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ABSTRACT

This paper reviews the process of leaf color change in the deciduous forests of New
England and the possible consequences of climate change on color change events.
Implications of a changing fall color regime on regional fall tourism are also exam-
ined. Around the globe, it is well recorded that earlier spring events are strongly cor-
related with rising temperatures, but the influence of climate change on the timing
of autumn events is less well understood. Autumn senescence is the phenomenon in
which deciduous trees lose their leaves, a period during which many species undergo
a brilliant fall color display. The primary trigger of autumnal color is the shorten-
ing photoperiod, but other environmental factors may influence the quality of the
color display. The primary environmental influences on the quality of the fall foliage
display include temperature, sunlight, and moisture. Because changes in these envi-
ronmental factors are linked with ongoing climate change, the future of fall color dis-
plays may be adversely affected. The current most pressing risks to the color displays
in the forests of New England are severe weather events and climate-induced shifts in
species distributions. As a result of actual or even perceived change, fall color tourism
markets are expected to suffer. Keywords: autumn colovation, global climate change,

fall foliage, tourism, New England.

Introduction

In the northeastern United States, the change of seasons is marked each year by the leaves
changing colors in which the green leaves of summertime fade into brilliant shades of yellow, or-
ange and red before falling from the trees. It widely accepted that environmental factors such as
light, moisture and temperature influence the duration and intensity of autumnal leaf coloration
(Addicott 1968). Fall foliage can be scen in many temperate regions of the world, but the forests
of New England are especially well-known for their vivid fall color displays. There are many
different tree species in the forests of New England, but only some of them produce colorful
autumn foliage (Table 1). The most well-known of these trees is the sugar maple (Acer saccharum
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Marsh.), which is common throughout the northeastern United States.

Until recently, the multiple interrelated environmental factors influencing autumn colors
had not been rigorously studied and research was limited to observation-based knowledge.
Autumnal leaf events have long been a fascination of humans, and records from ancient Greece
indicate an early awareness of the relationship between environmental factors and leaf color
change. Greek botanist Theophrastus noted that good soil “and a moist situation conduce to
keeping the leaves late; for those which grow in dry places, and in general where the soil is light,
shed their leaves earlier, and the older trees earlier than the younger ones” (Addicott 1968,
1471). The accumulation of observations from hundreds of years of leaf change has helped in
making predictions of the timing of autumn color change events but fully understanding the
principal mechanisms behind these changes has been more difficult.

It is now understood that phenologic events (i.c. climate-sensitive periodic biological
phenomena such as flowering, budding, and leaf fall) have been shifting as a consequence of
climate change (Matsumoto et al. 2003; Ibdez et al. 2010). These shifts are important pieces of
evidence for the possible ecological consequences of climate change.

Regardless of the reason for leaf color change, forests of the northeastern United States
change colors in autumn and humans enjoy watching the spectacular event. The changing colors
of autumn leaves are an ephemeral phenomenon but commonly last for up to two months
depending on geographic and interannual climate variation (Archetti and Leather 2005). The
future of the economic welfare of the region is closely tied to this natural event, especially in the
tourism sector. During the fall season, the New England region brings in $8 billion annually to
local revenues (USDA 2011a).

This essay reviews the current body of knowledge on autumnal leaf events, how climate
change may influence the onset, duration or intensity of autumn coloration in New England
forests, and how potential climate changes may, in turn, influence regional tourism related to fall
color change.

Why do leaves change color?
Biochemistry of Fall Color

Autumn leaf senescence, a type of programmed cell death, is triggered by the shortening day
length in autumn (Keskitalo et al. 2005). The mechanisms within the leaves that control fall
coloration in trees primarily involve three groups of plant pigments: chlorophylls, which absorb
blue and red portions of the visible light spectrum and reflect green; carotenoids, which reflect
red, yellow, and orange light; and anthocyanins which reflect red, blue, and indigo (Coder
2008a). Multiple color combinations are possible with the fading, unmasking, and generation of
the different leaf pigments.

In a study on the autumn senescence of free-growing European aspen (Populus tremula L.)
in cast-central Sweden (Umea University) during one season, Keskitalo et al. (2005) compiled
measurements of pigments and important metabolites within the leaves throughout the autumn
senescence period to create a generalized cellular timetable of the entire process. Green sum-
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Scientific name

Common name

Predominant color

Acer rubrum L.

Acer saccharinum L.
Acer saccharum Marsh.
Alnus spp.

Betula spp.

Carya spp.

Fagus grandifolia Ehrh.
Fraxinus spp.

Ginkgo biloba L.
Liriodendron tulipifera L.
Prunus serotina Ehrh.
Populus spp.

Quercus alba L.

Quercus rubra L.
Sassafras albidum (Nutt.) Nees
Tilia americana L.

Ulmus spp.

red maple

silver maple
sugar maple
alders

birches
hickories
American beech
ashes

ginkgo

tuliptree

black cherry
poplars

white oak
northern red oak

sassafras

American basswood

elms

Red and purple
Yellow, brown
Yellow-orange to red
Little to no color
Yellow to orange
Yellow to orange
Yellow, orange, bronze
Yellow, orange, red
Yellow to orange
Yellow to orange
Yellow, red

Little to no color
Yellow to orange, red
Red and purple
Yellow, orange, purple
Dull green to yellow

Dull green to yellow

Table 1. Tree species of New England and their typical fall colors. Adapted from Clatterbuck (1999)

and CT DEEP (2012a).

