosynthetic gain translates into increased growth is unclear.
This study examines the growth of two temperate conifers in the northeastern United
States: eastern white pine (Pinus strobus L.) and eastern hemlock (Tsuga canadensis (L.)
Carrière). We analyzed the association between xylem growth (476 trees in 23 plots) and
numerous factors: tree age and size, site elevation, and climate and acid depositionrelated variables. Both species exhibited increasing growth throughout the length of their
chronologies (1940-2014). White pine showed greater maximum growth and a faster
growth rate than eastern hemlock. Spring and summer moisture availability were
positively correlated with growth for both species. Warmer spring temperatures (March
and April) were associated with growth increases for both species, as well as fall
temperatures. Negative correlations were observed with previous year (eastern hemlock)
and current year (white pine) summer temperatures. If growing seasons lengthen as
projected, temperate conifers may have a competitive advantage over deciduous species
for increased growth provided that changes in summer temperature and moisture regimes
do not add excessive stress that offsets this growth.
Key words: climate change, dendrochronology, eastern white pine, eastern hemlock
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4.2 Introduction
Forest composition and growth may shift as the suitability of habitats for
component tree species changes due to climate change (Prasad et al. 2007-ongoing). For
species in temperate forest communities that have adapted to existing seasonal
differences in temperature and precipitation types, alterations in climate could have
profoundly negative effects on tree health and productivity (e.g., Reinmann et al. 2018).
While warmer temperatures may be unfavorable to many species, one taxon, conifers,
may benefit. Evergreen conifers have the ability to photosynthesize across seasons if
conditions are suitable (Schaberg et al. 1995; Hadley 2000). However, photosynthetic
gain outside of the growing season may not necessarily translate into increased growth
because changes in growing season climate could limit carbon (C) gain then – effectively
eliminating gains via increased photosynthesis at other times. Recent evidence of
increased growth, at least partially due to an extended growing season, has been observed
with red spruce (Picea rubens Sarg.) (Kosiba et al. 2018; Mathias and Thomas 2018), an
important conifer within the Northern Forest. Whether this phenomenon is unique to red
spruce or more broadly applicable to other temperate conifers has not been explored in
species such as eastern white pine (Pinus strobus L.) and eastern hemlock
(Tsuga canadensis (L.) Carrière), two other conifers common to the northern forests of
the eastern United States (U.S.) and adjacent Canada.
Eastern white pine grows primarily in the northeastern U.S., extending west to
Minnesota, south mostly in the Appalachian Mountains to Georgia, and north into
southern Canada (NAPA 2014). In the pre-European settlement forests of the
northeastern U.S., white pine was a minor component (Cogbill 2000), though it was
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distributed widely and occurred in a range of topographic positions and moisture
conditions (Abrams 2001). White pine has doubled in its frequency across New England
in response to a decrease in harvesting and regrowth on abandoned agriculture land
(Cogbill 2000).
Eastern hemlock is a foundation species in forests of the eastern U.S. (Ellison
2014) that can grow in a wide range of sites, although it seems most competitive on cool,
moist environments with little historical disturbance (Foster et al. 2014). Over a large
portion of its range, the prevalence and growth of eastern hemlock has been significantly
reduced due to feeding damage by a non-native insect - the hemlock woolly adelgid
(HWA: Adelges tsugae Annand) (e.g., Nuckolls et al. 2009). However, success of this
insect has been limited in the north of hemlock’s range, in part because overwinter
mortality of the insect has limited its spread there (Ellison et al. 2018). Thus, studying
eastern hemlock in the north provides a unique opportunity to better understand the
patterns and drivers of growth for this species in the absence of HWA-induced stress.
Furthermore, studying the growth and response of both eastern white pine and eastern
hemlock may offer insight into a possible general response of temperate conifers to a
changing climate in the region.
The purpose of this study was to evaluate patterns and potential climate and
pollution drivers of growth for mature white pine and eastern hemlock trees in the
Northern Forest. Our objectives for this study were to: (1) describe and compare growth
patterns of dominant and co-dominant trees of these species over the last 70 years; (2)
examine radial growth responses of both species to climate factors; (3) analyze potential
growth responses to pollutant deposition; (4) investigate potential differences in climate-
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and deposition-growth associations over time, and (5) build species-specific growth
models to better understand which environmental variables best explain growth in this
region. To address these objectives, we sampled 476 dominant and co-dominant trees at
23 plots throughout Vermont (VT), and analyzed tree-ring growth in relation to tree and
stand characteristics, as well as climate and pollution data.

4.3 Methods
4.3.1 Study area
The study area is located throughout the state of VT, ranging from 42.7520°N to
44.9330°N and 72.3771°W to 73.3696°W (Fig. 4.1). Mean annual precipitation is 112
cm, with 46% percent of precipitation falling from May through September (NOAA
National Climatic Data Center 2019). Mean temperature is warmest in July (25.6°C) and
coldest in January (-14.5°C; Fig. 4.2). Within this range, 23 forested plots were selected
for sampling: 8 with only eastern white pine, 10 with only eastern hemlock, and five plots
with both species. With the exception of three hemlock sites, which were considered old
growth with no evidence of land clearance, these sites were second-growth forest stands
recovering from deforestation and intensive land use during the late 19th and early 20th
centuries. Because human disturbance can impact or obfuscate the influence of
environmental factors (e.g., changes in temperature, moisture and pollution deposition)
on growth, we avoided managed forests when selecting plots. We were not selective in
choosing sites with specific intrinsic characteristics such as aspect, soil type or elevation.
Rather, we were interested in choosing sites that would provide a broad representation of
mature trees of each species. Parent material across sites ranged from loamy lodgement
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and supraglacial tills to sandy glaciofluvial or clayey glaciolacustrine deposits (National
Resources Conservation Service 2019). Other common canopy tree species varied per site
but included Acer saccharum (Marsh), Fagus grandifolia (Ehrh.), Betula alleghaniensis
(Britton), Quercus rubra (L.), and Acer rubrum (L.).

4.3.2 Dendrochronological techniques
In order to better isolate potential climate and pollution drivers of growth in these
species, we focused on sampling dominant and co-dominant trees rather than conduct a
complete ecological analysis that would include intermediate and suppressed trees. The
growth of intermediate and suppressed trees would include trends such as those related to
competition, which, in addition to other growth trends, could obscure the influence of
environmental signals that we were seeking to understand. We increment cored a total of
476 dominant and co-dominant trees: 219 white pine and 257 eastern hemlock. At each
site, between 14 and 24 trees were sampled following standard dendrochronological
techniques (Stokes and Smiley 1968) by collecting two xylem increment cores per tree at
diameter at breast height (DBH, 1.37 m above ground level), perpendicular to the slope
and 180° from each other. At one site (site 16), only one core per tree was collected. We
avoided sampling trees with noticeable bole or crown damage to minimize the influence
of non-climatic factors on growth, and to better represent average growth across a site.
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Fig. 4.1. Locations, plot numbers and species sampled for the 23 study
plots throughout Vermont. WP=eastern white pine, EH= eastern
hemlock.
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After collection, cores were oven-dried, mounted, and sanded with increasingly finer grit
sandpaper. Annual tree-ring increments were visually crossdated using the list method
(Yamaguchi 1991) and microscopically measured to a 0.001 m resolution via a Velmex
sliding stage unit (Velmex, Inc., Bloomfield, NY) using MeasureJ2X software (VoorTech
Consulting, Holderness, NH). The software program COFECHA was utilized to
statistically detect and correct for crossdating errors (Grissino-Mayer 2001) and to
calculate chronology statistics such as series intercorrelation, average mean sensitivity
and autocorrelation. On occasion, individual cores were discarded from a site chronology
if they correlated poorly with the master chronology (i.e., below Pearson critical
correlation 99% confidence levels). To determine the time period over which all plot
chronologies sustained a robust stand-wide signal, expressed population signal (EPS) was
computed (R package dplR; Bunn et al. 2016) using a cutoff of 0.80, based on the
equation described by Wigley et al. (1984). When a core’s pith was present, we counted
tree age at breast height. If pith was not present, we approximated core age with a pith
estimator (Speer 2010) using the curvature of the inner-most annual rings. We did not
assess age for cores that did not exhibit ring sequence curvature, since we were unable to
estimate pith in these cases.
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Fig. 4.2. Monthly mean temperature (black circles) and monthly total
precipitation (grey bars) for the study area from 1940-2014 (NOAA National
Climatic Data Center 2019).

4.3.3 Statistical analyses
To establish if any stand-wide release events existed during the chronology
period, we analyzed individual tree growth (raw ring width) per plot employing the
radial-growth averaging criteria presented by Nowacki and Abrams (1997), using the
TRADER package for R (function growthAveragingALL; Altman et al. 2014). We used a
ten-year running median with a 50% threshold to identify major releases for eastern white
pine, a species of intermediate shade tolerance. Since eastern hemlock is a highly shade
tolerant species that can sustain extended periods of suppression and show dramatic
releases when gaps occur in the canopy (Abrams et al. 2001; Black and Abrams 2005),
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we used a 100% threshold to determine major releases for this species. A stand-wide
release was defined as ≥25% of trees in the stand experiencing a major release within the
same decade (Nowacki and Abrams 1997).
We averaged raw ring width measurements per tree, and standardized growth. We
standardized via two methods. First, we calculated basal area increment (BAI) to assess
general growth trends. BAI converts diameter increments (cm/year) into area increments
(cm2/year) to reduce size and age growth trends (West 1980). BAI chronologies were
created per site and across all sites within a species to generate a study-wide chronology
(functions bai.out and chron, R package dplR; Bunn et al. 2016). Eastern hemlock and
eastern white pine were co-occurring at five of our sample sites, enabling us to conduct a
direct comparison of growth between these two species at the same locations. To test for
differences in growth between the species over time (1940-2014), we used an analysis of
covariance for BAI data for both species at these five sites.
For our second standardization, we needed a method that would smooth out
growth trends considered noise – such as the result of a sporadic release event, while
keeping climate signals – a useful feature of splines (Cook and Peters 1981). For sites
that did not exhibit large release events, we used a 67%n cubic smoothing spline with a
50% frequency cutoff. For sites that did exhibit a large release at some point in the
chronology, we used the Friedman Super Smoother (Friedman 1984; Pederson et al.
2013) in order to minimize the effects of disturbance and release. Autoregressive
modeling was performed on the standardized series to further lessen the effects of
endogenous disturbance, remove the influence of temporal autocorrelation (first order
autocorrelations), and enhance the common signal (Cook 1985), which produced

133

prewhitened (residual) chronologies. Mean annual growth values were computed using
Tukey’s biweight robust mean, which reduces the effect of outliers (Cook and Kairiukstis
1990) and increases the common signal, resulting in a ring width index (RWI). Residual
RWI chronologies were created per species for each site and across all site for each
species to create a study-wide chronology. Chronologies were truncated to the common
period of 1940-2014, based on EPS results.
Per species, sites were then divided into two approximately equal groups based on
median tree age (white pine: 95.5 years, eastern hemlock: 136 years), mean tree size
(DBH; white pine: 60.3 cm, eastern hemlock: 46.5 cm), and site elevation (white pine:
155 m, eastern hemlock: 314 m). We tested stand-level chronologies for differences in
BAI slope over time based on these characteristics. If differences existed, this could
provide an initial understanding of how tree- or stand-level characteristics may have
influenced growth, an additional factor to consider when evaluating links between growth
and climate.

4.3.4 Climate and pollution data
We evaluated a range of climate parameters for potential associations with radial
growth of white pine and eastern hemlock. We averaged climate data from the National
Climatic Data Center for the three climate divisions in VT (NOAA National Climatic
Data Center 2019), since our study sites spanned these divisions. From this dataset, we
selected two direct measures of temperature and two heat indices on which to focus:
monthly maximum and minimum temperature (Tmax and Tmin, respectively), heating
degree days (HDD) and cooling degree days (CDD). HDD measures low temperature
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exposure, calculated as the number of degrees that a day’s average temperature is below
18.3°C (65°F), while CDD is a gauge of high temperature exposure, calculated as the
number of degrees that a day’s average temperature is above 18°C (65°F). While HDD
and CDD were formulated to estimate heating and cooling needs within buildings, these
indices have been shown to relate to tree growth and physiology and can serve as proxies
for aggregated low and high temperature exposures over time (e.g., Kosiba et al. 2018).
For Tmax and Tmin, we also created seasonal (previous Summer: pJun – pAug, previous
Fall: pSep – pNov, Winter: pDec-Feb, Spring: Mar-May, Summer: Jun-Aug, Fall: SepNov) and water year (Wyr: pOct- current Sep) metrics. In addition to obtaining monthly
temperature data, we also acquired daily minimum and maximum temperature data in
order to compute Growing Degree Days (GDD). GDD is an index which we calculated
using the r package pollen (function gdd; Nowosad 2018).
In addition to temperature data, we obtained data from the Standardized
Precipitation-Evapotranspiration Index (SPEI; Vicente-Serrano et al. 2017) to assess
moisture availability. Individual site data were averaged to create a state-wide SPEI
dataset at the one-month (SPEI01) and three-month (SPEI03) time steps. SPEI01 enabled
us to identify specific influential months, while SPEI03 allowed us to evaluate
relationships on a seasonal basis.
We also acquired pollutant deposition data from two National Atmospheric
Deposition Program (National Atmospheric Deposition Program 2017) sites in VT
(Bennington and Underhill) and from the Hubbard Brook Ecosystem Study in New
Hampshire (Likens 2016). Data were averaged from the two VT sites (1982-2014) and
regressed against data from New Hampshire (1965-2012) to enable us to project the VT
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data further back in time. Total timespan for this combined dataset was 1965-2014.

4.3.5 Correlations and model building
Stationary correlation functions were calculated using Pearson’s correlations with
bootstrap resampling (1,000 bootstrap samples; Biondi and Waikul 2004). Correlations
were calculated between the RWI chronologies (1940-2014) and monthly, seasonal, and
water year climate variables. Monthly correlations spanned a 17-month window from the
previous year’s June to current year’s October to account for lagged and integrated
effects of climate. Correlations were conducted using the R package treeclim (function
dcc; Zang and Biondi 2015).
In addition to analyzing climate-growth associations for the entire chronology, we
also assessed whether these relationships differed between earlier and later parts of the
chronology. To find a logical, unbiased breakpoint in the chronologies (1940-2014), we
ran the Pettitt test (Pettitt 1979) to detect if a change point existed in either species’
growth throughout their chronologies. A change point was identified in 1971 for white
pine and 1981 for eastern hemlock. The midpoint between these dates was 1976. To
ensure we had equal sample sizes for the earlier and later parts of the chronologies, and to
align with Pettitt test results, we performed climate-growth correlations for the first
(1940-1976) and second (1977-2014) halves of the chronology.
In addition to using climate data, we conducted correlations with pollutant
deposition data for the second half of chronologies (1977-2014), since deposition data
was not available for the entire first half. Correlations were calculated between RWI
growth and monthly, seasonal, and water year pollution deposition variables.
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Using variables from significant correlations, we built growth models for each
species for the entire chronology period (1940-2014) using a generalized linear model
approach with a Gaussian distribution. When significant variables indicated the same
relationship (e.g., Tmax and HDD for the same month), we chose the variable with the
highest significance level to avoid multicollinearity and reduce redundancy. If variables
had identical significance levels, we picked the one with the highest correlation
coefficient. We created a null model (intercept only) for use as a benchmark to compare
relative model fit to an uninformed model. The best model was selected based on the
Akaike information criterion (AIC; Akaike 1974). For models exhibiting ∆AIC < 2, the
most parsimonious one was chosen. P-values were calculated for each model by
comparing the reduced deviance between the null and candidate models using an analysis
of variance with an F distribution. Adjusted R2 was calculated as the squared correlation
between predicted and observed values.

4.4 Results
4.4.1 Chronology statistics
Eastern white pine and eastern hemlock exhibited similar chronology statistics
(Table 4.1). White pine had an estimated median site age range of 76 to 201 years, and
eastern hemlock showed a range of 56 to 191 years (Tables S4.1-S4.2). The mean DBH
range was 49.0 cm-87.9 cm for white pine sites and 35.9 cm-58.3 cm for eastern hemlock
sites (Tables S4.1-S4.2).
Table 4.1. Summary of regional chronology statistics for the two study species,
eastern white pine and eastern hemlock. Statistics shown are average values for all
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sites within a species from ring-width index (RWI) chronologies. For individual site
statistics, see tables S4.1-S4.2.
Eastern white
Eastern
Statistic
pine
hemlock
n sites
13
15
n trees
219
257
n cores
449
492
Longest chronology span
1794-2015
1735-2015
Interseries correlation
0.647
0.62
Mean sensitivity
0.237
0.262
First-order autocorrelation
0.778
0.775
Mean correlation between trees 0.52
0.43
Expressed population signal
0.90
0.89
Signal-to-noise ratio
13.2
12.0

4.4.2 General growth trends: BAI
BAI growth for both species increased throughout their chronologies (1940-2014;
Fig. 4.3). Maximum growth was 40.72 cm2 in 2012 for white pine and 26.15 cm2 in 2010
for eastern hemlock. For white pine, there were no differences in BAI slopes over time
for stand-level chronologies (1940-2014) between elevation and size groups. White pine
sites in the younger age group category grew at a significantly faster rate throughout the
chronology than older sites (Wilcoxon Rank Sum test; Z=0.04, P0.05). Eastern hemlock
showed no differences in BAI slope over time for stand-level chronologies (1940-2014)
in terms of elevation, size, or age groupings. Results from the analysis of covariance test,
which compared growth trajectories of the two species, showed that throughout the
chronology and across all sites, white pine has been growing at a faster rate than eastern
hemlock (F=9.33, P0.0001). To ensure that this difference in growth was not due to
variations in site conditions that could have been confounded with species, we also
compared growth only at the five sites where the two species co-occurred. Even with a
reduced sample size for comparison, it was evident that white pine was growing at a
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higher rate than eastern hemlock at these sites (F=54.11, P0.0001). Seven sites showed
evidence of growth releases of unknown origin: sites 3, 10, 11, 13, 18, 21 and 22 (Table
S4.3).

Fig. 4.3. Mean BAI growth (±SE) from 1940-2014 for 13 eastern white pine sites (black line)
and 15 eastern hemlock sites (grey line), along with linear regression of growth over time
(dashed line and associated equation).
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4.4.3 Climate- and deposition-growth correlations
4.4.3.1 Eastern white pine
Eastern white pine exhibited positive correlations with spring and summer
moisture throughout the chronology (1940-2014; Fig. 4.4). This was evident in individual
months as May, June, and July SPEI01 (r=0.50, r=0.34, and r=0.34, respectively, P0.01)
and seasonal metrics with May thru August SPEI03 (r=0.38-0.58, P0.01). July SPEI03,
an index of available moisture for May, June, and July, had the highest correlation
coefficient of all moisture and temperature variables for this species (r=0.58, P0.01).
pJune and pJuly SPEI03 showed negative associations with white pine growth (r=-0.25,
and r=-0.23, respectively, P0.05).
Correlations between white pine growth and temperature showed both positive
and negative associations depending on the season. Tmin was positively correlated with
growth in March (r=0.30, P0.01), April (r=0.32, P0.01), and the entire spring season
(r=0.32, P0.01). Tmax in March (r=0.29, P0.01) and April (r=0.24, P0.05) also
showed positive associations, along with GDD for both months (March: r=0.31, P0.01
and April: r=0.23, P0.05). HDD, a measure of cool temperatures, was negatively
correlated with growth during March (r=-0.31, P0.01), April (r=-0.28, P0.01), and the
spring season (r=-0.27, P0.05), indicating the same pattern. In contrast to spring months,
white pine growth showed negative correlations with summer Tmax: July (r=-0.22,
P0.05) and the summer season (r=-0.27, P0.01).
White pine growth exhibited several negative correlations with pollution
deposition variables for the period of 1977-2014. These included five correlations with
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NO3- for May, June, July, August, and the entire summer season, and a negative
association with July SO42- (Fig. 4.4).

4.4.3.2 Eastern hemlock
Eastern hemlock showed fewer and weaker correlations with moisture availability
than white pine. Positive correlations with June SPEI01 were significant (r=0.27,
P0.05), as were those with pSeptember SPEI03 (r=0.24, P0.05) and current July and
August SPEI03 (r=0.23 for both, P0.05). Correlations between hemlock growth and
temperature were more numerous than those with moisture. pJuly and pAugust Tmin and
Tmax had negative correlations with growth, and correlations with HDD, CDD, and GDD
indicated the same patterns (Fig. 4.4). Negative associations were present with
pSeptember Tmax and GDD (r=-0.22 and r=-0.21, respectively, P0.05) and pNovember
HDD (r=-0.21, P0.05). In addition, hemlock growth showed a positive association with
warmer March temperatures, evident as Tmin, Tmax (r=0.34 and r=0.30, respectively,
P0.01), and HDD (r=-0.33, P0.01). April and current year October Tmin also showed
positive associations with growth (r=0.21, P0.05). Eastern hemlock was negatively
correlated with one deposition variable: pAugust NO3- (r=-0.34, P0.05).

4.4.4 Changes in growth patterns through time
4.4.4.1 Eastern white pine
White pine growth in both the first (1940-1976) and second (1977-2014) halves of
the chronology (Table S4.4a) revealed similar associations with current summer moisture
as it did for the entire chronology (1940-2014; Fig. 4.4). The first half of the chronology
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presented a novel correlation with April SPEI01 and SPEI03 (r=0.34, P0.05 and r=0.30,
P0.01, respectively). The second half showed additional positive correlations with
pNovember SPEI01 (r=0.30, P0.05) and current September SPEI03 (r=0.31, P0.05).
March SPEI01 exhibited a negative correlation with growth in the second half of the
chronology as well (r=-0.35, P0.05).

4.4.4.2 Eastern hemlock
Eastern hemlock growth exhibited fewer correlations with both moisture and
temperature in the second half of the chronology (1977-2014) than in the first half (19401976). The first half displayed numerous correlations with summer moisture metrics, but
these were not apparent in the second half (Table S4.4b). A unique correlation with
pNovember SPEI03 showed up in the second half of the chronology (r=-0.33, P0.05).
For temperature, the first half of the chronology displayed numerous associations with
previous summer and current spring variables (Table S4.4b), while the second half only
exhibited correlations with pAugust Tmax (r=-0.28, P0.05), pOctober Tmax (r=0.32,
P0.05), February GDD (r=-0.35, P0.05), and Water year Tmax (r=0.29, P0.05).

4.4.5 Growth models
Based on AIC, the best growth model for eastern white pine (1940-2014) included
pJune SPEI03, July SPEI03, and April Tmin (F=18.29, P0.001). The best model for
eastern hemlock (1940-2014) included pJuly CDD, pSeptember Tmax, June SPEI01,
March Tmin, and October Tmin (F=8.45, P0.001; Table 4.2). A list of candidate models
for both species is available in Tables S4.5-S4.6.
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Table 4.2. Growth-climate model results (1940-2014) for eastern white pine and
eastern hemlock.
Prob> F
Species
Adj. R2
F statistic Prob>F Term
F statistic
(term)
(model)
(term)
Eastern
0.44
18.29
>0.001 pJune SPEI03
7.508
0.0078 **
white
July SPEI03
41.079
>0.001 ***
pine
April Tmin
6.275
0.0145 *
Eastern
hemlock

0.38

8.45

>0.001

June SPEI01
March Tmin
October Tmin
pJuly CDD
pSeptember Tmax

7.775

0.0068 **

12.420
0.0008 ***
3.815
0.0549
11.649
0.0011 **
6.594
0.0124 *
SPEI01 and SPEI03 = 1- and 3-month Standardized Precipitation-Evapotranspiration Index;
CDD= cooling degree days; Tmax= maximum monthly temperature. Tmin= minimum monthly
temperature Lower case “p” denotes previous year. P values were calculated using an analysis of
variance (F statistic) and indicate a model’s significance by comparing the reduced deviance
between the null and candidate models. Significance levels: *P<0.05; **P<0.01; ***P<0.001.
For further information on variables see methods.

4.5 Discussion
4.5.1 Growth patterns
Both eastern white pine and eastern hemlock exhibited increasing growth in VT,
with the highest levels occurring in the most recent decades. Overall, white pine showed
greater maximum growth than eastern hemlock, and a higher rate of growth throughout
the period of the chronology (1940-2014), findings that are consistent with each species’
ecological niche and known silvics. For example, white pine is intermediate in shade
tolerance and has a remarkable potential growth rate compared to other coniferous and
hardwood species within its range, whereas eastern hemlock is the most shade tolerant of
all North American species and has a comparably low growth potential (Burns and
Honkala 1990).
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Fig. 4.4. Significant climate (1940-2014) and deposition (1977-2014) -growth (ring width
index) correlation coefficients for a) eastern white pine and b) eastern hemlock. Lower case
letters and shaded areas specify previous year’s months. MAM= current year’s March, April
and May: grouped to create a spring variable; JJA= current year’s June, July, and August:
pooled to create a summer variable. Tmax= maximum temperature, Tmin= minimum
temperature, CDD= cooling degree days, HDD= heating degree days, GDD= growing degree
days, SPEI= Standardized Precipitation-Evapotranspiration Index, NO3- =nitrate deposition,
SO42-=sulfate deposition. For further explanation on variables, see Methods.
Significance levels: *P<0.05; **P<0.01.
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4.5.2 Correlations with moisture
For both species, spring and summer moisture availability was important for
growth. Our eastern hemlock findings concur with other studies that observed positive
correlations between radial growth and previous or current summer moisture availability
in eastern North America (Cook and Cole 1991; Abrams et al. 2000; Tardif et al. 2001;
Black and Abrams 2005). In our study, correlations between hemlock and summer
moisture availability were not evident in more recent decades, which was somewhat
surprising because hemlock is a shallow-rooted species – a trait that would reduce access
to deeper soil water reserves. However, hemlock conducts relatively little photosynthesis
in July and August when temperatures and drought stress are high and instead
photosynthesis peaks in the spring, generally a wetter period (Foster et al. 2014). At
hemlock sites throughout eastern North America, Cook and Cole (1991) found that
correlations with precipitation were related to differences in soil drainage. We did not
assess soil hydrology at our 15 sites, but this may be an important factor to consider when
evaluating future climate responses of this species. The apparent change in influence of
moisture on growth may also reflect that during the first half of the chronology the region
experienced a major drought (1964-1967; NOAA National Centers for Environmental
Information 2018), whereas the region has experienced unusually high levels of
precipitation during the second half of the chronology (Pederson et al. 2013).
The hemlock chronology was also positively associated with pSeptember SPEI03,
a correlation that was even stronger in the second half of the chronology (Table S4.4b). A
hemlock site in New York also found a positive correlation with hemlock growth and
pSeptember precipitation (D'Arrigo et al. 2001).
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White pine had a greater number of significant correlations with moisture
availability than did eastern hemlock (Fig. 4.4). White pine exhibited associations with
moisture in both the early and later parts of its chronology, indicating that, despite the
pluvial currently taking place, moisture is still limiting to some degree. Summer moisture
may actually be more limiting to white pine growth in recent years than it has been in the
past; the highest moisture-growth correlation during the first half, July SPEI03 (r=0.52,
P0.01), was lower than the same association in the second half (r=0.66, P0.01).
Indeed, this correlation between white pine growth and July SPEI03 was the highest
correlation for either species or time period. This counterintuitive finding of more
apparent sensitivity to moisture during a period of generally increased precipitation may
reflect the greater periodicity and intensity of precipitation in recent years – a
combination that can result in greater runoff, reduced soil infiltration and longer gaps
between rain events (Janowiak et al. 2018). In pine ecosystems, water stress has been
shown to be a considerable determinant in reducing photosynthetic rates (Teskey et al.
1994). Relationships between white pine growth and summer moisture availability have
also been observed in multiple other studies (Cook and Jacoby 1977; Abrams et al. 2000;
Kipfmueller et al. 2010; Chhin et al. 2013). Our finding of more sensitivity to moisture in
recent decades may emphasize a limitation of broad generalized climate data (e.g.,
moisture index for an entire month), rather than some potentially more ecologically
relevant metrics such as ones designed to capture extreme climate events (e.g., Oswald et
al. 2018).
In addition to positive associations with current year moisture availability, white pine
showed negative associations with previous year’s moisture availability. One possible
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explanation for this relationship is white pine needle damage. Previous year’s spring and
summer precipitation has been found to be a predictor of white pine needle damage in
northern New England, with higher precipitation being associated with greater fungal
damage to needles (Wyka et al. 2017). Consistent with these findings, our white pine
sites exhibited negative correlations with pJune and pJuly SPEI03, which indicate
moisture for the spring and summer seasons.

4.5.3 Correlations with temperature: focus on spring and fall
While many tree species exhibit associations with growing season climate
variables, one notable feature of temperature-growth correlations for both temperate
conifers was the prominence of spring and fall temperatures. Both species showed
positive associations with multiple variables signifying warmer spring temperatures (Fig.
4.4). Numerous studies of hemlock have observed a positive correlation between growth
and March temperatures across a wide spatial range in eastern North America (Cook and
Cole 1991; Abrams et al. 2001; Tardif et al. 2001; Saladyga and Maxwell 2015). Cook
and Cole (1991) found that correlations with March temperature strengthened as study
sites approached the northern and western range limits of eastern hemlock. Our findings
further bolster their explanation that early spring temperatures can melt snow, enabling
soils to warm and photosynthesis to resume (Cook and Cole 1991). More specifically, our
hemlock findings are consistent with literature on early spring photosynthesis in this
species. Hadley and Schedlbauer (2002) observed a rapid increase in C uptake by
hemlock trees in mid-April in Massachusetts, as well as continued photosynthesis in
October and November. C storage in their study was regulated more by Tmin than soil
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temperature, suggesting that decreasing frosts in spring and fall as a result of climate
change could promote greater C storage in eastern hemlock stands. In a subsequent study,
Hadley et al. (2008) found that hemlock forests stored more C throughout the course of a
relatively warm year than a deciduous compatriot species, red oak. This finding
underscores the possibility that warmer fall, winter and spring seasons could increase the
C storage capabilities of coniferous forests, unless significant increases in summer
temperatures lead to net C losses (Hadley et al. 2008).
In addition to eastern hemlock, previous studies on white pine show links between
photosynthesis and spring temperatures. McGregor and Kramer (1963) found the average
rate of photosynthesis in white pine seedlings peaked in April. In Michigan, Jurik et al.
(1988) observed a relationship between April temperatures and white pine carbon dioxide
exchange rates. In this study, soil temperatures were the best predictor of maximum C
exchange because warmer soils allow for increased root conductance followed by
stomatal conductance (Jurik et al. 1988). Our findings are consistent with their evidence
that a sustained period of warmer spring air temperatures may support greater
photosynthesis (Jurik et al. 1988) and growth (Fig. 4.4).
Growth of both species not only exhibited links with spring temperatures, but also
with fall temperatures. In recent decades, white pine displayed positive associations with
pfall Tmax (Table S4.4a). Hemlock in our study showed a positive correlation with
October Tmin, a pattern observed in Pennsylvania as a correlation with average October
temperatures (Black and Abrams 2005). On clear, mild days, temperate conifers can
exhibit fall photosynthetic rates comparable with summer rates, so long as needles don’t
freeze (Havranek and Tranquillini 1995). However, hemlock growth was also negatively
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correlated with warmer pSeptember Tmax, and cooler pNovember temperatures. This
could suggest that increased growth in the fall could constrain C relations for hemlock the
following year.
In summer months, the growth of both species was negatively correlated with
summer temperatures. For hemlock this was evident for previous year variables, whereas
for white pine this was found for current year temperatures. For white pine, these
associations were particularly true in the second half of the chronology; the highest
correlation with temperature for either time period for white pine was with June Tmax
during the past 40 years (r=-0.46, P0.05). A negative relationship between white pine
growth and summer temperatures has been found in other locations throughout the
species’ range (Cook and Jacoby 1977; Kipfmueller et al. 2010; Chhin et al. 2013).
Eastern hemlock exhibited multiple negative correlations with higher previous summer
temperatures – a pattern that has also been observed across a wide range of hemlock
stands (Cook and Cole 1991; D'Arrigo et al. 2001; Tardif et al. 2001).
Since minimum winter temperatures have been increasing more than temperatures
in any other season (Janowiak et al. 2018), one might expect to find evidence that white
pine and hemlock can capitalize on an ability to photosynthesize during winter too.
Nonetheless, we did not detect significant correlations between winter temperatures and
hemlock growth. For white pine, one correlation with winter temperature (January Tmax)
was present, and only in the second half of its chronology. Jurik et al. (1988) described
that for white pine, even multiple days with warm winter air temperatures may not
increase soil temperatures enough to enable a resumption of the species’ full
photosynthetic capacity. However, for another temperate conifer, red spruce, winter
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photosynthesis has been documented (Schaberg et al. 1995; Schaberg et al. 1998) and
may contribute to the increased woody growth of this species in recent years (Kosiba et
al. 2018).