mer leaves contain both chlorophyll and carotenoids, while anthocyanins are only produced

in certain tree species during mid-senescence. The carotenoids, which are present in the leaf
throughout the year, are revealed as chlorophyll begins to break down in the leaf. As the photo-
period decreases due to shorter daylengths and lower sun angles, chlorophyll production slows
and eventually ceases, existing chloroplasts begin to degrade within the leaf, and the rate of
photosynthesis declines (Keskitalo et al. 2005.). This degradation phase reveals carotenoids and
other pigments that had been present in the leaf but masked by chlorophyll during the grow-
ing season. Eventually, a protective abscission layer is formed on the stem of the leaf. During
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leaf senescence processes, nitrogen, phosphorous, and sulfur are pulled from the leaves to twigs
and branches for winter storage before abscission. With nutrient deficiencies in the leaf, certain
species synthesize anthocyanin pigments (Schaberg et al. 2003). Furthermore, low temperatures
and the developing abscission layer slow sugar flow from the leaf. The sugars react with antho-
cyanidins, promoting anthocyanin production (Koike 2004). As the cell walls of the abscission
layer become dehydrated, the leaf loosens and falls. Keskitalo et al’s (2005) timetable suggests
that once the pathway for senescence has been initiated by a shortening photoperiod, environ-
mental factors, such as light and temperature, have little effect on the duration of the process.

Evolution of Fall Color

In temperate regions, deciduous tree species undergo the process of abscission, i.c. the annual
shedding of their leaves. Unlike coniferous species, the leaf tissues of deciduous trees typically
cannot survive winter frost, and are sealed off from the rest of the tree and fall off to ensure
the tree’s survival through the cold and dry conditions of winter. Much is known about the
biochemistry and physiology of leaf senescence, but despite advances in the current body of
knowledge surrounding autumn senescence, the adaptive value of autumn coloration (especially
of red coloration) remains somewhat of a mystery (Archetti et al. 2008; Ramirez et al. 2008).
Until recently, autumn colors have been dismissed within the scientific community as a mere
by-product of leaf senescence. But now this notion is generally considered incorrect and several
hypotheses have been developed to explain the evolution of fall colors (Archetti et al. 2008).

Brilliant autumn color displays are an exception among deciduous tree species since the
majority of species do not exhibit colorful leaves in autumn. In a study of 2,369 temperate tree
species, Archetti (2009) found that red autumn colors were present in at least 290 species of 70
genera (~12 percent of deciduous species), and yellow autumn colors were present in at least
378 species of 97 genera (~16 percent of deciduous species). Archetti’s study suggests that fall
leaf coloration has evolved independently multiple times, making it more difficult to directly
discern the adaptive value of this trait.

Carotenoid pigments are present in the leaf year-round, and function primarily to absorb
light energy and to protect chlorophyll from photodamage (Armstrong and Hearst 1996).
However, since red (anthocyanin) coloration is produced exclusively in autumn, it cannot be a
mere by-product of senescence. There are currently two main hypotheses concerning why trees
produce red coloration in autumn and how this trait evolved. The first hypothesis is that red
coloration has adaptive value in that the red pigments protect the leaves against harmful effects
of light at low temperatures in autumn (Hoch et al. 2001; Feild et al. 2001; van den Berg et
al. 2009). In cold weather and under intense light conditions, the efficiency of photosynthesis
declines (Ramirez et al. 2008). The presence of anthocyanins filters out ultraviolet light and
protects surrounding tissues and chloroplasts from ultraviolet radiation damage, which allows
photosynthesis to continue longer into the autumn season and allows trees to build greater sugar
reserves before the photosynthetically unproductive winter (Ramirez et al. 2008). Anthocyanins
also protect against leaf damage by absorbing free radicals and conserving leaf water, which
provides some protection against frost damage (Coder 2008a).
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The second hypothesis is that red coloration emerged out of coevolutionary interactions
with insects (Archetti et al. 2008). According to this hypothesis, red leaves act as a warning sign
of a tree’s defense level to insects (Ramirez et al. 2008). Healthier trees are able to produce more
anthocyanins, which in turn deters egg-laying insects in search of a host for their offspring. It has
also been proposed that autumn coloration acts as a signaling function for other animal species
in the forest ecosystem. Lev-Yadun and Gould (2007) suggest five potential interactions: (1) to
signal the presence of ripe fruit to enhance seed dispersal by frugivores; (2) to signal tree health
and defensive ability to deter aphids; (3) to undermine the camouflage ability of herbivorous
insects; (4) to indicate chemical defense by red coloration; or (5) to indicate leaf nutritive value
to herbivores. None of these alternative hypotheses for anthocyanin production is universally
applicable to all coloring tree species and there is a general lack of supporting experimental
evidence (Archetti et al. 2008).

Environmental Influences on Color Change

Day Length and Light Intensity

The sequence of events in autumn coloration is primarily triggered by the shortening day
length. Short days and long nights induce the beginning stages of autumn coloration before leaf
abscission (Koike 2004). Bright, cold days are known to intensify anthocyanin color production
but the physiological basis of light intensity is not well understood (Lee et al. 2003; Keskitalo
etal. 2005). The amount of anthocyanins produced in the leaf, and therefore the intensity of
red and purple coloration, depends on the amount of sunlight during the autumn season, unlike
carotenoids which are present year-round. As a result, yellow coloration is much more consistent
than red coloration from year to year (USDA Forest Service 2011b).

Keskitalo et al. (2005) found that the accumulation of anthocyanin in European aspen
leaves fluctuated based on the amount of sunlight. The effect of sunlight on anthocyanin
production is often seen in maple species (Acer spp.) as the crown of the tree, which is exposed
to more sunlight, turns red before the lower leaves. Lee et al. (2003) found that by shading
red-senescing leaves from sunlight, both chlorophyll degradation and anthocyanin production
were suppressed. These studies suggest that the shortening photoperiod, which is not influenced
by climate change, signals the onset of fall coloration. Changes in cloud cover and precipitation
patterns can influence light intensity, thereby influencing the vividness or brilliance of the fall
color display. However, once coloration phases are triggered, the amount of sunny or cloudy
days may not influence the length of the color season.