4.5.4 Pollution deposition-growth correlations
White pine exhibited more significant correlations with deposition variables than
eastern hemlock. Other studies have found a possible negative effect of increased
nitrogen deposition for white pine growth and survival (Thomas et al. 2010; Duarte et al.
2013). Our findings provide further evidence that species other than the notably sensitive
(red spruce and sugar maple; e.g., Schaberg et al. 2010) may be negatively affected by
acid deposition. Experimental evidence has shown that seedlings of white pine and
eastern hemlock are adversely affected by acid deposition (Schaberg et al. 2001).
Nonetheless, relationships we detected between growth and pollution variables were far
fewer in number and strength than associations with climate factors, which highlights the
comparative importance of temperature and moisture in modulating white pine and
hemlock productivity.

4.5.5 Implications for future growth
If growing seasons in the Northern Forest continue to lengthen, temperate conifers
may gain a competitive advantage over co-occurring deciduous species in some locations.
Our findings of positive associations between white pine and eastern hemlock growth and
warmer spring and fall temperatures, along with evidence of the same relationships for
red spruce growth (Kosiba et al. 2018; Mathias and Thomas 2018), suggest that this
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group could benefit from one potential consequence of a warming climate – a lengthened
growing season. However, growth was also correlated positively with summer moisture
and negatively with summer Tmax for both species, so a future with hotter and drier
summers (Janowiak et al. 2018) could reduce C storage and offset growth gains
associated with the milder shoulder seasons (Hadley and Schedlbauer 2002). This is
especially important to consider since the northeast region of the U.S. is projected to
experience a greater increase in temperature than other parts of the country (U.S. Global
Change Research Program 2018). Additional study of growth-climate relationships for
other temperate conifers in the region are needed to better understand the C gain potential
of this group of trees as climate changes.
Our evidence of increasing white pine and eastern hemlock growth is in line with
future predictions for VT from the Climate Change Tree Atlas (Prasad et al. 2007ongoing). Projections from the Tree Atlas show that while importance values (dominance
of a species in a given forest area) of these temperate conifers are expected to decrease
slightly in lower elevations in the state, they are projected to increase at higher elevations
and latitudes (Prasad et al. 2007-ongoing). One of the top predictors of suitable habitat
for eastern white pine and eastern hemlock in the Tree Atlas is mean July temperature,
which emphasizes the role that hotter summer temperatures could play in the future
habitat suitability for these species (Prasad et al. 2007-ongoing). Of course, the close
proximity of the HWA invasion front to northern hemlock stands highlights how
precarious any projections of improved hemlock growth must be. Freezing temperatures
have limited this pest from spreading further northward in the past (Ellison 2014), but
with increasingly warmer winters, HWA are likely to experience higher overwinter
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survival and expand into the northern range of eastern hemlock (McAvoy et al. 2017).
However, eastern hemlock survival rates have shown to average 73% after 15 years of
the pest’s introduction to a site (Eschtruth et al. 2013), and tree mortality may be slower
to occur in northern forests due to low temperature constraints on HWA buildups
(Paradis et al. 2008). Thus, even with HWA infestation, eastern hemlock may still have
great potential for C capture and growth within the Northern Forest.
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4.8 Supplementary Material
Table S4.1. Ring-width chronology statistics for the 13 eastern white pine sites used in this study.

1

Arlington

Higher

1794-2015

17

35

2

Cambridge

Higher

1909-2015

19

38

Median
Age,
IQR
(yrs)
200.5,
48.75
80, 6.5

3

Charlotte

Lower

1844-2015

15

30

166, 32

4

Colchester

Lower

1892-2015

17

34

60.3 ± 11.3

0.693

0.231

5

Essex

Higher

1925-2015

16

33

115.5,
10.5
78, 11.5

57.4 ± 10.5

0.614

0.235

6

Ferrisburgh

Lower

1863-2015

15

30

155, 10

0.718

0.230

9

Jericho

Higher

1906-2015

23

50

100, 12

65.61 ±
10.39
58.3 ± 10.7

0.696

0.250

13

Peru

Higher

1918-2015

17

34

82, 4

69.5 ± 11.2

0.637

0.220

15

Pownal

Higher

1916-2015

14

30

95.5,
3.75

48.96 ±
7.30

0.657

0.280

17

Royalton

Higher

1936-2014

17

34

76, 8

49.8 ± 7.9

0.583

0.244

18

South
Burlington
South
Burlington

Lower

1923-2015

16

33

0.260

1872-2015

18

38

60.36 ±
7.07
56.6 ± 6.2

0.698

Lower

82.5,
4.5
130, 12

0.684

0.263

Westminster

Lower

1912-2014

15

30

87,
13.75

55.4 ± 25.0

0.521

0.212

Site

158

19
22

Location
(town)

Elev.
cat.a

Chronology
span

n
trees

n
cores

Mean
DBH ± SD
(cm)

SIb

MSb

87.94 ±
7.18
66.45 ±
17.21
65.7 ± 9.7

0.623

0.183

0.588

0.217

0.693

0.258

RW±
SD (cm)

ACb

Rbarc

EPSc

SNRc

1.93 ±
0.82
3.65 ±
2.00
1.63 ±
0.93
2.36 ±
1.36
2.95 ±
1.31
1.69 ±
0.89
2.54 ±
1.23
3.70 ±
1.76
2.32 ±
1.24

0.795

0.303

0.88

7.4

0.860

0.68

0.94

15.7

0.797

0.46

0.93

12.8

0.788

0.551

0.95

20.5

0.722

0.656

0.9

9.2

0.785

0.566

0.95

19.6

0.744

0.316

0.91

9.5

0.796

0.291

0.82

4.5

0.781

0.766

0.98

40.4

3.01 ±
1.32
3.26 ±
1.58
1.79 ±
1.10

0.751

0.406

0.8

4.0

0.810

0.575

0.9

8.7

0.814

0.441

0.93

14.2

2.51 ±
0.99

0.791

0.733

0.85

5.5

Elevation categories: Higher ≥155 m, Lower <155 m
SI= series intercorrelation, MS= mean sensitivity, AC=autocorrelation of raw ring-width series.
c
R-bar = average correlation between tree-ring series, EPS= expressed population signal, SNR= signal-to-noise ratio. From
detrended, standardized and prewhitened chronologies. See Methods for further details on standardization.
a
b

Table S4.2. Ring-width chronology statistics for the 15 eastern hemlock sites used in this study.
Site

Location
(town)

Elev.
cat.a

Chronology
span

n
trees

n
cores
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3

Charlotte

Lower

1735-2015

15

30

6

Ferrisburgh

Lower

1798-2015

16

32

7

Granville

Higher

1776-2011

24

48

8

Highgate

Lower

1835-2014

15

30

10

Killington

Higher

1804-2009

20

38

11
12
14

Manchester
Middlebury
Pittsford

Higher
Lower
Lower

1850-2014
1828-2009
1868-2014

15
19
16

30
19
32

16

Ripton

Higher

1845-2014

14

27

17

Royalton

Higher

1903-2014

16

31

19

Lower

1803-2015

19

39

20

South
Burlington
Stowe

Higher

1851-2015

18

36

21

Troy

Higher

1925-2014

19

37

22

Westminster

Lower

1861 -2014

14

28

23

Winhall

Higher

1851-2014

17

35

Median
Age,
IQR
(yrs)
143, 83

Mean
DBH ± SD
(cm)

SIb

40.4 ± 9.2

0.686

190.5,
28
144,
43.25
77.5,
47.5
114,
59.5
114, 38
162, 30
110,
37.25
154,
28.5
116,
15.75
180, 55

52.4 ± 8.7

125.5,
24.25
55.5,
48.5
136,
46.75
148, 31

RW±
SD (cm)

ACb

Rbarc

EPSc

SNRc

0.321

1.21 ± 0.59

0.654

0.52

0.93

12.7

0.732

0.251

1.14 ± 0.60

0.791

0.75

0.98

48.1

56.1 ± 8.1

0.622

0.258

1.93 ± 0.87

0.733

0.33

0.91

10.5

43.4 ± 13.7

0.607

0.238

2.37 ± 1.03

0.786

0.85

0.96

23.7

53.4 ± 18.1

0.550

0.283

1.75 ± 0.96

0.81

0.19

0.8

4.0

42.3 ± 7.3
58.3 ± 10.3
41.7 ± 6.9

0.608
0.614
0.512

0.248
0.254
0.271

1.59 ± 0.93
1.52 ± 0.68
1.68 ± 0.85

0.835
0.706
0.754

0.41
0.38
0.50

0.9
0.92
0.9

9.4
11.7
8.9

43.3 ± 6.3

0.677

0.266

1.41 ± 0.80

0.837

0.45

0.91

10.0

46.5 ± 8.4

0.602

0.234

1.97 ± 1.09

0.828

0.35

0.86

6.0

50.1 ± 4.7

0.737

0.339

1.30 ± 0.72

0.687

0.48

0.94

15.9

48.5 ± 6.6

0.667

0.269

1.73 ± 0.92

0.778

0.22

0.82

4.7

35.9 ± 6.8

0.600

0.245

2.72 ± 1.13

0.762

0.48

0.817

4.5

46.1 ± 9.7

0.587

0.217

1.83 ± 0.94

0.831

0.35

0.84

5.1

50.0 ± 8.1

0.563

0.231

1.50 ± 0.72

0.826

0.21

0.82

4.6

MSb

Elevation categories: Higher ˃314 m, Lower <314 m
b
SI= series intercorrelation, MS= mean sensitivity, AC=autocorrelation of raw ring-width series.
c
R-bar = average correlation between tree-ring series, EPS= expressed population signal, SNR= signal-to-noise ratio. From
detrended, standardized and prewhitened chronologies. See Methods for further details on standardization.
a

Table S4.3. Sites that exhibited growth release events of unknown origin.
Site
Time period
Species
Number of
trees
released
3
2003-2005
white pine
11
10

1978-1986

7

1963-1973

eastern
hemlock
eastern
hemlock
white pine

11

1943-1953

13

1974-1979

white pine

6

18

1956-1964

white pine

13

21

1957-1963

7

22

1944-1953

eastern
hemlock
white pine
eastern
hemlock

5

160

9
6

3

Table S4.4. Significant climate-growth correlations with tree growth (RWI) for two
time periods by species; (a) eastern white pine and (b) eastern hemlock. Significance
levels: *P<0.05; **P<0.01
(a) Eastern white pine
Time
Moisture
period
1940April SPEI01 (0.34) *
1976
April SPEI03 (0.30) **
May SPEI01 (0.49) **
May SPEI03 (0.51) **
June SPEI01 (0.31) *
June SPEI03 (0.51) **
July SPEI01 (0.31) *
July SPEI03 (0.51) **
August SPEI03 (0.32) *

19772014

Temperature
Previous June Tmin (0.35) *
Previous June Tmax (0.31) *
Previous June HDD (-0.40) **
Previous June CDD (0.32) **
Previous June GDD (0.31) **
March Tmin (0.43) **
March Tmax (0.32) *
March HDD (-0.40) *
April Tmin (0.36) *
May Tmax (-0.41) *
May CDD (-0.32) *
May GDD (-0.38) *
Spring Tmin (0.35) *

Previous June SPEI03 (-0.35) *
Previous July SPEI03 (-0.38) *
Previous November SPEI01
(0.30) *
March SPEI01 (-0.35) *
May SPEI01 (0.52) **
May SPEI03 (0.30) **
June SPEI01 (0.39) *
June SPEI03 (0.54) **
July SPEI01 (0.38) *
July SPEI03 (0.66) **
August SPEI03 (0.58) **
September SPEI03 (0.31) *
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Previous July Tmax (0.39) **
Previous July HDD (-0.29) *
Previous July GDD (0.26) **
Previous September Tmax (0.34) *
Previous fall Tmax (0.31) **
January Tmax (0.25) *
March Tmax (0.28) *
March GDD (0.40) **
April Tmin (0.33) *
April GDD (0.22) *
Spring Tmin (0.35) *
June Tmax (-0.45) *

(b) Eastern hemlock
Time
Moisture
period
1940-1976 Previous September SPEI01 (0.35)
*
May SPEI01 (0.38) **
May SPEI03 (0.27) **
June SPEI01 (0.30) *
June SPEI03 (0.40) **
July SPEI03 (0.40) **
August SPEI03 (0.39) *

1977-2014

Previous August SPEI01 (0.44) **
Previous September SPEI03 (0.41)
**
Previous November SPEI03 (0.33) *
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Temperature
Previous July Tmin (-0.48) **
Previous July Tmax (-0.39) *
Previous July HDD (0.44) **
Previous July CDD (-0.49) **
Previous July GDD (-0.42) **
Previous August Tmin (-0.40) **
Previous August HDD (0.33) *
Previous August CDD (-0.43) **
Previous August GDD (-0.37) *
March Tmin (0.49) **
March Tmax (0.32) *
March HDD (-0.42) *
May Tmin (-0.32) *
May Tmax (-0.36) *
May HDD (0.35) *
May CDD (-0.32) *
May GDD (-0.35) **
Previous August Tmax (-0.28) *
Previous October Tmax (0.32) *
February GDD (-0.35) *
Water year Tmax (0.29) *

Table S4.5. Complete set of candidate models and results in order of descending
AIC score for the eastern white pine chronology (1940- 2014). The best model is
shown in bold.
Model

Adj. R2

AIC

1

0.45

-150.24

2

3

4

5

6

7

8

9

10

11

0.43

0.41

0.38

0.39

0.36

0.36

0.21

0.18

0.16

0.09

-149.41

-147.39

-145.06

-144.91

-143.53

-142.65

-125.22

-124.40

-122.34

-116.59

F statistic
(model)
14.72

18.29

17.17

22.64

15.84

21.45

20.78

6.72

8.52

7.31

4.12

Prob>F

Term

>0.001

>0.001

>0.001

>0.001

>0.001

>0.001

>0.001

>0.001

>0.001

>0.01

>0.05

pJune SPEI03

F statistic
(term)
7.687

Prob> F
(term)
0.0071 **

July SPEI03
April Tmin

42.0576
6.424

>0.001 ***
0.0135 *

Summer Tmax

2.692

0.1054

pJune SPEI03

7.508

0.0078 **

July SPEI03

41.079

>0.001 ***

April Tmin

6.275

0.0145 *

July SPEI03

40.263

>0.001 ***

April Tmin

5.479

0.0221 *

Summer Tmax

5.773

0.0189 *

pJune SPEI03

6.995

0.01 *

July SPEI03

38.275

>0.001 ***

pJune SPEI03

7.070

0.0097 *

July SPEI03

38.686

>0.001 ***

Summer Tmax

1.774

0.1872

July SPEI03

37.760

>0.001 ***

April Tmin

5.139

0.0264 *

July SPEI03

37.321

>0.001 ***

Summer Tmax

4.242

0.0431 *

pJune SPEI03

5.438

0.0225 *

April Tmin

9.949

0.0024 **

Summer Tmax

4.772

0.0322 *

April Tmin

9.053

0.0036 **

Summer Tmax

7.988

0.0061 **

pJune SPEI03

5.167

0.0260 *

April Tmin

9.454

0.0030 **

pJune SPEI03

4.786

0.0319 *

Summer Tmax

3.444

0.0676

SPEI03 = 3-month Standardized Precipitation-Evapotranspiration Index; Tmin= minimum monthly
temperature; Tmax = maximum monthly temperature; Summer= June, July, and August. Lower case “p”
denotes previous year. P values were calculated using an analysis of variance (F statistic) and indicate a
model’s significance by comparing the reduced deviance between the null and candidate models.
Significance levels: *P<0.05; **P<0.01; ***P<0.001. For further information on variables see methods.
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Table S4.6. Top ten (of 57) growth models, in order of descending AIC score, for the
eastern hemlock chronology (1940- 2014). The best model is shown in bold.
Complete set of models available upon request.
Model

Adj.
R2

AIC

F statistic
(model)

Prob>F

Term

F statistic
(term)

Prob> F
(term)

1

0.37

-139.95

8.45

>0.001

June SPEI01
March Tmin
October Tmin
pJuly CDD
pSeptember Tmax

7.775
12.420
3.815
11.649
6.594

0.0068 **
0.0008 ***
0.0549
0.0011 **
0.0124 *

2

0.38

-139.14

7.23

>0.001

pSeptember SPEI03
June SPEI01
March Tmin
October Tmin
pJuly CDD
pSeptember Tmax

6.212
5.127
12.138
2.599
12.630
4.685

0.0151 *
0.0267 *
0.0009 ***
0.1116
0.0007 ***
0.0339 *

3

0.34

-136.15

7.35

>0.001

June SPEI01
March Tmin
October Tmin
pJuly CDD
pSeptember SPEI03

7.390
11.805
3.626
11.072
2.850

0.0083 **
0.0010 **
0.0611
0.0014 **
0.0959

4

0.34

-135.91

7.28

>0.001

March Tmin
October Tmin
pJuly CDD
pSeptember SPEI03
pSeptember Tmax

12.126
3.779
12.878
4.773
2.848

0.0009 ***
0.0560
0.0006 ***
0.0323 *
0.0960

5

0.33

-135.2

7.09

>0.001

June SPEI01
March Tmin
pJuly CDD
pSeptember SPEI03
pSeptember Tmax

7.298
11.658
8.150
4.516
3.802

0.0087 **
0.0011 **
0.0057 **
0.0372 *
0.0552

6

0.38

-135.11

8.26

>0.001

June SPEI01
March Tmin
October Tmin
pJuly CDD

7.200
11.501
3.533
10.787

0.0091 **
0.0011 **
0.0643
0.0016 **

7

0.31

-134.87

8.17

>0.001

March Tmin
October Tmin
pJuly CDD
pSeptember SPEI03

11.816
3.682
12.547
4.651

0.0010 ***
0.0591
0.0007 ***
0.0345 *
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8

0.31

-134.81

8.15

>0.001

June SPEI01
March Tmin
pJuly CDD
pSeptember Tmax

7.171
11.455
8.009
5.972

0.0092 **
0.0012 **
0.0061 **
0.0171 *

9

0.31

-134.77

8.14

>0.001

March Tmin
October Tmin
pJuly CDD
pSeptember Tmax

11.800
3.677
12.530
4.549

0.0010 ***
0.0592
0.0007 ***
0.0364 *

10

0.29

-133.18

7.60

>0.001

June SPEI01
March Tmin
pJuly CDD
pSeptember SPEI03

7.017
11.209
7.837
4.342

0.0100 **
0.0013 **
0.0066 **
0.0408 *

SPEI01 and SPEI03 = 1- and 3-month Standardized Precipitation-Evapotranspiration Index; CDD= cooling
degree days; Tmin= minimum monthly temperature; Tmax = maximum monthly temperature. Lower case “p”
denotes previous year. P values were calculated using an analysis of variance (F statistic) and indicate a
model’s significance by comparing the reduced deviance between the null and candidate models.
Significance levels: *P<0.05; **P<0.01; ***P<0.001. For further information on variables see methods.
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CHAPTER 5: CONCLUSIONS AND FUTURE IMPLICATIONS

Conclusions and Future Implications
Growth trends and general climate and pollution responses
Of all seven species evaluated, eastern white pine exhibited the greatest growth
over the common time period of 1945-2014 (Fig. 5.1). Eastern hemlock and red oak
showed the next highest levels of growth, followed by four hardwood species: sugar
maple, American beech, yellow birch, and red maple.
Certain patterns were evident among all species. All seven species showed
positive associations with summer moisture. For American beech, this positive
association was only at low elevation sites (Table S3.7b). All seven species also showed a
negative association with summer temperatures, which may indicate a drought signal. For
red maple, this negative association was evident only at low elevation sites (Table S3.7d).
These findings are consistent with other large-scale studies that have found drought to be
a significant driver of tree growth and migration in eastern North America (Martin-Benito
and Pederson 2015; Fei et al. 2017; D'Orangeville et al. 2018).

The three iconic species of the northern hardwood forest – sugar maple, American
beech, and yellow birch – all showed positive correlations with moisture at the beginning
of winter (pDecember), and negative correlations with warmer winter temperatures.
These findings may highlight the importance of winter snowpack and cold winter
temperatures for tree species that are adapted to cold climates. Species adapted to winters
with an insulating snowpack may experience a future vulnerability, as winter
precipitation is projected to fall more as rain than snow through the end of the century. In
contrast, red maple did not exhibit an association with winter moisture, so this species
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may hold a competitive advantage over species that require snowpack throughout the
winter.
The two temperate conifer species evaluated, eastern white pine and eastern
hemlock, both showed positive associations with spring temperatures, and eastern
hemlock also showed a positive association with fall temperatures. This ability to
photosynthesize during the shoulder seasons may provide temperate conifer species with
a competitive advantage over deciduous species, if hotter summer temperatures do not
counter-balance carbon gained in other seasons (Hadley and Schedlbauer 2002).
In regards to correlations with pollutants, all species except American beech
exhibited negative associaitons with pollutant deposition. These findings indicate a much
broader sensitivity of tree species to pollution deposition and its legacy. Pollution has
decreased with the Clean Air Act and subsequent amendments (e.g., Driscoll et al. 2001;
Strock et al. 2014; Siemion et al. 2018), and soils in the Northeast are showing some
evidence of improvement (Lawrence et al. 2015), but recovery will be varied across the
landscape (Lawrence et al. 2015; Siemion et al. 2018), taking decades for affected sites to
rebound from chronic acidification and nutrient loss (Driscoll et al. 2001; Likens et al. 1996;
Lawrence et al. 2015; Siemion et al. 2018). Thus the effects of pollutant deposition may
continue to limit the growth potential of tree species in the northeast region.

Future Implications for each species
While multiple models and simulations of habitat suitability and future species
abundance exist, this overview focuses on future projections of each species as they
compare to the U.S. Forest Service’s Climate Change Tree Atlas (CCTA; Prasad et al.
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2007-ongoing), in the context of our findings. The CCTA projects an increase in suitable
habitat for Northern red oak. While red oak sites in our study exhibited substantial
growth over the past 80 years, there may be mounting constraints on this growth into the
next century. The climate variables most associated with reduced growth for this species,
summer temperatures, are expected to become more extreme in the coming decades
(Janowiak et al. 2018). In addition, multiple summer moisture metrics were pivotal to red
oak growth; however, summer is the singular season in which projections show a
potential decrease in precipitation in the northeastern U.S. (Janowiak et al. 2018).
In contrast to red oak, the CCTA indicates a decrease in importance value for
sugar maple, American beech, and yellow birch in the Northeast. One of the predictors in
the CCTA model for all three of these species is January temperatures. Our findings are
consistent with this predictor, as these three species showed negative correlations with
warmer late fall or winter temperatures in our study. However, winter moisture is not one
of the CCTA’s predictors. Our study indicates that winter precipitation may be another factor
to consider in modeling future habitat suitability for tree species adapted to cold climates.

While the three classic species of the northern hardwood forest showed negative
correlations with warmer winter temperatures, red maple showed a positive correlation
with winter temperatures at higher elevation sites in our study. This suggests that a
warming climate may benefit this species by extending its growing season, at least in
certain locations in the Northeast. This is consistent with the CCTA, which projects an
increase in suitable habitat for red maple.
For the two temperate conifer species we studied, eastern white pine and eastern
hemlock, the CCTA predicts a slight decrease in suitable habitat at lower elevations, and
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an increase in suitable habitat at higher elevations. Our results indicate that an increased
growing season may be beneficial to these temperate conifer species in the region.
However, in the CCTA, one of the top predictors of suitable habitat for both conifer
species is mean July temperature, which highlights the potentially adverse role that hotter
summer temperatures could play in future adequate habitat for these species.
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Figure 5.1. Basal area increment of seven species evaluated throughout the state of
Vermont (1945-2014).

170

COMPREHENSIVE BIBLIOGRAPHY
Abrams, M.D. 1998. The Red Maple Paradox: What explains the widespread expansion
of red maple in eastern forests? Bioscience 48(5): 355-364. doi:10.2307/1313374.
Abrams, M.D. 2001. Eastern White Pine Versatility in the Presettlement Forest.
Bioscience 51(11): 967-979. doi:10.1641/00063568(2001)051[0967:EWPVIT]2.0.CO;2.
Abrams, M.D., Gevel, S.v.d., Dodson, R.C., and Copenheaver, C.A. 2000. The
dendroecology and climatic impacts for old-growth white pine and hemlock on
the extreme slopes of the Berkshire Hills, Massachusetts, U.S.A. Can. J. Bot
78(7): 851-861. doi:10.1139/b00-057.
Abrams, M.D., Copenheaver, C.A., Black, B.A., and Gevel, S.v.d. 2001. Dendroecology
and climatic impacts for a relict, old-growth, bog forest in the Ridge and Valley
Province of central Pennsylvania, USA. Can. J. Bot 79(1): 58-69.
doi:10.1139/b00-145.
Aitken, S.N., Yeaman, S., Holliday, J.A., Wang, T., and Curtis-McLane, S. 2008.
Adaptation, migration or extirpation: climate change outcomes for tree
populations. Evol. Appl.1(1): 95-111. doi:10.1111/j.1752-4571.2007.00013.x.
Akaike, H. 1974. A new look at the statistical model identification. IEEE Trans. Autom.
Control 19(6): 716-723. doi:10.1007/978-1-4612-1694-0_16.
Altman, J., Fibich, P., Dolezal, J., and Aakala, T. 2014. TRADER: A package for Tree
Ring Analysis of Disturbance Events in R. Dendrochronologia 32(2): 107-112.
doi:10.1016/j.dendro.2014.01.004.
Barbaroux, C. and Bréda, N. 2002. Contrasting distribution and seasonal dynamics of
carbohydrate reserves in stem wood of adult ring-porous sessile oak and diffuseporous beech trees. Tree Physiol. 22(17): 1201-1210.
doi:10.1093/treephys/22.17.1201.
Beckage, B., Osborne, B., Gavin, D.G., Pucko, C., Siccama, T., and Perkins, T. 2008. A
rapid upward shift of a forest ecotone during 40 years of warming in the Green
Mountains of Vermont. Proc. Natl. Acad. Sci. U.S.A105(11): 4197-4202.
doi:10.1073/pnas.0708921105.
Berkley, E.E. 1931. Marcescent Leaves of Certain Species of Quercus. Bot. Gaz. 92(1):
85-93. Available from http://www.jstor.org/stable/2471297 [accessed 30 January
2019].
Biondi, F. and Waikul, K. 2004. DENDROCLIM2002: A C++ program for statistical
calibration of climate signals in tree-ring chronologies. Comput. Geosci. 30(3):
303-311. doi:10.1016/j.cageo.2003.11.004.
Bishop, D.A., Beier, C.M., Pederson, N., Lawrence, G.B., Stella, J.C., and Sullivan, T.J.
2015. Regional growth decline of sugar maple (Acer saccharum) and its potential
causes. Ecosphere 6(10): 1-14. doi:10.1890/ES15-00260.1.
Black, B.A. and Abrams, M.D. 2005. Disturbance History and Climate Response in an
Old-Growth Hemlock-White Pine Forest, Central Pennsylvania. J. Torrey Bot.
Soc. 132(1): 103-114. doi:10.3159/1095-5674(2005)132[103:DHACRI]2.0.CO;2.
171

Boisvert-Marsh, L., Périé, C., and de Blois, S. 2014. Shifting with climate? Evidence for
recent changes in tree species distribution at high latitudes. Ecosphere 5(7): art83.
doi:10.1890/es14-00111.1.
Boisvert-Marsh, L., Périé, C., and de Blois, S. 2019. Divergent responses to climate
change and disturbance drive recruitment patterns underlying latitudinal shifts of
tree species. J. Ecol. 107(4): 1956-1969. doi:10.1111/1365-2745.13149.
Bunn, A., Korpela, M., Biondi, F., Campelo, F., Mérian, P., Qeadan, F., and Zang, C.
2016. dplR: Dendrochronology Program Library in R. R package version 1.6.4.
Available from http://CRAN.R-project.org/package=dplR.
Burakowski, E.A., Wake, C.P., Braswell, B., and Brown, D.P. 2008. Trends in
wintertime climate in the northeastern United States: 1965–2005. J. Geophys.
Res. D: Atmos. 113(D20). doi:10.1029/2008JD009870.
Burns, D.A., Fenn, M.E., Baron, J.S., Lynch, J.A., and Cosby, B.J. 2011. National Acid
Precipitation Assessment Program Report to Congress: An integrated assessment.
National Science Technology Council.
Burns, R.M. and Honkala, B.H. 1990. Silvics of North America. Agriculture Handbook
654. United States Department of Agriculture Washington, DC.
Campbell, J.L. and Laudon, H. 2019. Carbon response to changing winter conditions in
northern regions: Current understanding and emerging research needs. Environ.
Rev. doi:10.1139/er-2018-0097.
Campbell, J.L., Ollinger, S.V., Flerchinger, G.N., Wicklein, H., Hayhoe, K., and Bailey,
A.S. 2010. Past and projected future changes in snowpack and soil frost at the
Hubbard Brook Experimental Forest, New Hampshire, USA. Hydrol. Processes
24(17): 2465-2480. doi:10.1002/hyp.7666.
Campbell, J.L., Rustad, L.E., Boyer, E.W., Christopher, S.F., Driscoll, C.T., Fernandez,
I.J., Groffman, P.M., Houle, D., Kiekbusch, J., Magill, A.H., Mitchell, M.J., and
Ollinger, S.V. 2009. Consequences of climate change for biogeochemical cycling
in forests of northeastern North America. Can. J. For. Res. 39(2): 264-284.
doi:10.1139/x08-104.
Carey, E.V., Sala, A., Keane, R., and Callaway, R.M. 2001. Are old forests
underestimated as global carbon sinks? Glob. Chang. Biol. 7(4): 339-344.
doi:10.1046/j.1365-2486.2001.00418.x.
Chen, I.-C., Hill, J.K., Ohlemüller, R., Roy, D.B., and Thomas, C.D. 2011. Rapid range
shifts of species associated with high levels of climate warming. Science
333(6045): 1024-1026. doi:10.1126/science.1206432.
Chevone, B.I. and Linzon, S.N. 1988. Tree decline in North America. Environ. Pollut.
50(1): 87-99. doi:https://doi.org/10.1016/0269-7491(88)90186-8.
Chhin, S., Chumack, K., Dahl, T., David, E.T., Kurzeja, P., Magruder, M., and Telewski,
F.W. 2013. Growth-climate relationships of Pinus strobus in the floodway versus
terrace forest along the banks of the Red Cedar River, Michigan. Tree-Ring Res.
69(2): 37-47.
Cleavitt, N.L., Fahey, T.J., Groffman, P.M., Hardy, J.P., Henry, K.S., and Driscoll, C.T.
2008. Effects of soil freezing on fine roots in a northern hardwood forest. Can. J.
For. Res. 38(1): 82-91. doi:10.1139/X07-133.
Cleland, D., Freeouf, J., Keys, J., Nowacki, G., Carpenter, C., and McNab, W. 2007.
Ecological subregions: sections and subsections for the conterminous United
172