Temperature

Studies have shown a strong correlation between temperature and the timing of the onset of
spring phenological events (Zhou et al. 2001; Root et al. 2003; Taylor et al. 2008). The influ-
ence of temperature on the timing of autumn events is less clear. Some studies have suggested
that autumnal events occur later in warmer years, while others have suggested that temperature
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does not influence the onset of fall color (Lee et al. 2003; Ibafiez et al. 2010). Trends that relate
the timing of autumn events solely to temperature show a great deal of variation, suggesting that
an individual tree’s response to temperature is complex and that the influence of temperature is
interacting with other environmental conditions such as soil moisture or nutrient levels (Ibdfiez
etal.2010).

The relationship between temperature and color intensity is better understood, and a specific
balance of daytime and nighttime temperatures is necessary for vivid fall color displays. As a
general rule, it can be expected that trees produce the most visually spectacular fall color displays
when there isa 5° to 7°C difference between daytime and nighttime temperatures (Koike 2004).
The crisp nights and bright, sunny days during a New England autumn promote vivid leaf
coloration. The warm days promote photosynthesis to continue but the cold nights prevent the
resulting sugar to flow from the leaf downward the tree, resulting in anthocyanin production in
the leaves (CT DEEP 2012b). A warm period during the fall can result in warmer nights and
dull autumn colors (USDA Forest Service 2011b). Additionally, an early frost can damage the
cellular machinery responsible for anthocyanin production and shorten the color season (Coder
2008b).

Moisture

Precipitation and soil moisture greatly influence the quality of autumn color expression.
A growing season with ample moisture followed by a dry autumn results in maximal color
development (Koike 2004). Leaf abscission usually occurs once there is an insufficient level
of soil moisture (Escudero and del Arco 1987). Therefore, overly dry conditions can cause the
abscission layer to form prematurely and cause the leaves to drop before fully developing their
fall color displays.

Other Environmental Influences

Additional environmental factors may also influence autumn leaf colors, including soil nu-
trients and soil composition (Escudero and del Arco 1987). Low soil fertility may prolong leaf
retention (Koike 2004). Mild drought stress in autumn can enhance anthocyanin production
(Coder 2008b). Stress during a growing season leads to lower nitrogen levels and greater accu-
mulation of sugars in the leaves. High sugar content triggers anthocyanin production, resulting
in more vivid red hues (Schaberg et al. 2003). More severe stresses, however, can diminish leaf
longevity.

Color Change and Climate Change
Current Observations of Change

It is evident that local variations in climate have a strong influence on the progression of
fall color. The most vivid fall color requires a perfect combination of light, temperature, and
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moisture conditions. Interannual, interspecies, and individual variation in fall color is expected,
but human-influenced climate change adds another layer of complexity to this already complex
phenomenon. Observational data collected in New England indicate that, compared to twenty
years ago, sugar maples in the Hubbard Brook Experimental Forest (New Hampshire) reach
dormancy two to five days later and leaves in the Harvard Forest (Massachusetts) begin to
change color three days carlier (Sharp 2011). Although leaves begin to change colors carlier at
the Harvard Forest, there has been very little change in the date of 50 percent leaf loss over an
eight year period (Lee et al. 2003). Public observations throughout New England of foliage col-
or and leaf drop recorded by The Foliage Network (2013) during the period 1999-2011 indicate
that the onset of coloration begins later in September and that the duration from coloration to
leaf drop appears to be decreasing (Figure 1). However more years of observation are necessary
to detect any definitive trends in timing and duration.

The forests of New England may be more susceptible to climate-induced changes in fall
coloration than forests in other regions. According to historical records, the average air tempera-
ture in the northeastern United States has increased 1°C over the last century, while the global
average temperature has only increased 0.75°C (Rustad et al. 2009). Shifts in important climate
indicators, such as spring bud-break or the first frost, have been well documented in the north-
castern United States (Wolfe et al. 2005; Richardson et al. 2006; CT DEEP 2009; Burns et al.
2010). Hayhoe et al. (2007) studied past records and used atmosphere-ocean general circulation
models to predict future changes in key climatic, hydrological, and biophysical indicators in the
Northeast. Many of the environmental factors thought to influence the timing, duration and
intensity of fall coloration (e.g. temperature, precipitation, drought frequency) are predicted to
change significantly in the coming century (Hayhoe et al. 2007).

Light Intensity

Although day length will not change with global climate change, the intensity and availabil-
ity of daylight can be affected by changes in cloud cover. Increased cloud cover and the resulting
decrease in available light during a growing season reduces photosynthesis. Less photosynthesis,
relative to respiration, lowers sugar reserves and, consequently, lowers the production of antho-
cyanins (Schaberg et al. 2003). The decreased light availability due to cloud cover can therefore
yield muted fall colors.

Studies suggest that an increase in light availability due to light pollution can play a signifi-
cant role in leaf retention (Holker et al. 2010). Trees growing within 45 feet from New York
City strectlamps retained their leaves up to one month beyond the normal season for non-
illuminated trees (Matzke 1936). Since the trees were compared to other nearby street trees,
temperature increases associated with an urban heat island effect did not induce the reported
differences. For trees in remote, natural forests, light pollution is less problematic, but it is
possible that forests in urban, suburban, and exurban environments could be affected by light
pollution. Increased housing density due to accelerated population growth in much of rural,
non-metropolitan New England may lead to increased nighttime lighting (Nowack and Walton
2005; Stein et al. 2005; Johnson 2008). Even small amounts of light could disrupt natural pho-
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September October November

Year Duration (days) 123 456 789 10,11,12 13,14,15 16,17,18 19,20,21 22,23,24 25,26,27 28,2930 12,3 456 7,89 10,11,12 13,1415 16,17,18 19,2021 22,2324 25,2627 28,2930 31,12 3,45 6,78 9,10,11 12,1314 15,16,17 18,19,20

1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011

Figure 1. Duration, in days, of the foliage season in New England 1999-2011 calculated from The Foliage Network (2013) records. A foliage season is
defined as the start of color to the peak of leaf drop.
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toperiod responses and possibly lengthen the duration of the autumn color viewing season.