States. U.S. Department of Agriculture, Forest Service, Washington Office.
[1:3,500,000].
Coble, A.P., Vadeboncoeur, M.A., Berry, Z.C., Jennings, K.A., McIntire, C.D.,
Campbell, J.L., Rustad, L.E., Templer, P.H., and Asbjornsen, H. 2017. Are
Northeastern U.S. forests vulnerable to extreme drought? Ecol. Process. 6(1): 34.
doi:10.1186/s13717-017-0100-x.
Cochard, H. and Tyree, M.T. 1990. Xylem dysfunction in Quercus: vessel sizes, tyloses,
cavitation and seasonal changes in embolism. Tree Physiol. 6(4): 393-407.
doi:10.1093/treephys/6.4.393.
Cogbill, C.V. 2000. Vegetation of the presettlement forests of northern New England and
New York. Rhodora 102(11): 250-276.
Cogbill, C.V., Burk, J., and Motzkin, G. 2002. The forests of presettlement New England,
USA: spatial and compositional patterns based on town proprietor surveys. J.
Biogeogr. 29(10-11): 1279-1304. doi:10.1046/j.1365-2699.2002.00757.x.
Comerford , D.P., Schaberg, P.G., Templer, P.H., Socci, A.M., Campbell, J.L., and
Wallin, K.F. 2013. Influence of experimental snow removal on root and canopy
physiology of sugar maple trees in a northern hardwood forest. Oecologia 171:
261-269. doi:10.1007/s00442-012-2393-x.
Cook, E.R. 1985. A Time Series Analysis Approach To Tree Ring Standardization
(Dendrochronology, Forestry, Dendroclimatology, Autoregressive Process). P.hD.
Dissertation, School of Renewable Natural Resources, The University of Arizona,
Tucson, AZ.
Cook, E.R. and Jacoby, G.C. 1977. Tree-Ring-Drought Relationships in the Hudson
Valley, New York. Science 198: 399-401.
Cook, E.R. and Peters, K. 1981. The smoothing spline: a new approach to standardizing
forest interior tree-ring width series for dendroclimatic studies. Tree-ring bulletin.
Available from https://repository.arizona.edu/handle/10150/261038 [accessed 6
August 2018].
Cook, E.R. and Kairiukstis, L.A. (eds). 1990. Methods of Dendrochronology. Kluwer
Academic Publishers, Boston.
Cook, E.R. and Cole, J. 1991. On predicting the response of forests in eastern North
America to future climatic change. Clim. Change 19(3): 271-282.
Cowan, I. and Farquhar, G. 1977. Stomatal function in relation to leaf metabolism and
environment. Symp. Soc. Exp. Biol. 31: 471.
Cox, R.M. and Zhu, X.B. 2003. Effects of simulated thaw on xylem cavitation, residual
embolism, spring dieback and shoot growth in yellow birch. Tree Physiol. 23(9):
615-624. doi:10.1093/treephys/23.9.615.
Crawford, C.J. 2012. Do High-Elevation Northern Red Oak Tree-Rings Share a Common
Climate-Driven Growth Signal? Arct. Antarct. Alp. Res. 44(1): 26-35.
doi:10.1657/1938-4246-44.1.26.
D’Amato, A.W., Bradford, J.B., Fraver, S., and Palik, B.J. 2011. Forest management for
mitigation and adaptation to climate change: Insights from long-term silviculture
experiments. For. Ecol. Manage. 262(5): 803-816.
doi:10.1016/j.foreco.2011.05.014.
D'Arrigo, R.D., Schuster, W.S.F., Lawrence, D.M., Cook, E.R., Wiljanen, M., and
Thetford, R.D. 2001. Climate-Growth Relationships of Eastern Hemlock and
173

Chestnut Oak from Black Rock Forest in the Highlands of Southeastern New
York. Tree-Ring Res. 57(2): 183-190. Available from
http://hdl.handle.net/10150/251622 [accessed 2012-11-09t20:09:19z].
D'Orangeville, L., Maxwell, J., Kneeshaw, D., Pederson, N., Duchesne, L., Logan, T.,
Houle, D., Arseneault, D., Beier, C.M., Bishop, D.A., Druckenbrod, D., Fraver,
S., Girard, F., Halman, J., Hansen, C., Hart, J.L., Hartmann, H., Kaye, M.,
Leblanc, D., Manzoni, S., Ouimet, R., Rayback, S., Rollinson, C.R., and Phillips,
R.P. 2018. Drought timing and local climate determine the sensitivity of eastern
temperate forests to drought. Glob. Chang. Biol. 24(6): 2339-2351.
doi:10.1111/gcb.14096.
Dai, A., Trenberth, K.E., and Qian, T. 2004. A Global Dataset of Palmer Drought
Severity Index for 1870–2002: Relationship with Soil Moisture and Effects of
Surface Warming. J. Hydrometeorol. 5(6): 1117-1130. doi:10.1175/jhm-386.1.
Dale, V.H., Joyce, L.A., McNulty, S., Neilson, R.P., Ayres, M.P., Flannigan, M.D.,
Hanson, P.J., Irland, L.C., Lugo, A.E., Peterson, C.J., Simberloff, D., Swanson,
F.J., Stocks, B.J., and Michael Wotton, B. 2001. Climate Change and Forest
Disturbances. Bioscience 51(9): 723-734. doi:10.1641/00063568(2001)051[0723:CCAFD]2.0.CO;2.
DeHayes, D.H., Schaberg, P.G., and Strimbeck, G.R. 2001. Red Spruce (Picea rubens
Sarg.) cold hardiness and freezing injury susceptibility. In Conifer cold hardiness.
Edited by F. Bigras and S.J. Columbo. Kluwer Academic Publishers, Dordrecht,
The Netherlands. pp. 495-529.
DeHayes, D.H., Schaberg, P.G., Hawley, G.J., and Strimbeck, G.R. 1999. Acid Rain
Impacts on Calcium Nutrition and Forest Health: Alteration of membraneassociated calcium leads to membrane destabilization and foliar injury in red
spruce. Bioscience 49(10): 789-800. doi:10.2307/1313570.
Dey, D.C. 2014. Sustaining Oak Forests in Eastern North America: Regeneration and
Recruitment, the Pillars of Sustainability. For. Sci. 60(5): 926-942.
doi:10.5849/forsci.13-114.
Demaria, E.M.C., Roundy, J.K., Wi, S., and Palmer, R.N. 2016. The Effects of Climate
Change on Seasonal Snowpack and the Hydrology of the Northeastern and Upper
Midwest United States. J. Clim. 29(18): 6527-6541. doi:10.1175/jcli-d-15-0632.1.
Dombroskie, S., McKendy, M., Ruelland, C., Richards, W., Bourque, C.P.-A., and Meng,
F.-R. 2010. Assessing impact of projected future climate on tree species growth
and yield: development of an evaluation strategy. Mitigation Adapt. Strateg. Glob.
Chang. 15(4): 307-320. doi:10.1007/s11027-010-9218-1.
Domke, G.M., Perry, C.H., Walters, B.F., Nave, L.E., Woodall, C.W., and Swanston,
C.W. 2017. Toward inventory-based estimates of soil organic carbon in forests of
the United States. Ecol. Appl. 27(4): 1223-1235. doi:10.1002/eap.1516.
Driscoll, C.T., Lawrence, G.B., Bulger, A.J., Butler, T.J., Cronan, C.S., Eagar, C.,
Lambert, K.F., Likens, G.E., Stoddard, J.L., and Weathers, K.C. 2001. Acidic
Deposition in the Northeastern United States: Sources and Inputs, Ecosystem
Effects, and Management Strategies. Bioscience 51(3): 180-198.
doi:10.1641/0006-3568(2001)051[0180:ADITNU]2.0.CO;2.
Driscoll, C.T., Whitall, D., Aber, J., Boyer, E., Castro, M., Cronan, C., Goodale, C.L.,
Groffman, P., Hopkinson, C., Lambert, K., Lawrence, G., and Ollinger, S. 2003.
174

Nitrogen Pollution in the Northeastern United States: Sources, Effects, and
Management Options. Bioscience 53(4): 357-374. doi:10.1641/00063568(2003)053[0357:NPITNU]2.0.CO;2.
Drobyshev, I., Guitard, M.-A., Asselin, H., Genries, A., and Bergeron, Y. 2014.
Environmental controls of the northern distribution limit of yellow birch in
eastern Canada. Can. J. For. Res. 44(7): 720-731.
Duarte, N., Pardo, L.H., and Robin-Abbott, M.J. 2013. Susceptibility of Forests in the
Northeastern USA to Nitrogen and Sulfur Deposition: Critical Load Exceedance
and Forest Health. Water, Air, Soil Pollut. 224(2): 1355. doi:10.1007/s11270-0121355-6.
Duchesne, L. and Ouimet, R. 2009. Present-day expansion of American beech in
northeastern hardwood forests: Does soil base status matter? Can. J. For. Res.
39(12): 2273-2282. doi:10.1139/X09-172.
Duchesne, L. and Ouimet, R. 2011. Reply to comment by Messier et al. on “Present-day
expansion of American beech in northeastern hardwood forests: Does soil base
status matter?”Appears in Can. J. For. Res. 39: 2273–2282 (2009). Can. J. For.
Res. 41(3): 654-659. doi:10.1139/X10-240.
Duchesne, L., Ouimet, R., and Houle, D. 2002. Basal area growth of sugar maple in
relation to acid deposition, stand health, and soil nutrients. J. Environ. Qual.
31(5): 1676-1683. doi:10.2134/jeq2002.1676.
Duchesne, L., Moore, J.-D., and Ouimet, R. 2013. Partitioning the Effect of Release and
Liming on Growth of Sugar Maple and American Beech Saplings. North. J. Appl.
For. 30(1): 28-36. doi:10.5849/njaf.12-012.
Dupigny-Giroux, L.-A. 2001. Towards characterizing and planning for drought in
Vermont- Part I: a climatological perspective. J. Am. Water Resour. Assoc. 37(3):
505-525. doi:10.1111/j.1752-1688.2001.tb05489.x.
Duveneck, M.J., Thompson, J.R., and Wilson, B.T. 2015. An imputed forest composition
map for New England screened by species range boundaries. For. Ecol. Manage.
347: 107-115. doi:10.1016/j.foreco.2015.03.016.
Duveneck, M.J., Thompson, J.R., Gustafson, E.J., Liang, Y., and de Bruijn, A.M.G.
2017. Recovery dynamics and climate change effects to future New England
forests. Landsc. Ecol. 32(7): 1385-1397. doi:10.1007/s10980-016-0415-5.
Ellison, A.M. 2014. Experiments Are Revealing a Foundation Species: A Case Study of
Eastern Hemlock (Tsuga canadensis). Advances in Ecology 2014: 11.
doi:10.1155/2014/456904.
Ellison, A.M., Orwig, D.A., Fitzpatrick, M.C., and Preisser, E.L. 2018. The Past, Present,
and Future of the Hemlock Woolly Adelgid (Adelges tsugae) and Its Ecological
Interactions with Eastern Hemlock (Tsuga canadensis) Forests. Insects 9(4): 172.
Available from https://www.mdpi.com/2075-4450/9/4/172 [accessed.
Ellmore, G.S. and Ewers, F.W. 1985. Hydraulic conductivity in trunk xylem of elm,
Ulmus americana. IAWA Journal 6(4): 303-307. doi:10.1163/2294193290000958.
EPA. 2019. Inventory of U.S. Greenhouse Gas Emissions and Sinks, 1990-2017. EPA
430-R-19-001. U.S. Environmental Protection Agency.
Eschtruth, A.K., Evans, R.A., and Battles, J.J. 2013. Patterns and predictors of survival in
Tsuga canadensis populations infested by the exotic pest Adelges tsugae: 20 years
175

of monitoring. For. Ecol. Manage. 305: 195-203.
doi:https://doi.org/10.1016/j.foreco.2013.05.047.
Fei, S. and Steiner, K.C. 2007. Evidence for Increasing Red Maple Abundance in the
Eastern United States. For. Sci. 53(4): 473-477.
doi:10.1093/forestscience/53.4.473.
Fei, S., Desprez, J.M., Potter, K.M., Jo, I., Knott, J.A., and Oswalt, C.M. 2017.
Divergence of species responses to climate change. Sci. Adv. 3(5): e1603055.
doi:10.1126/sciadv.1603055.
Fekedulegn, D., Hicks Jr, R.R., and Colbert, J.J. 2003. Influence of topographic aspect,
precipitation and drought on radial growth of four major tree species in an
Appalachian watershed. For. Ecol. Manage. 177(1–3): 409-425.
doi:10.1016/S0378-1127(02)00446-2.
Fonti, P. and García‐González, I. 2008. Earlywood vessel size of oak as a potential proxy
for spring precipitation in mesic sites. J. Biogeogr. 35(12): 2249-2257.
doi:10.1111/j.1365-2699.2008.01961.x.
Ford, S.E. and Keeton, W.S. 2017. Enhanced carbon storage through management for
old-growth characteristics in northern hardwood-conifer forests. Ecosphere 8(4):
e01721. doi:10.1002/ecs2.1721.
Foster, D.R. 1992. Land-Use History (1730-1990) and Vegetation Dynamics in Central
New England, USA. J. Ecol. 80(4): 753-771. doi:10.2307/2260864.
Foster, D.R. 1995. Land-use history and four hundred years of vegetation change in New
England. In Principles, patterns and processes of land use change: some legacies
of the Columbian encounter. Wiley,. Edited by B.L. Turner, A. Gomez-Sal, F.
Gonzalez-Bernaldez, and F. di Castri. Consejo Superior de Investigaciones
Cientificas, Madrid. pp. 253-319.
Foster, D.R., Motzkin, G., and Slater, B. 1998. Land-Use History as Long-Term BroadScale Disturbance: Regional Forest Dynamics in Central New England.
Ecosystems 1(1): 96-119. doi:10.1007/s100219900008.
Foster, D.R., D'Amato, A., Baiser, B., Ellison, A.M., and Plotkin, A.B. 2014a. Hemlock:
a forest giant on the edge. Yale University Press.
Foster, J.R. and D'amato, A.W. 2015. Montane forest ecotones moved downslope in
northeastern USA in spite of warming between 1984 and 2011. Glob. Chang.
Biol. 21(12): 4497-4507. doi:10.1111/gcb.13046.
Foster, J.R., D’Amato, A.W., and Bradford, J.B. 2014b. Looking for age-related growth
decline in natural forests: unexpected biomass patterns from tree rings and
simulated mortality. Oecologia 175(1): 363-374. doi:10.1007/s00442-014-2881-2.
Foster, J.R., Finley, A.O., D'Amato, A.W., Bradford, J.B., and Banerjee, S. 2016.
Predicting tree biomass growth in the temperate–boreal ecotone: Is tree size, age,
competition, or climate response most important? Glob. Chang. Biol. 22(6): 21382151. doi:10.1111/gcb.13208.
Fox, J. and Weisberg, S. 2011. An {R} Companion to Applied Regression, Second
Edition. Sage, Thousand Oaks CA.
Friedman, J.H. 1984. A variable span smoother. DTIC Document.
Fritts, H.C. 1976. Tree Rings and Climate. Academic Press, New York. pp. 32-33.