Temperature

Mean global temperatures are becoming warmer. Likewise, mean annual temperatures in
New England have increased an average of 0.26°C per year over the past thirty years (Spanger-
Siegfried 2006). The region is projected to be warmer (2-6°C increase over the next century) and
wetter by the end of the century compared to the 1971-2000 baseline (Spanger-Siegfried 2006;
Tang et al. 2012). Many studies have shown that while environmental factors like temperature
influence the intensity of fall color displays, they are not influential on the timing of the onset
of autumn senescence (Lee et al. 2003; Keskitalo et al. 2005). Conversely, long-term studies
(fifty years) in Japan and South Korea report a correlation between warmer air temperatures and
delayed foliage coloration (Matsumoto et al. 2003; Ibdfiez et al. 2010). Similarly, based on mod-
cling of three temperate deciduous tree species, Delpierre et al. (2009) predict that by the end of
the century the onset of autumn coloration will shift one to two days later per decade in France,
primarily due to rising temperatures. In a single species, autumn senescence can vary greatly
across its geographic range (Morin et al. 2009). As the climate warms, patterns of autumn color-
ation may have the capacity to shift in latitude relative to rising temperatures.

If climate change results in warmer autumn daytime and/or nighttime temperatures in the
New England region, onset of peak fall colors may be delayed one to three weeks. With warmer
temperatures, the growing season will be prolonged and possibly displace the timing of leaf fall
due to the disconnect between a shortening photoperiod and cooling temperatures. A pro-
longed growing season can mute color displays due to lower rates of photosynthesis during the
autumn’s shorter daylight hours. Lower rates of photosynthesis lead to less anthocyanin produc-
tion and less vibrant displays of red coloration.

If portions of New England experience cooling trends with global climate change, the cool-
ing autumn temperatures might remain in synchrony with the photoperiod. If such is the case,
timing may not be significantly altered. Cooler nighttime temperatures can cause stress to the
trees, resulting in more vivid reds due to increased anthocyanin production. Early frosts can
cause leaf fall to occur eatlier, possibly before coloration can occur, thereby shortening the dura-
tion of the fall color season.

Precipitation

While precipitation trends are more difficult to assess than observed historical changes in
temperature due to interannual variability, it is apparent that precipitation has been increasing
in the northeastern United States (Huntington et al. 2009; Tang et al. 2012). Even if the total
amount of annual precipitation remains relatively stable, there have been observed pronounced
shifts in the seasonal distribution of rainfall in which the northeastern United States has expe-
rienced a relative increase in winter precipitation and a decrease in summer precipitation since
the 1970s (Hayhoe et al. 2007). Additionally, the frequency of intense precipitation events (> 2
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inches of rainfall within 24 hours) has increased in the past thirty years (Douglas and Fairbank
2011). Autumn leaves are vulnerable to early abscission during these weather events because of
the physical energy of heavy storms on weakly attached leaves.

Huntington et al. (2009) suggest that not only will rainfall become more intense, but large
storms will become more frequent with longer intervening dry periods. Drought-stressed leaves
might display more vivid red colors (due to nutrient stress) but tend to drop prematurely due
to a dry, fragile abscission layer. Trees might not display coloration before leaf fall. As a result of
changes in the strength and distribution patterns of precipitation, the overall leaf fall season is
expected to end earlier due to intense storm and drought events.

Other Environmental Influences

Human activity has increased the concentrations of pollutants in the air, especially that of
the greenhouse gas carbon dioxide (CO,). While rising CO, levels are associated with rising
global temperatures, the increased CO, itself can play a role in patterns of phenological events.
Various studies of deciduous trees in temperate environments have suggested that CO, enrich-
ment of the atmosphere will increase net primary productivity of most tree species (Norby et
al. 2003; Ollinger et al. 2007; Lindroth 2010). Although increased CO, can promote plant
productivity, it has not been shown that the elevated CO, itself has any predictable effect on the
timing of autumnal events (Norby et al. 2003). However, the increase in productivity results in
less stress during the growing season which may lead to less anthocyanin production and less red
coloration (Schaberg et al. 2003). Other air pollutants associated with human activity, including
tropospheric ozone and acid precipitation, can cause stress to trees and cancel out any gains in
productivity from enhanced CO, (Kubiske et al. 2006).

Productivity can also be compromised by forest pests and pathogens. Changes in winter
freeze-thaw cycles have increased the occurrence of tree pest and pathogen outbreaks and are
associated with die-backs of several hardwood species of the northeastern United States (New
Hampshire Department of Environmental Services [NHDES] 2008). Introduced pests have
the capacity to influence shifts in tree species distributions. Significant introductions that have
changed the forest composition and structure of northeastern forests include the gypsy moth as
well as the fungi associated with Dutch elm disease and chestnut blight (Yahner 1995; Dodds
and Orwig 2011). Current threats to deciduous trees in New England forests include beech bark
disease, emerald ash borer, European winter moth, and Asian longhorned beetle.

Trees species that become threatened by pathogens and pests are often replaced by other
more competitive dominant tree species (Yahner 1995). As a result, forest structure and func-
tion has the potential to change drastically and in a relatively short period of time. For example,
maple species were the preferred host of Asian longhorned beetles in maple-dominated natural
hardwood forest stands near Worcester, Massachusetts (Dodds and Orwig 2011). Eradication
of maple species in an effort to stop the outbreak led to an oak-hickory dominated forest stand
(Dodds and Orwig 2011). The change in species dominance may result in a change of edaphic
conditions due to the loss of the easily decomposed, calcium-rich maple leaves from the forest
floor.

43



The Northeastern Geographer Vol. 4 2012

Multiple disease risk hotspots are located throughout the northeastern United States. Some
areas currently valued for fall foliage viewing (e.g. White Mountain National Forest, central Ver-
mont, central Adirondacks) may experience greater than 25 percent tree mortality by 2020 due
to insects and disease (USDA Forest Service 2007). Tree mortality from pests and pathogens
combined with drought events could lead to further large-scale tree mortalities due to wildfires.

Shifts in Forest Composition

Species distributions in the forests of the northeastern United States are certainly not
static and have been shifting for thousands of years (Shuman et al. 2004). As glaciers retreated
northward at the end of the last ice age, tundra-like vegetation inhabited much of New England
with open spruce (Picea spp.) woodlands in southern portions of the region (Bonnicksen 2000;
Shuman et al. 2004). Early forests of red spruce (Picea rubens Sarg.), balsam fir (dbies balsamea
(L.) Mill.), paper birch (Betula papyrifera Marsh.), and quaking aspen (Populus tremuloides Mi-
chx.) developed with warming temperatures following deglaciation approximately 14,600 years
ago (Estrin and Johnson 2002). Changing temperature and moisture regimes led to continuous
shifts in forest composition and tree species dominance (Shuman et al. 2004).

Humans first began to influence northeastern forests when Native Americans managed the
landscape through fires and forest clearings (Harvard Forest 2011). Fires set by Native Ameri-
cans may have discriminatively affected tree distributions by favoring fire-tolerant species, such
as oaks (Quercus spp.) (Yahner 1995). At the arrival of European settlers, New England forests
consisted primarily of mixed conifer and northern hardwoods with eastern white pine (Pinus
strobus L.), American beech (Fagus grandifolia Ehrh.), maple (Acer spp.), and eastern hemlock
(T3uga canadensis (L.) Carrier) being the most abundant species (Yahner 1995). Forest clear-
ing in New England peaked between 1830 and 1850. During this time period, 60-80 percent
of the land was cleared for agriculture and settlement (Harvard Forest 2011). As agricultural
production in the United States shifted westward, abandoned New England agricultural lands
reforested within several decades (Harvard Forest 2011). Abandoned pastures and fields most
often reverted to pine forests, where dense understories of deciduous hardwoods, such as maple,
flourished (Yahner 1995).

Today, human-accelerated climate change and its side effects are important drivers of species
range shifts. In New England, tree species have shifted to higher elevations and, in some cases,
higher latitudes in the past 50 years (Beckage et al. 2008; Tang et al. 2012). Additionally, future
projections strongly suggest that the rate of migration will accelerate in the future (Morin et
al. 2008). Tree species with narrow geographic distributions are most threatened by changes
in climate (Morin et al. 2008). Maple-beech-birch forests (colorful fall foliage) are predicted
to be displaced by the less colorful oak-hickory forests as the dominant forest type in the New
England region (Figure 2) (Iverson and Presad 2001; Tang et al. 2012).
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Forest Types

Maple/Beech/Birch/Elm/Basswood
Spruce/Fir

- Oak

- Aspen/Birch/Pine/Cedar

Figure 2. (A) Generalized forest cover types of New England in 2002-2003 from the U.S. Forest Ser-
vice Forest Type Groups (Northeast US) data set (USDA Forest Service Forest Inventory and Analysis
Program and Remote Sensing Application Center). (B) Predicted forest cover types for New England in
2071-2099 under IPCC (International Panel on Climate Change) SRES (Special Report on Emission
Scenarios) climate scenario A1B, based on Tang et al. (2012).

Color Change and Society
Economic Impact

In New England, climate change is predicted to negatively affect certain niche economic
sectors. For example, snow-based recreation is expected to suffer due to shorter seasons and
increased artificial snowmaking (Dawson et al. 2009). Recreational fishing may suffer from
thermal stream degradation causing a loss of suitable habitat for cold-water fish and reduced
water levels and flow rates due to an increase in droughts (Bloomfield 1997). Warm nighttime
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temperatures in the spring will reduce the number of optimal sap flow days thereby negatively
affecting the maple syrup industry (Skinner et al. 2010). Shifts from maple forests to oak forests
will reduce the abundance of sugar maples available to tap in the region.

The fall foliage tourism season is most vulnerable to climate change through the quality of
the color display. Dull fall foliage may seem to be one of the least significant consequences of
climate change and may appear superficial when compared to more severe consequences that
threaten human economic welfare, such as sea level rise or crop failures. But many people in
New England rely on the income that fall color tourism provides. Fall color tourism, also known
as leaf-peeping, is a niche-market that is of significant economic value to the forested areas in
the northeastern United States. The color tourism season usually lasts nearly two months (Sep-
tember to mid-November), with colors peaking for roughly three weeks in mid to late October
depending on the region (USDA Forest Service 2011b). Autumn tourism is especially successful
in New England because of the close proximity between the expansive deciduous forests and
highly populated areas along the East Coast. New England states, with the exception of Rhode
Island, maintain state-sponsored websites actively promoting fall foliage tourism with current
foliage reports and hotlines.

The autumn tourism industry in New England generates $8 billion annually (USDA 2011a).
In Vermont, fall color tourism brought in 3.6 million visitors and $332 million in 2009 and ac-
counts for 22 percent of the state’s tourism market (Graham 2011). Forty percent of Connecti-
cut’s tourism revenues are due to the 4 million fall foliage visitors (Salzman 2005). Maine and
New Hampshire drew 8.6 and 8 million visitors, respectively, during the 2009 fall foliage season
and $2.6 billion combined (Kane 2010). In contrast, the 2009-2010 winter ski season attracted
4.1 million visitors and $750 million to Vermont and snow-based recreation generates approxi-
mately $650 million in visitor spending annually in New Hampshire and 13.5 million skiers
generating $4.6 billion (all snow sports except snowmobiling) annually to the New England
region (Frumhoff et al. 2007; Dawson et al. 2009; Edelstein 2010).