176

García-González, I., Souto-Herrero, M., and Campelo, F. 2016. Ring-porosity and
earlywood vessels: a review on extracting environmental information through
time. IAWA Journal 37(2): 295-314. doi:10.1163/22941932-20160135.
Gavin, D.G. and Peart, D.R. 1993. Effects of beech bark disease on the growth of
American beech (Fagus grandifolia). Can. J. For. Res. 23(8): 1566-1575.
doi:10.1139/x93-197.
Gewehr, S., Drobyshev, I., Berninger, F., and Bergeron, Y. 2014. Soil characteristics
mediate the distribution and response of boreal trees to climatic variability. Can.
J. For. Res. 44(5): 487-498. doi:10.1139/cjfr-2013-0481.
Gray, L.K. and Hamann, A. 2013. Tracking suitable habitat for tree populations under
climate change in western North America. Clim. Change 117(1): 289-303.
doi:10.1007/s10584-012-0548-8.
Greaver, T.L., Sullivan, T.J., Herrick, J.D., Barber, M.C., Baron, J.S., Cosby, B.J.,
Deerhake, M.E., Dennis, R.L., Dubois, J.-J.B., Goodale, C.L., Herlihy, A.T.,
Lawrence, G.B., Liu, L., Lynch, J.A., and Novak, K.J. 2012. Ecological effects of
nitrogen and sulfur air pollution in the US: what do we know? Front. Ecol.
Environ. 10(7): 365-372. doi:10.1890/110049.
Grissino-Mayer, H.D. 2001. Evaluating crossdating accuracy: A manual and tutorial for
the computer program COFECHA. Tree-Ring Res. 57(2): 205-221. Available
from http://hdl.handle.net/10150/251654 [accessed 18 January 2019].
Groffman, P.M., Rustad, L.E., Templer, P.H., Campbell, J.L., Christenson, L.M., Lany,
N.K., Socci, A.M., Vadeboncoeur, M.A., Schaberg, P.G., Wilson, G.F., Driscoll,
C.T., Fahey, T.J., Fisk, M.C., Goodale, C.L., Green, M.B., Hamburg, S.P.,
Johnson, C.E., Mitchell, M.J., Morse, J.L., Pardo, L.H., and Rodenhouse, N.L.
2012. Long-Term Integrated Studies Show Complex and Surprising Effects of
Climate Change in the Northern Hardwood Forest. Bioscience 62(12): 1056-1066.
doi:10.1525/bio.2012.62.12.7.
Gudex-Cross, D., Pontius, J., and Adams, A. 2019. Northeastern Forest Species
Composite by Percent Basal Area. FEMC. Available from
https://www.uvm.edu/femc/data/archive/project/northeast-forest-speciesmapping-from-landsat/dataset/species-composite-by-percent-basal-area [accessed
11 April 2019].
Guilbert, J., Beckage, B., Winter, J.M., Horton, R.M., Perkins, T., and Bomblies, A.
2014. Impacts of Projected Climate Change over the Lake Champlain Basin in
Vermont. J. Appl. Meteorol. Climatol. 53(8): 1861-1875. 2015/09/08].
Gunderson, C.A., Edwards, N.T., Walker, A.V., O'Hara, K.H., Campion, C.M., and
Hanson, P.J. 2012. Forest phenology and a warmer climate – growing season
extension in relation to climatic provenance. Glob. Chang. Biol. 18(6): 20082025. doi:10.1111/j.1365-2486.2011.02632.x.
Gunn, J.S., Ducey, M.J., and Whitman, A.A. 2014. Late-successional and old-growth
forest carbon temporal dynamics in the Northern Forest (Northeastern USA). For.
Ecol. Manage. 312: 40-46. doi:10.1016/j.foreco.2013.10.023.
Hacket-Pain, A.J., Friend, A.D., Lageard, J.G.A., and Thomas, P.A. 2015. The influence
of masting phenomenon on growth–climate relationships in trees: explaining the
influence of previous summers' climate on ring width. Tree Physiol. 35(3): 319330. doi:10.1093/treephys/tpv007.
177

Hadley, J.L. 2000. Effect of Daily Minimum Temperature on Photosynthesis in Eastern
Hemlock (Tsuga canadensis L.) in Autumn and Winter. Arct. Antarct. Alp. Res.
32(4): 368-374. doi:10.2307/1552384.
Hadley, J.L. and Schedlbauer, J.L. 2002. Carbon exchange of an old-growth eastern
hemlock (Tsuga canadensis) forest in central New England. Tree Physiol. 22(1516): 1079-1092. doi:10.1093/treephys/22.15-16.1079.
Hadley, J.L., Kuzeja, P.S., Daley, M.J., Phillips, N.G., Mulcahy, T., and Singh, S. 2008.
Water use and carbon exchange of red oak- and eastern hemlock-dominated
forests in the northeastern USA: implications for ecosystem-level effects of
hemlock woolly adelgid. Tree Physiol. 28(4): 615-627.
doi:10.1093/treephys/28.4.615.
Hallett, R.A., Bailey, S.W., Horsley, S.B., and Long, R.P. 2006. Influence of nutrition
and stress on sugar maple at a regional scale. Can. J. For. Res. 36(9): 2235-2246.
doi:10.1139/x06-120.
Halman, J.M., Schaberg, P.G., Hawley, G.J., Pardo, L.H., and Fahey, T.J. 2013. Calcium
and aluminum impacts on sugar maple physiology in a northern hardwood forest.
Tree Physiol. 33(11): 1242-1251. doi:10.1093/treephys/tpt099.
Halman, J.M., Schaberg, P.G., Hawley, G.J., Hansen, C.F., and Fahey, T.J. 2014.
Differential impacts of calcium and aluminum treatments on sugar maple and
American beech growth dynamics. Can. J. For. Res. 45(1): 52-59.
doi:10.1139/cjfr-2014-0250.
Hardy, J.P., Groffman, P.M., Fitzhugh, R.D., Henry, K.S., Welman, A.T., Demers, J.D.,
Fahey, T.J., Driscoll, C.T., Tierney, G.L., and Nolan, S. 2001. Snow depth
manipulation and its influence on soil frost and water dynamics in a northern
hardwood forest. Biogeochemistry 56(2): 151-174.
doi:10.1023/A:1013036803050.
Havranek, W.M. and Tranquillini, W. 1995. Physiological processes during winter
dormancy and their ecological significance. In Ecophysiology of coniferous
forests. Edited by W. Smith and T. Hinkley. Academic Press, New York. pp. 95124.
Heim, C. 2016. Quantitative trait loci mapping and analysis of adaptive traits in northern
red oak (Quercus rubra L.). M.Sc. thesis, College of Agriculture, Food & Natural
Resources, University of Missouri, Columbia, MI.
Hennon, P.E., D'Amore, D.V., Schaberg, P.G., Wittwer, D.T., and Shanley, C.S. 2012.
Shifting Climate, Altered Niche, and a Dynamic Conservation Strategy for
Yellow-Cedar in the North Pacific Coastal Rainforest. Bioscience 62(2): 147-158.
doi:10.1525/bio.2012.62.2.8.
Holmes, R.L. 1983. Computer-assisted quality control in tree-ring dating and
measurement. Tree-ring Bull. 43: 69-78. Available from
https://repository.arizona.edu/handle/10150/261223 [accessed 1 April 2019].
Horsley, S.B., Long, R.P., Bailey, S.W., Hallett, R.A., and Wargo, P.M. 2002. Health of
Eastern North American Sugar Maple Forests and Factors Affecting Decline.
North. J. Appl. For. 19(1): 34-44. doi:doi.org/10.1093/njaf/19.1.34.
Houston, D.R. 1999. History of sugar maple decline. In Sugar maple ecology and health:
proceedings of an international symposium, Warren, PA, 2-4 June 1999. Edited
by Stephen B. Horsley and Robert P. Long. Gen. Tech. Rep. NE-261. US
178

Department of Agriculture, Forest Service, Northeastern Research Station,
Radnor, PA. pp. 19-26.
Huggett, B.A., Schaberg, P.G., Hawley, G.J., and Eagar, C. 2007. Long-term calcium
addition increases growth release, wound closure, and health of sugar maple
(Acer saccharum) trees at the Hubbard Brook Experimental Forest. Can. J. For.
Res. 37(9): 1692-1700. doi:10.1139/X07-042.
Huntington, T.G., Richardson, A.D., McGuire, K.J., and Hayhoe, K. 2009. Climate and
hydrological changes in the northeastern United States: recent trends and
implications for forested and aquatic ecosystemsThis article is one of a selection
of papers from NE Forests 2100: A Synthesis of Climate Change Impacts on
Forests of the Northeastern US and Eastern Canada. Can. J. For. Res. 39(2): 199212. doi:10.1139/X08-116.
IPCC 2014. 2014. Climate change 2014: synthesis report.R.K.P.a.L.A.M.e. Core Writing
Team. IPCC.
Itter, M.S., D'Orangeville, L., Dawson, A., Kneeshaw, D., Duchesne, L., and Finley, A.O.
2019. Boreal tree growth exhibits decadal-scale ecological memory to drought
and insect defoliation, but no negative response to their interaction. J. Ecol.
107(3): 1288-1301. doi:10.1111/1365-2745.13087.
Iverson, L.R., Thompson, F.R., Matthews, S., Peters, M., Prasad, A., Dijak, W.D., Fraser,
J., Wang, W.J., Hanberry, B., and He, H. 2017. Multi-model comparison on the
effects of climate change on tree species in the eastern US: results from an
enhanced niche model and process-based ecosystem and landscape models.
Landsc. Ecol. 32(7): 1327-1346.
Janowiak, M.K., D'Amato, A.W., Swanston, C.W., Iverson, L., Thompson, F.R., Dijak,
W.D., Matthews, S., Peters, M.P., Prasad, A., and Fraser, J.S. 2018. New England
and northern New York forest ecosystem vulnerability assessment and synthesis:
a report from the New England Climate Change Response Framework project.
Gen. Tech. Rep. NRS-173. Newtown Square, PA: US Department of Agriculture,
Forest Service, Northern Research Station. 234 p. 173: 1-234. doi:10.2737/nrsgtr-173.
Johnson, A.H. and Siccama, T.G. 1983. Acid deposition and forest decline [Article].
Environ. Sci. Technol. 17(7): A294-A305. doi:10.1021/es00113a001.
Johnson, S.E. and Abrams, M.D. 2009. Age class, longevity and growth rate
relationships: protracted growth increases in old trees in the eastern United States.
Tree Physiol. 29(11): 1317-1328. doi:10.1093/treephys/tpp068.
Juice, S.M., Fahey, T.J., Siccama, T.G., Driscoll, C.T., Denny, E.G., Eagar, C., Cleavitt,
N.L., Minocha, R., and Richardson, A.D. 2006. Response of sugar maple to
calcium addition to northern hardwood forest. Ecology 87(5): 1267-1280.
doi:10.1890/0012-9658(2006)87[1267:rosmtc]2.0.co;2.
Jurik, T.W., Briggs, G.M., and Gates, D.M. 1988. Springtime recovery of photosynthetic
activity of white pine in Michigan. Can. J. Bot 66(1): 138-141. doi:10.1139/b88021.
Karmalkar, A.V. and Bradley, R.S. 2017. Consequences of Global Warming of 1.5 °C
and 2 °C for Regional Temperature and Precipitation Changes in the Contiguous
United States. PLoS One 12(1): e0168697. doi:10.1371/journal.pone.0168697.

179

Keenan, T.F., Gray, J., Friedl, M.A., Toomey, M., Bohrer, G., Hollinger, D.Y., Munger,
J.W., O’Keefe, J., Schmid, H.P., Wing, I.S., Yang, B., and Richardson, A.D.
2014. Net carbon uptake has increased through warming-induced changes in
temperate forest phenology. Nat. Clim. Change 4: 598. doi:10.1038/nclimate2253.
Kimball, J.S., McDonald, K.C., Running, S.W., and Frolking, S.E. 2004. Satellite radar
remote sensing of seasonal growing seasons for boreal and subalpine evergreen
forests. Remote Sens. Environ. 90(2): 243-258. doi:10.1016/j.rse.2004.01.002.
Kipfmueller, K.F., Elliott, G.P., Larson, E.R., and Salzer, M.W. 2010. An assessment of
the dendroclimatic potential of three conifer species in northern Minnesota. TreeRing Res. 66(2): 113-126.
Kitin, P. and Funada, R. 2016. Earlywood vessels in ring-porous trees become functional
for water transport after bud burst and before the maturation of the current-year
leaves. IAWA Journal 37(2): 315-331. doi:10.1163/22941932-20160136.
Kosiba, A.M., Schaberg, P.G., Rayback, S.A., and Hawley, G.J. 2017. Comparative
growth trends of five northern hardwood and montane tree species reveal
divergent trajectories and response to climate. Can. J. For. Res. 47(6): 743-754.
doi:10.1139/cjfr-2016-0308.
Kosiba, A.M., Schaberg, P.G., Rayback, S.A., and Hawley, G.J. 2018. The surprising
recovery of red spruce growth shows links to decreased acid deposition and
elevated temperature. Sci. Total Environ. 637: 1480-1491.
doi:10.1016/j.scitotenv.2018.05.010.
Krebs, J., Pontius, J., and Schaberg, P.G. 2017. Modeling the impacts of hemlock woolly
adelgid infestation and presalvage harvesting on carbon stocks in northern
hemlock forests. Can. J. For. Res. 47(6): 727-734. doi:10.1139/cjfr-2016-0291.
Kunkel, K.E., Stevens, L.E., Stevens, S.E., Sun, L., Janssen, E., Wuebbles, D., Rennells,
J., DeGaetano, A., and Dobson, J.G. 2013. Regional Climate Trends and
Scenarios for the U.S. National Climate Assessment. NOAA Technical Report
NESDIS 142-1. National Oceanic and Atmospheric Administration.
Lafleur, B., Paré, D., Munson, A.D., and Bergeron, Y. 2010. Response of northeastern
North American forests to climate change: Will soil conditions constrain tree
species migration? Environ. Rev. 18(NA): 279-289. doi:10.1139/A10-013.
Lawrence, G.B., David, M.B., and Shortle, W.C. 1995. A new mechanism for calcium
loss in forest-floor soils. Nature 378(6553): 162-165. doi:10.1038/378162a0.
Lawrence, G.B., McDonnell, T.C., Sullivan, T.J., Dovciak, M., Bailey, S.W., Antidormi,
M.R., and Zarfos, M.R. 2018. Soil Base Saturation Combines with Beech Bark
Disease to Influence Composition and Structure of Sugar Maple-Beech Forests in
an Acid Rain-Impacted Region. Ecosystems 21(4): 795-810. doi:10.1007/s10021017-0186-0.
Lawrence, G.B., Hazlett, P.W., Fernandez, I.J., Ouimet, R., Bailey, S.W., Shortle, W.C.,
Smith, K.T., and Antidormi, M.R. 2015. Declining Acidic Deposition Begins
Reversal of Forest-Soil Acidification in the Northeastern U.S. and Eastern
Canada. Environ. Sci. Technol. 49(22): 13103-13111.
doi:10.1021/acs.est.5b02904.
Lawrence, G.B., David, M.B., Lovett, G.M., Murdoch, P.S., Burns, D.A., Stoddard, J.L.,
Baldigo, B.P., Porter, J.H., and Thompson, A.W. 1999. Soil calcium status and