From an initial survey of nationally representative households, Brown (2002) surveyed
households that responded affirmative to visiting or planning to visit Vermont in order to profile
fall foliage tourism in Vermont. Viewing fall foliage was the top reported primary purpose for
visiting Vermont in the fall of 2001. Seventy percent of the fall color tourism spending af-
fected three financial sectors: lodging, retail, and restaurants (Brown 2002). Fall foliage visitors
were more likely to buy Vermont-made products (44 percent bought products) than visitors
not participating in fall color viewing (7.6 percent bought products) (Brown 2002). In New
Hampshire, fall color tourists spent 16 percent more than their non-fall color viewing counter-
parts (NHDES 2008). Despite the lack of thorough studies assessing fall foliage visitation rates
and expenditures per state in the northeastern United States, it is evident that a considerable
share of the New England tourist industry is linked to fall color viewing. A network of lodg-
ing, dining, and retail businesses thrives and depends on fall foliage tourism. As the timing of
peak coloration and quality of foliage displays changes due to changes in climate and in species
composition, the fall foliage industry of New England will have to adapt in order to synchronize
fall festivals and peak visitation with peak foliage conditions (Wilmot 2011).

Regardless of an actual effect of climate change on the timing, duration, and intensity of fall

46



Diver: Climate Change and Autumn Colors in New England’s Forests

foliage, there is the problem of public perception. In one news report, a plant biologist from
the University of Vermont notes that leaves have not developed brilliant color displays in recent
years, while a representative from the state tourism office rejects this notion as a problem of
perception tinged by nostalgia (Gram 2007). Both of the individuals clearly have a biased view
of the subject and even so, prospective tourists are apt to be influenced negatively. Following
the Deepwater Horizon oil spill in the Gulf of Mexico, tourism in the southeast experienced a
strong decline (Padgett 2010). Although oil was not predicted to reach many southern Florida
beaches, concerned tourists cancelled existing reservations and the tourism industry suffered.
False impressions of an ecological disaster dissuaded many people from taking the chance of a
spoiled beach vacation. Similarly, the thought of a dull or unpredictable fall color season could
threaten the tourism industry of New England. Even if climate change does not have a signifi-
cant negative effect on the timing, duration or intensity of fall coloration, people may be more
reluctant to visit the region in the future.

Conclusions

Due to interannual, interspecies, and individual variability in color production, it is difficult
to predict the timing, duration, and coloration of fall foliage. However, observations in research
forests of New England indicate that fall color events are shifting and these shifts may eventually
reveal trends related to climate change (Zhang et al. 2012). Although our review is specific to
fall foliage in New England, it has implications for understanding the effect of climate change
on fall foliage events across the world’s temperate regions. Shorter durations from initiation of
coloration to leaf drop are expected due to prolonged growing seasons which delay the onset
of coloration and an increasing risk of intense storms or severe droughts which cause leaves to
drop prematurely, possibly before leaf colors have fully developed. The intensity of fall foliage
coloration, specifically through the production of anthocyanin, is expected to become more
vivid with mild stresses like drought-stress or nutrient-stress with a shifting precipitation regime
or from photochemical leaf damage during a growing season due to tropospheric ozone and acid
deposition. Conversely, muted colors are expected with an increase in forest productivity with
increased atmospheric CO, levels, with warmer nighttime temperatures, with increased cloud
cover, or with shifts in species dominance due to pest and pathogen outbreaks.

An important indirect effect of climate change on New England’s fall colors is the shift
in the distribution and composition of forest types with changing temperature and moisture
regimes. The sugar maples and other northern hardwoods known for the most brilliant colors in
the northeastern United States may migrate 100 to 300 miles north to be replaced with species
that now grow to the south and in lower clevations like oaks and southern pines and display less
vivid or no fall coloration (NHDES 2008). Dulling fall foliage should not be dismissed as a
superficial consequence of climate change as it supports a significant regional tourism industry.
Furthermore, changing patterns in the timing and duration of fall foliage events are useful en-
vironmental indicators of biophysical alterations of important ecosystem services such as water
quality, air quality, or erosion control.
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Autumn colors, especially those in New England, are a wonderfully scenic natural phenom-
enon. Climate change has the potential to dramatically affect New England as a fall tourist
destination, which may have significant economic implications for some regions. Gaps in the
literature exist both regionally for New England and for temperate regions worldwide regarding
the influence of climate change on fall foliage events and in fall foliage tourism research. Long-
term studies of past color events are necessary to establish any relationships between fall foliage
events and recorded climatic factors. Existing and future literature documenting these relation-
ships should be modeled in order to project changes in timing, duration, and intensity based
on different climate change scenarios. Data regarding fall tourism revenues need to be compiled
throughout the New England region in order to quantify economic projections within the con-
text of climate change. Actual or perceived changes in fall color intensity may have a significant
impact on the future of the fall tourism market. Surveys of fall foliage tourists for the region are
needed in order to determine if changes in timing, duration, or intensity of fall color events have
a potential effect on tourist behavior.

AMANDA KYNE studied biology and environmental studies at Wesleyan University, ¢/o Alumni Office, Wesleyan
University, Middletown, CT 06459. Email: amanda.kyne@gmail.com. Her interests combine photography with
environmental conservation advocacy.

KIM DIVER is a Visiting Assistant Professor in the Department of Earth and Environmental Sciences, Wesleyan
University, Middletown, CT 06459. Email: kdiver@wesleyan.edu. Her research interests include island biogeog-
raphy, conservation of biological diversity in the context of global climate change, and environmental applica-
tions of geographic information systems.

Acknowledgements

The authors thank S. Silvern and two anonymous reviewers for constructive comments on
carlier drafts of this article.

References

Addicott, ET. 1968. Environmental factors in the physiology of abscission. Plant Physiology 43:
1471-1479.

Archetti, M. and S. Leather. 2005. A test of the coevolution theory of autumn colours: Colour
preference of Rhopalosiphum padi on Prunus padus. Oskos 110: 339-343.

Archetti, M. 2009. Phylogenetic analysis reveals a scattered distribution of autumn colors.
Annals of Botany 103: 703-713.

Archetti, M., T.F. Déoring, S.B. Hagen, N.M. Hughs, S.R. Leather, D.W. Lee, S. Lev-Yadun, Y.
Manetas, H.J. Ougham, P.G. Schaberg, and H. Thomas. 2008. Unravelling the evolution of
autumn colours: An interdisciplinary approach. Trends in Ecology and Evolution 24: 166-173.

48



Diver: Climate Change and Autumn Colors in New England’s Forests

Armstrong, G.A. and J.E. Hearst. 1996. Genetics and molecular biology of carotenoid pigment
biosynthesis. 7he FASEB Journal 10: 228-237.

Beckage, B., B. Osborne, D. Gavin, C. Pucko, T. Siccama, and T. Perkins. 2008. A rapid upward
shift of a forest ecotone during 40 years of warming in the Green Mountains of Vermont.
Proceedings of the National Academy of Sciences 105: 4197-4202.

Bloomfield, J. 1997. Global warming and New England’s White Mountains. Washington, D.C.:
Environmental Defense Fund.

Bonnicksen, T.M. 2000. America’s ancient forests: From the ice age to the age of discovery. New
York, NY: John Wiley & Sons, Inc.

Brown, L.H. 2002. Profile of the annual fall foliage tourist in Vermont: Travel year 2001. Vermont
Tourism Data Center and Vermont Department of Tourism and Marketing. http://www.
uvm.edu/~snrvtdc/publications/2001_Fall_Foliage_Report.pdf (last accessed 20 March
2012).

Burns, B., K. Decker, T. Greaves, T. Hanson, T. Simmons, and S. Wilmot. 2010. Forest insect
and disease conditions in Vermont 2010. Vermont Agency of Natural Resources Department
of Forests, Parks & Recreation. http://www.vtfpr.org/protection/documents/
Final2010ConditionReport.pdf (last accessed 21 March 2012).

Clatterbuck, W.K. 1999. Changing colors of leaves. University of Tennessee Agricultural
Extension Service SP529. https://utextension.tennessee.edu/publications/documents/
SP529.pdf (last accessed 16 January 2013).

Coder, K.D. 2008a. Pigment palette. Athens, GA: University of Georgia Warnell School of
Forestry and Natural Resources outreach monograph WSFNR08-34.

Coder, K.D. 2008b. Primer on autumn tree leaf colors. Athens, GA: University of Georgia
Warnell School of Forestry and Natural Resources outreach monograph WSFNR08-28.
Connecticut Department of Energy and Environmental Protection (CT DEEP). 2009. Facing
our future: Adapting to Connecticur’s changing climate. Hartford, CT: State of Connecticut
Department of Energy and Environmental Protection. http://www.ct.gov/deep/lib/deep/
air/climatechange/adaptation/090320facingourfuture.pdf (last accessed 16 January 2013).

Connecticut Department of Energy and Environmental Protection (CT DEEP). 2012a.

The Fall colors of some of Connecticut’s trees. http://www.ct.gov/deep/cwp/view.
asp?a=26978&q=322760&depNav_GID=1631 (last accessed 16 January 2013).

Connecticut Department of Energy and Environmental Protection (CT DEEP). 2012b. Why
leaves change color. http://www.ct.gov/deep/cwp/view.asp?a=2697&q=322756&depNav_
GID=1631 (last accessed 16 January 2013).

Dawson, ., D. Scott, and G. McBoyle. 2009. Climate change analogue analysis of ski tourism in
the northeastern USA. Climate Research 39: 1-9.

Delpierre, N., E. Dufréne, K. Sudani, E. Ulrich, S. Cecchini, J. Boé, and C. Francois. 2009.
Modelling interannual and spatial variability of leaf senescence for three deciduous tree
species in France. Agricultural and Forest Meteorology 149: 938-948.

Douglas, E.M. and C.A. Fairbank. 2011. Is precipitation in northern New England becoming
more extreme? Statistical analysis of extreme rainfall in Massachusetts, New Hampshire, and
Maine and updated estimates of the 100-year storm. Journal of Hydrologic Engineering 16:
203-217.

49



The Northeastern Geographer Vol. 4 2012

Edelstein, A. 2010. Vermont ski season shaping up healthy. Vermont Business Magazine 15
March. http://www.vermontbiz.com/article/march/vermont-ski-season-shaping-healthy
(last accessed 12 March 2012).

Escudero, A. and J. M. del Arco. 1987. Ecological significance of the phenology of leaf
abscission. Okos 49: 11-14.

Estrin, N.B. and C.W. Johnson. 2002. Iz season: A natural history of the New England year.
Hanover, NH: University Press of New England.

Feild, T.S., D.W. Lee, and N.M. Holbrok. 2001. Why leaves turn red in autumn: The role of
anthocyanins in senescing leaves of red-osier dogwood. Plant Physiology 127: 566-574.

Frumhoff, P.C., J.J. McCarthy, ].M. Melillo, S.C. Moser, and D.J. Wuebbles. 2007. Confronting
climate change in the U.S. Northeast: Science, impacts, and solutions. Synthesis report of the
Northeast Climate Impacts Assessment (NECILA). Cambridge, MA: Union of Concerned
Scientists Publications.

Graham, R. 2011. The fading of fall: Why the bright red leaves of New England are in danger.
Slate, 24 October. http://www.slate.com/articles/life/culturebox/2011/10/new_england_
fall_foliage_why_bright_red_leaves_are_in_danger_.html (last accessed 16 January 2013).

Gram, D. 2007. Climate change blamed for fading foliage. USA Today, 20 October. htep://
www.usatoday.com/news/nation/2007-10-20-437494513_x.htm# (last accessed 16 January
2013).