180

the response of stream chemistry to changing acidic deposition rates. Ecol. Appl.
9(3): 1059-1072. doi:10.1890/1051-0761(1999)009[1059:scsatr]2.0.co;2.
LeBlanc, D.C. 1998. Interactive effects of acidic deposition, drought, and insect attack on
oak populations in the midwestern United States. Can. J. For. Res. 28(8): 11841197. doi:10.1139/x98-098.
LeBlanc, D.C. and Terrell, M.A. 2011. Comparison of growth–climate relationships
between northern red oak and white oak across eastern North America. Can. J.
For. Res. 41(10): 1936-1947. doi:10.1139/x11-118.
Liang, Y., Duveneck, M.J., Gustafson, E.J., Serra-Diaz, J.M., and Thompson, J.R. 2018.
How disturbance, competition, and dispersal interact to prevent tree range
boundaries from keeping pace with climate change. Glob. Chang. Biol. 24(1):
e335-e351. doi:10.1111/gcb.13847.
Likens, G. 2016. Chemistry of Bulk Precipitation at Hubbard Brook Experimental Forest,
Watersheds 1-6, 1963-present. In Environmental Data Initiative.
Likens, G.E. and Bormann, F.H. 1974. Acid Rain: A Serious Regional Environmental
Problem. Science 184(4142): 1176-1179. doi:10.1126/science.184.4142.1176.
Likens, G.E., Driscoll, C.T., and Buso, D.C. 1996. Long-Term Effects of Acid Rain:
Response and Recovery of a Forest Ecosystem. Science 272(5259): 244-246.
doi:10.1126/science.272.5259.244.
Likens, G.E., Driscoll, C.T., Buso, D.C., Siccama, T.G., Johnson, C.E., Lovett, G.M.,
Fahey, T.J., Reiners, W.A., Ryan, D.F., Martin, C.W., and Bailey, S.W. 1998. The
biogeochemistry of calcium at Hubbard Brook. Biogeochemistry 41(2): 89-173.
doi:10.1023/a:1005984620681.
Long, R.P., Horsley, S.B., and Lilja, P.R. 1997. Impact of forest liming on growth and
crown vigor of sugar maple and associated hardwoods. Can. J. For. Res. 27(10):
1560-1573. doi:10.1139/x97-074.
Long, R.P., Horsley, S.B., and Hall, T.J. 2011. Long-term impact of liming on growth
and vigor of northern hardwoods. Can. J. For. Res. 41(6): 1295-1307.
doi:10.1139/x11-049.
Long, R.P., Horsley, S.B., Hallett, R.A., and Bailey, S.W. 2009. Sugar maple growth in
relation to nutrition and stress in the northeastern United States. Ecol. Appl.
19(6): 1454-1466. doi:10.1890/08-1535.1.
Loreau, M., Naeem, S., Inchausti, P., Bengtsson, J., Grime, J.P., Hector, A., Hooper,
D.U., Huston, M.A., Raffaelli, D., Schmid, B., Tilman, D., and Wardle, D.A.
2001. Biodiversity and Ecosystem Functioning: Current Knowledge and Future
Challenges. Science 294(5543): 804-808. doi:10.1126/science.1064088.
Lovett, G.M. 1994. Atmospheric Deposition of Nutrients and Pollutants in North
America: An Ecological Perspective. Ecol. Appl. 4(4): 629-650.
doi:10.2307/1941997.
Lynch, C., Seth, A., and Thibeault, J. 2016. Recent and Projected Annual Cycles of
Temperature and Precipitation in the Northeast United States from CMIP5. J.
Clim. 29(1): 347-365. doi:10.1175/jcli-d-14-00781.1.
Malcolm, J.R., Markham, A., Neilson, R.P., and Garaci, M. 2002. Estimated migration
rates under scenarios of global climate change. J. Biogeogr. 29(7): 835-849.
doi:10.1046/j.1365-2699.2002.00702.x.

181

Marquaridt, D.W. 1970. Generalized inverses, ridge regression, biased linear estimation,
and nonlinear estimation. Technometrics 12(3): 591-612.
Martin-Benito, D. and Pederson, N. 2015. Convergence in drought stress, but a
divergence of climatic drivers across a latitudinal gradient in a temperate
broadleaf forest. J. Biogeogr. 42(5): 925-937. doi:10.1111/jbi.12462.
Mathias, J.M. and Thomas, R.B. 2018. Disentangling the effects of acidic air pollution,
atmospheric CO2, and climate change on recent growth of red spruce trees in the
Central Appalachian Mountains. Glob. Chang. Biol. 24(9): 3938-3953.
doi:10.1111/gcb.14273.
Maxwell, J.T., Harley, G.L., and Robeson, S.M. 2016. On the declining relationship
between tree growth and climate in the Midwest United States: the fading drought
signal. Clim. Change 138(1): 127-142. doi:10.1007/s10584-016-1720-3.
McAvoy, T.J., Régnière, J., St-Amant, R., Schneeberger, N.F., and Salom, S.M. 2017.
Mortality and Recovery of Hemlock Woolly Adelgid (Adelges tsugae) in
Response to Winter Temperatures and Predictions for the Future. Forests 8(12):
497. doi:10.3390/f8120497
McGarvey, J.C., Thompson, J.R., Epstein, H.E., and Shugart, H.H., Jr. 2015. Carbon
storage in old-growth forests of the Mid-Atlantic: toward better understanding the
eastern forest carbon sink. Ecology 96(2): 311-317. doi:10.1890/14-1154.1.
McGregor, W.H.D. and Kramer, P.J. 1963. Seasonal trends in rates of photosynthesis and
respiration of loblolly pine and white pine seedlings. Am. J. Bot. 50(8): 760-765.
doi:10.1002/j.1537-2197.1963.tb10643.x.
McKinley, D.C., Ryan, M.G., Birdsey, R.A., Giardina, C.P., Harmon, M.E., Heath, L.S.,
Houghton, R.A., Jackson, R.B., Morrison, J.F., Murray, B.C., Pataki, D.E., and
Skog, K.E. 2011. A synthesis of current knowledge on forests and carbon storage
in the United States. Ecol. Appl. 21(6): 1902-1924. doi:10.1890/10-0697.1.
McMahon, S.M., Parker, G.G., and Miller, D.R. 2010. Evidence for a recent increase in
forest growth. Proc. Natl. Acad. Sci. U.S.A107(8): 3611-3615.
doi:10.1073/pnas.0912376107.
Morin, R.S. 2018. Forests of Vermont, 2017. Resource Update FS-164. US Department
of Agriculture, Forest Service, Northern Research Station.
Naidoo, R. and Lechowicz, M.J. 2001. Effects of Gypsy Moth on Radial Growth of
Deciduous Trees. For. Sci. 47(3): 338-348. doi:10.1093/forestscience/47.3.338.
NAPA. 2014. Pinus strobus. Biota of North America Program (BONAP). pp. Countylevel distribution map from the North American Plant Atlas (NAPA).
National Atmospheric Deposition Program. 2017. NADP/NTN Monitoring. US
Geological Survey. Available from http://nadp.sws.uiuc.edu/data/ntn/ [accessed
11 May 2017].
Natural Resources Conservation Service, U.S.D.o.A. 2019. Web Soil Survey. Available
from https://websoilsurvey.sc.egov.usda.gov/ [accessed September 6 2019].
Nave, L.E., Domke, G.M., Hofmeister, K.L., Mishra, U., Perry, C.H., Walters, B.F., and
Swanston, C.W. 2018. Reforestation can sequester two petagrams of carbon in US
topsoils in a century. Proc. Natl. Acad. Sci. U.S.A 115(11): 2776-2781.
doi:10.1073/pnas.1719685115.

182

Ning, L. and Bradley, R.S. 2015. Snow occurrence changes over the central and eastern
United States under future warming scenarios. Sci. Rep. 5: 17073.
doi:10.1038/srep17073.
NOAA National Centers for Environmental Information. 2018. Historical Palmer
Drought Indices. Available from https://www.ncdc.noaa.gov/temp-andprecip/drought/historical-palmers/ [accessed 21 November 2018].
NOAA National Climatic Data Center. 2018a. NOAA’s Gridded Climate Divisional
Dataset (CLIMDIV). Climate Division 2. Available from
https://www7.ncdc.noaa.gov/CDO/CDODivisionalSelect.jsp [accessed 3 March
2018].
NOAA National Climatic Data Center. 2018b. NOAA’s Gridded Climate Divisional
Dataset (CLIMDIV). Climate Divisions 1, and 2. Available from
https://www7.ncdc.noaa.gov/CDO/CDODivisionalSelect.jsp [accessed September
6 2018].
NOAA National Climatic Data Center. 2019. NOAA’s Gridded Climate Divisional
Dataset (CLIMDIV). Climate Divisions 1, 2 and 3. Available from
https://www7.ncdc.noaa.gov/CDO/CDODivisionalSelect.jsp [accessed 16 May
2019].
Notaro, M., Lorenz, D., Hoving, C., and Schummer, M. 2014. Twenty-First-Century
Projections of Snowfall and Winter Severity across Central-Eastern North
America. J. Clim. 27(17): 6526-6550. doi:10.1175/jcli-d-13-00520.1.
Nowacki, G.J. and Abrams, M.D. 1997. Radial‐growth averaging criteria for
reconstructing disturbance histories from presettlement‐origin oaks. Ecol.
Monogr. 67(2): 225-249. doi:10.1890/00129615(1997)067[0225:RGACFR]2.0.CO;2.
Nowacki, G.J. and Abrams, M.D. 2008. The Demise of Fire and “Mesophication” of
Forests in the Eastern United States. Bioscience 58(2): 123-138.
doi:10.1641/b580207.
Nowosad, J. 2018. pollen: Analysis of Aerobiological Data. R package version 0.71.0.
Available from https://CRAN.R-project.org/package=pollen.
Nuckolls, A.E., Wurzburger, N., Ford, C.R., Hendrick, R.L., Vose, J.M., and Kloeppel,
B.D. 2009. Hemlock Declines Rapidly with Hemlock Woolly Adelgid Infestation:
Impacts on the Carbon Cycle of Southern Appalachian Forests. Ecosystems 12(2):
179-190. doi:10.1007/s10021-008-9215-3.
Nunery, J.S. and Keeton, W.S. 2010. Forest carbon storage in the northeastern United
States: net effects of harvesting frequency, post-harvest retention, and wood
products. For. Ecol. Manage. 259(8): 1363-1375.
doi:10.1016/j.foreco.2009.12.029.
Ollinger, S., Goodale, C., Hayhoe, K., and Jenkins, J. 2008. Potential effects of climate
change and rising CO2 on ecosystem processes in northeastern US forests.
Mitigation Adapt. Strateg. Glob. Chang. 13(5-6): 467-485. doi:10.1007/s11027007-9128-z.
Oswald, E.M., Pontius, J., Rayback, S.A., Schaberg, P.G., Wilmot, S.H., and DupignyGiroux, L-A. 2018. The complex relationship between climate and sugar maple
health: climate change implications in Vermont for a key northern hardwood
species. For. Ecol. Manage. 422: 303-312. Doi:10.1016/j.foreco.2018.04.014.
183

Oswalt, S.N., Smith, W.B., Miles, P.D., and Pugh, S.A. 2014. Forest Resources of the
United States, 2012: a technical document supporting the Forest Service 2010
update of the RPA Assessment. Gen. Tech. Rep. WO-91. Washington, DC: US
Department of Agriculture, Forest Service, Washington Office. 218 p. 91.
Ouimet, R., Duchesne, L., and Moore, J.-D. 2017. Response of northern hardwoods to
experimental soil acidification and alkalinisation after 20 years. For. Ecol.
Manage. 400: 600-606. doi:10.1016/j.foreco.2017.06.051.
Pan, C., Tajchman, S., and Kochenderfer, J. 1997. Dendroclimatological analysis of
major forest species of the central Appalachians. For. Ecol. Manage. 98(1): 77-87.
doi:10.1016/S0378-1127(97)00087-X.
Paradis, A., Elkinton, J., Hayhoe, K., and Buonaccorsi, J. 2008. Role of winter
temperature and climate change on the survival and future range expansion of the
hemlock woolly adelgid (Adelges tsugae) in eastern North America. Mitigation
Adapt. Strateg. Glob. Chang. 13(5-6): 541-554. doi:10.1007/s11027-007-9127-0.
Pearson, R.G. 2006. Climate change and the migration capacity of species. Trends Ecol.
Evol. 21(3): 111-113. doi:10.1016/j.tree.2005.11.022.
Pederson, N., Cook, E.R., Jacoby, G.C., Peteet, D.M., and Griffin, K.L. 2004. The
influence of winter temperatures on the annual radial growth of six northern range
margin tree species. Dendrochronologia 22(1): 7-29.
doi:10.1016/j.dendro.2004.09.005.
Pederson, N., Bell, A.R., Cook, E.R., Lall, U., Devineni, N., Seager, R., Eggleston, K.,
and Vranes, K.P. 2013. Is an Epic Pluvial Masking the Water Insecurity of the
Greater New York City Region? J. Clim. 26(4): 1339-1354. doi:10.1175/JCLI-D11-00723.1.
Pederson, N., D'amato, A.W., Dyer, J.M., Foster, D.R., Goldblum, D., Hart, J.L., Hessl,
A.E., Iverson, L.R., Jackson, S.T., and Martin‐Benito, D. 2015. Climate remains
an important driver of post‐European vegetation change in the eastern United
States. Glob. Chang. Biol. 21(6): 2105-2110.
Peters, M.P., Iverson, L.R., and Matthews, S.N. 2015. Long-term droughtiness and
drought tolerance of eastern US forests over five decades. For. Ecol. Manage.
345: 56-64. doi:10.1016/j.tree.2005.11.022.
Pettitt, A. N. (1979), A Non‐Parametric Approach to the Change‐Point Problem. J. R.
Stat. Soc.: Series C (Applied Statistics), 28: 126-135. doi:10.2307/2346729
Pontius, J.A., Halman, J., and Schaberg, P.G. 2016. Seventy years of forest growth and
community dynamics in an undisturbed northern hardwood forest. Can. J. For.
Res. 46(7): 959-967. doi:10.1139/cjfr-2015-0304.
Prasad, A.M. and Iverson, L.R. 2003. Little's range and FIA importance value database
for 135 eastern US tree species. Northeastern Research Station, USDA Forest
Service, Delaware, Ohio.
Prasad, A.M., Iverson., L.R., Matthews., S., and Peters, M. 2007-ongoing. A Climate
Change Atlas for 134 Forest Tree Species of the Eastern United States [database].
Northern Research Station, USDA Forest Service, Delaware, Ohio.
Pszwaro, J.L., D’Amato, A.W., Burk, T.E., Russell, M.B., Palik, B.J., and Strong, T.F.
2016. Analysis of stand basal area development of thinned and unthinned Acer
rubrum forests in the upper Great Lakes region, USA. Can. J. For. Res. 46(5):
645-655. doi:10.1139/cjfr-2015-0411.
184

Reinmann, A.B. and Templer, P.H. 2016. Reduced Winter Snowpack and Greater Soil
Frost Reduce Live Root Biomass and Stimulate Radial Growth and Stem
Respiration of Red Maple (Acer rubrum) Trees in a Mixed-Hardwood Forest.
Ecosystems 19(1): 129-141. doi:10.1007/s10021-015-9923-4.
Reinmann, A.B., Susser, J.R., Demaria, E.M.C., and Templer, P.H. 2018. Declines in
northern forest tree growth following snowpack decline and soil freezing. Glob.
Chang. Biol. 0(0): 1-11. doi:10.1111/gcb.14420.
Richardson, A.D., Black, T.A., Ciais, P., Delbart, N., Friedl, M.A., Gobron, N.,
Hollinger, D.Y., Kutsch, W.L., Longdoz, B., Luyssaert, S., Migliavacca, M.,
Montagnani, L., Munger, J.W., Moors, E., Piao, S., Rebmann, C., Reichstein, M.,
Saigusa, N., Tomelleri, E., Vargas, R., and Varlagin, A. 2010. Influence of spring
and autumn phenological transitions on forest ecosystem productivity. Philos.
Trans. R. Soc. Lond. B: Biological Sciences 365(1555): 3227-3246.
doi:10.1098/rstb.2010.0102.
Rogers, B.M., Jantz, P., and Goetz, S.J. 2017. Vulnerability of eastern US tree species to
climate change. Glob. Chang. Biol. 23(8): 3302-3320. doi:10.1111/gcb.13585.
Rollinson, C.R., Kaye, M.W., and Canham, C.D. 2016. Interspecific variation in growth
responses to climate and competition of five eastern tree species. Ecology 97(4):
1003-1011. doi:10.1890/15-1549.1.
Saladyga, T. and Maxwell, R.S. 2015. Temporal variability in climate response of eastern
hemlock in the Central Appalachian Region. Southeast. Geogr. 55(2): 143-163.
Schaberg, P.G. and DeHayes, D.H. 2000. Physiological and environmental causes of
freezing injury in red spruce. In Responses of Northern U.S. Forest to
Environmental Change. Edited by R. Mickler, R. Birdsey, and J.L. Hom.
Springer-Verlag, New York, New York. pp. 181-227.
Schaberg, P.G., DeHayes, D.H., and Hawley, G.J. 2001. Anthropogenic Calcium
Depletion: A Unique Threat to Forest Ecosystem Health? Ecosyst. Health 7(4):
214-228. doi:10.1046/j.1526-0992.2001.01046.x.
Schaberg, P.G., Miller, E.K., and Eagar, C. 2010. Assessing the threat that anthropogenic
calcium depletion poses to forest health and productivity. US Department of
Agriculture, Forest Service, Pacific Northwest and Southern Research Stations.
Schaberg, P.G., Wilkinson, R.C., Shane, J.B., Donnelly, J.R., and Cali, P.F. 1995. Winter
photosynthesis of red spruce from three Vermont seed sources. Tree Physiol.
15(5): 345-350. doi:10.1093/treephys/15.5.345.
Schaberg, P.G., Shane, J.B., Cali, P.F., Donnelly, J.R., and Strimbeck, G.R. 1998.
Photosynthetic capacity of red spruce during winter. Tree Physiol. 18(4): 271276. doi:10.1093/treephys/18.4.271.
Schaberg, P.G., Tilley, J.W., Hawley, G.J., DeHayes, D.H., and Bailey, S.W. 2006.
Associations of calcium and aluminum with the growth and health of sugar maple
trees in Vermont. For. Ecol. Manage. 223(1–3): 159-169.
doi:10.1016/j.foreco.2005.10.067.
Schaberg, P.G., DeHayes, D.H., Hawley, G.J., Strimbeck, G.R., Cumming, J.R.,
Murakami, P.F., and Borer, C.H. 2000. Acid mist and soil Ca and Al alter the
mineral nutrition and physiology of red spruce. Tree Physiol. 20(2): 73-85.
doi:10.1093/treephys/20.2.73.

185

Shortle, W.C. and Smith, K.T. 1988. Aluminum-Induced Calcium Deficiency Syndrome
in Declining Red Spruce. Science 240(4855): 1017-1018.
doi:10.1126/science.240.4855.1017.
Siemion, J., McHale, M.R., Lawrence, G.B., Burns, D.A., and Antidormi, M. 2018.
Long-term Changes in Soil and Stream Chemistry across an Acid Deposition
Gradient in the Northeastern United States. J. Environ. Qual. 47(3): 410-418.
doi:10.2134/jeq2017.08.0335.
Sittaro, F., Paquette, A., Messier, C., and Nock, C.A. 2017. Tree range expansion in
eastern North America fails to keep pace with climate warming at northern range
limits. Glob. Chang. Biol. 23(8): 3292-3301. doi:10.1111/gcb.13622.
Speer, J.H. 2010. Fundamentals of Tree-Ring Research. The University of Arizona Press,
Tucson. pp. 104.
Speer, J.H., Grissino-Mayer, H.D., Orvis, K.H., and Greenberg, C.H. 2009. Climate
response of five oak species in the eastern deciduous forest of the southern
Appalachian Mountains, USA. Can. J. For. Res. 39(3): 507-518.
doi:10.1139/X08-194.
St.Clair, S.B., Sharpe, W.E., and Lynch, J.P. 2008. Key interactions between nutrient
limitation and climatic factors in temperate forests: a synthesis of the sugar maple
literature. Can. J. For. Res. 38(3): 401-414. doi:10.1139/X07-161.
Stokes, M. and Smiley, T. 1968. An Introduction to Tree-Ring Dating. University of
Chicago Press., Chicago, IL. pp. 31-46.
Strock, K.E., Nelson, S.J., Kahl, J.S., Saros, J.E., and McDowell, W.H. 2014. Decadal
Trends Reveal Recent Acceleration in the Rate of Recovery from Acidification in
the Northeastern U.S. Environ. Sci. Technol. 48(9): 4681-4689.
doi:10.1021/es404772n.
Sullivan, T.J., Lawrence, G.B., Bailey, S.W., McDonnell, T.C., Beier, C.M., Weathers,
K.C., McPherson, G.T., and Bishop, D.A. 2013. Effects of Acidic Deposition and
Soil Acidification on Sugar Maple Trees in the Adirondack Mountains, New
York. Environ. Sci. Technol. 47(22): 12687-12694. doi:10.1021/es401864w.
Swanston, C., Brandt, L.A., Janowiak, M.K., Handler, S.D., Butler-Leopold, P., Iverson,
L., Thompson III, F.R., Ontl, T.A., and Shannon, P.D. 2018. Vulnerability of
forests of the Midwest and Northeast United States to climate change. Clim.
Change 146(1): 103-116. doi:10.1007/s10584-017-2065-2.
Takahashi, K. and Takahashi, H. 2016. Effects of climatic conditions on tree-ring widths
of three deciduous broad-leaved tree species at their northern distribution limit in
Mont St. Hilaire, eastern Canada.J. For. Res. 21(4): 178-184. doi:10.1007/s10310016-0530-9.
Takahashi, S., Okada, N., and Nobuchi, T. 2013. Relationship between the timing of
vessel formation and leaf phenology in ten ring-porous and diffuse-porous
deciduous tree species. Ecol. Res. 28(4): 615-624. doi:10.1007/s11284-013-1053x.
Tang, G. and Beckage, B. 2010. Projecting the distribution of forests in New England in
response to climate change. Divers. Distrib. 16(1): 144-158. doi:10.1111/j.14724642.2009.00628.x.
Tardif, J. and Conciatori, F. 2006a. Influence of climate on tree rings and vessel features
in red oak and white oak growing near their northern distribution limit,
186

southwestern Quebec, Canada. Can. J. For. Res. 36(9): 2317-2330.
doi:10.1139/x06-133.
Tardif, J. and Conciatori, F. 2006b. A comparison of ring-width and event-year
chronologies derived from white oak (Quercus alba) and northern red oak
(Quercus rubra), southwestern Quebec, Canada. Dendrochronologia 23(3): 133138. doi:10.1016/j.dendro.2005.10.001.
Tardif, J., Brisson, J., and Bergeron, Y. 2001. Dendroclimatic analysis of Acer
saccharum, Fagus grandifolia, and Tsuga canadensis from an old-growth forest,
southwestern Quebec. Can. J. For. Res. 31(9): 1491-1501. doi:10.1139/x01-088.
Tardif, J., Camarero, J.J., Ribas, M., and Gutiérrez, E. 2003. Spatiotemporal variability in
tree growth in the Central Pyrenees: climatic and site influences. Ecol. Monogr.
73(2): 241-257. doi:10.1890/0012-9615(2003)073[0241:svitgi]2.0.co;2.
Tardif, J.C., Conciatori, F., Nantel, P., and Gagnon, D. 2006. Radial growth and climate
responses of white oak (Quercus alba) and northern red oak (Quercus rubra) at the
northern distribution limit of white oak in Quebec, Canada. J. Biogeogr. 33(9):
1657-1669. doi:10.1111/j.1365-2699.2006.01541.x.
Teets, A., Fraver, S., Weiskittel, A.R., and Hollinger, D.Y. 2018. Quantifying climate–
growth relationships at the stand level in a mature mixed‐species conifer forest.
Glob. Chang. Biol. 24:3587– 3602. doi:10.1111/gcb.14120.
Teskey, R.O., Whitehead, D., and Linder, S. 1994. Photosynthesis and Carbon Gain by
Pines. Ecol. Bull. 43: 35-49. Available from http://www.jstor.org/stable/20113130
[accessed 6 July 2019].
Thibeault, J.M. and Seth, A. 2014. Changing climate extremes in the Northeast United
States: observations and projections from CMIP5. Clim. Change 127(2): 273-287.
doi:10.1007/s10584-014-1257-2.
Tierney, G.L., Fahey, T.J., Groffman, P.M., Hardy, J.P., Fitzhugh, R.D., and Driscoll,
C.T. 2001. Soil freezing alters fine root dynamics in a northern hardwood forest.
Biogeochemistry 56(2): 175-190. doi:10.1023/a:1013072519889.
Tyree, M. and Cochard, H. Summer and winter embolism in oak: impact on water
relations. In Annales des sciences forestières, 1996. EDP Sciences. pp. 173-180.
U.S. Global Change Research Program. 2018. Impacts, Risks, and Adaptation in the
United States: Fourth National Climate Assessment, Volume II.D.R. Reidmiller,
C.W. Avery, D.R. Easterling, K.E. Kunkel, K.L.M. Lewis, T.K. Maycock, and
B.C. Stewart. U.S. Global Change Research Program.
USDA. 2016. U.S. Agriculture and Forestry Greenhouse Gas Inventory, 1990-2013.
Technical bulletin number 1943. United States Department of Agriculture.
van Doorn, N.S., Battles, J.J., Fahey, T.J., Siccama, T.G., and Schwarz, P.A. 2011. Links
between biomass and tree demography in a northern hardwood forest: a decade of
stability and change in Hubbard Brook Valley, New Hampshire. Can. J. For. Res.
41(7): 1369-1379. doi:10.1139/x11-063.
Vermont Department of Forests Parks and Recreation. 2019. Annual Reports of Forest
Insect and Disease Conditions in Vermont.
Vicente-Serrano, S.M., Beguería, S., and López-Moreno, J.I. 2010. A multiscalar drought
index sensitive to global warming: the standardized precipitation
evapotranspiration index. J. Clim. 23(7): 1696-1718.
doi:10.1175/2009JCLI2909.1.
187

Vicente-Serrano, S.M., Beguería, S., and López-Moreno, J.I. 2017. Global SPEI
Database. Available from http://spei.csic.es/database.html [accessed 10 July
2017].
Wang, W.J., He, H.S., Thompson, F.R., Fraser, J.S., and Dijak, W.D. 2017. Changes in
forest biomass and tree species distribution under climate change in the
northeastern United States. Landsc. Ecol. 32(7): 1399-1413. doi:10.1007/s10980016-0429-z.
Wason, J.W. and Dovciak, M. 2017. Tree demography suggests multiple directions and
drivers for species range shifts in mountains of Northeastern United States. Glob.
Chang. Biol. 23(8): 3335-3347. doi:10.1111/gcb.13584.
Wear, D.N. and Coulston, J.W. 2015. From sink to source: Regional variation in U.S.
forest carbon futures. Sci. Rep. 5: 16518. doi:10.1038/srep16518.
Weiner, J. and Thomas, S.C. 2001. The nature of tree growth and the “age‐related decline
in forest productivity”. Oikos 94(2): 374-376. doi:10.1034/j.16000706.2001.940219.x.
West, P.W. 1980. Use of diameter increment and basal area increment in tree growth
studies. Can. J. For. Res. 10(1): 71-77. doi:10.1139/x80-012.
Wigley, T.M., Briffa, K.R., and Jones, P.D. 1984. On the average value of correlated time
series, with applications in dendroclimatology and hydrometeorology. J. Clim.
Appl. Meteorol. 23(2): 201-213. doi:10.1175/15200450(1984)023<0201:OTAVOC>2.0.CO;2.
Wolfe, D.W., DeGaetano, A.T., Peck, G.M., Carey, M., Ziska, L.H., Lea-Cox, J.,
Kemanian, A.R., Hoffmann, M.P., and Hollinger, D.Y. 2018. Unique challenges
and opportunities for northeastern US crop production in a changing climate.
Clim. Change 146(1): 231-245. doi:10.1007/s10584-017-2109-7.
Woodbury, P.B., Smith, J.E., and Heath, L.S. 2007. Carbon sequestration in the U.S.
forest sector from 1990 to 2010. For. Ecol. Manage. 241(1): 14-27.
doi:10.1016/j.foreco.2006.12.008.
Woodcock, D. 1989. Distribution of vessel diameter in ring-porous trees. Aliso: J. Syst.
Evol. Bot. 12(2): 287-293. doi:10.5642/aliso.19891202.05.
Wyka, S.A., Smith, C., Munck, I.A., Rock, B.N., Ziniti, B.L., and Broders, K. 2017.
Emergence of white pine needle damage in the northeastern United States is
associated with changes in pathogen pressure in response to climate change. Glob.
Chang. Biol. 23(1): 394-405. doi:10.1111/gcb.13359.
Yamaguchi, D.K. 1991. A simple method for cross-dating increment cores from living
trees. Can. J. For. Res. 21(3): 414-416. doi:10.1139/x91-053.
Zang, C. and Biondi, F. 2015. treeclim: an R package for the numerical calibration of
proxy‐climate relationships. Ecography 38(4): 431-436. doi:10.1111/ecog.01335.
Zhang, Y., Bergeron, Y., Zhao, X.-H., and Drobyshev, I. 2015. Stand history is more
important than climate in controlling red maple (Acer rubrum L.) growth at its
northern distribution limit in western Quebec, Canada. J. Plant Ecol. 8(4): 368379. doi:10.1093/jpe/rtu029.
Zhu, X., Cox, R., and Arp, P. 2000. Effects of xylem cavitation and freezing injury on
dieback of yellow birch (Betula alleghaniensis) in relation to a simulated winter
thaw. Tree Physiol. 20(8): 541-547. doi:10.1093/treephys/20.8.541.

188

Zhu, X.B., Cox, R.M., Bourque, C.P., and Arp, P.A. 2002. Thaw effects on coldhardiness parameters in yellow birch. Can. J. Bot. 80(4): 390-398.
doi:10.1139/b02-022.
Zimmerman, M.H. 1983. Xylem structure and the ascent of sap. Springer-Verlag, New
York.

189