Harvard Forest. 2011. Landscape history of central New England. Harvard University. htep://
harvardforest.fas.harvard.edu/diorama-series/landscape-history-central-new-england (last
accessed 16 January 2013).

Hayhoe, K., C.P. Wake, T.G. Huntington, L. Luo, M.D. Schwartz, J. Shefhield, E. Wood, B.
Anderson, J. Bradbury, A. DeGacetano, TJ. Troy, and D. Wolfe. 2007. Past and future
changes in climate and hydrological indicators in the U.S. Northeast. Climate Dynamics 28:
381-407.

Hoch, W.A., E.L. Zeldin, and B.H. McCown. 2001. Physiological significance of anthocyanins
during autumnal leaf senescence. Tree Physiology 21: 1-8.

Holker, F., C. Wolter, E.K. Perkin, and K. Tockner. 2010. Light pollution as a biodiversity
threat. Trends in Ecology and Evolution 25(12): 681-682.

Huntington, T.G., A.D. Richardson, K.J. McGuire, and K. Hayhoe. 2009. Climate and
hydrological changes in the northeastern United States: Recent trends and implications
for forested and aquatic ecosystems. Canadian Journal of Forest Research 39: 199-212.

Ibdnez, I, R.B. Primack, J. Miller-Rushing, E. Ellwood, H. Higuchi, S.D. Lee, H. Kobori, and
J.A. Silander. 2010. Forecasting phenology under global warming. Philosophical Transactions
of the Royal Society 365: 3247-3260.

Iverson, L.S. and A.M. Presad. 2001. Potential changes in tree species richness and forest
community types following climate change. Ecosystemns 4: 186-199.

Johnson, K.M. 2008. The Changing faces of New England: Increasing spatial and racial diversizy.
Durham, NH: Carsey Institute.

50



Diver: Climate Change and Autumn Colors in New England’s Forests

Kane, B. 2010. Foliage commerce: Fall foliage season to start early, possibly last longer. Hartford
Business Journal, 20 September. http://www.hartfordbusiness.com/news14812.heml (last
accessed 16 January 2013).

Keskitalo, J., G. Bergquist, P. Gardestrom, and S. Jansson. 2005. A cellular timetable of autumn
senescence. Plant Physiology 139: 1635-1648.

Koike, T. 2004. Autumn coloration, carbon acquisition and leaf senescence. In Plant cell death
processes, ed. L. D. Noodén, 245-258. San Diego, CA: Academic Press.

Kubiske, M.E., V.S. Quinn, W.E. Heilman, E.P. McDonald, P.E. Marquardt, R.M. Teclaw, A.L.
Friend, and D.E. Karnosky. 2006. Interannual climatic variation mediates elevated CO, and
O, effects on forest growth. Global Change Biology 12(6): 1054-1068.

Lee, DW., J. O’Keefe, N.M. Holbrook, and T.S. Feild. 2003. Pigment dynamic and autumn leaf
senescence in a New England deciduous forest, eastern USA. Ecological Research 18:
677-694.

Lev-Yadun, S. and K.S. Gould. 2007. What do red and yellow autumn leaves signal? 7he
Botanical Review 73: 279-289.

Lindroth, R. L. 2010. Impacts of elevated atmospheric CO, and O, on forests: Phytochemistry,
trophic interactions, and ecosystem dynamics. Journal of Chemical Ecology 36: 2-21.

Matsumoto, K., T. Ohta, M. Irasawa, and T. Nakamura. 2003. Climate change and extension of
the growing season in Japan. Global Change Biology 9: 1634-1642.

Matzke, E.B. 1936. The effect of street lights in delaying leaf-fall in certain trees. American
Journal of Botany 23: 446-452.

Morin, X., D. Viner, and I. Chuine. 2008. Tree species range shifts at a continental scale: New
predictive insights from a process-based model. Journal of Ecology 96: 784-794.

Morin, X., M.J. Lechowicz, C. Augspurger, J. O’Keef, D. Viner, and I. Chuine. 2009. Leaf
phenology in 22 North American tree species during the 21st century. Global Change
Biology 15: 961-975.

New Hampshire Department of Environmental Services (NHDES). 2008. Global climate
change and its impact on New Hampshire’s fall foliage and maple sugar industry. Environmental
Fact Sheet ARD-25, DES Air Resources Division. http://des.nh.gov/organization/
commissioner/pip/factsheets/ard/documents/ard-25.pdf (last accessed 16 January 2013).

Norby, R J., J.S. Hartz-Rubin, and M.J. Verbrugge. 2003. Phenological responses in maple to
experimental atmospheric warming and CO, enrichment. Global Change Biology 9:
1792-1801.

Nowack, D.J. and J.T. Walton. 2005. Projected urban growth (2000 — 2050) and its estimated
impact on the US. forest resource. Journal of Forestry 103: 383-389.

Ollinger, S.V., C.L. Goodale, K. Hayhoe, and ].P. Jenkins. 2007. Potential effects of climate
change and rising CO, on ecosystem processes in northeastern U.S. forests. Mitigation and
Adaptation Strategies for Global Change 13: 467-485.

Padgett, T. 2010. Florida hopes for best but braces for oil spill. T7me Magazine 20 May. http://
www.time.com/time/health/article/0,8599,1990589,00.heml (last accessed 16 January
2013).

51



The Northeastern Geographer Vol. 4 2012

Ramirez, C.C., B. Lavandero, and M. Archetti. 2008. Coevolution and the adaptive value of
autumn tree colours: Colour preference and growth rates of a southern beech aphid. Journal
of Evolutionary Biology 21: 49-56.

Richardson, A.D., A.S. Bailey, E.G. Denny, CW. Martin, and J. O’Keefe. 2006. Phenology of a
northern hardwood forest canopy. Global Change Biology 12: 1174-1188.

Root, T.L.,, J.T. Price, K.R. Hall, S.H. Schneider, C. Rosenzweig, and J.A. Pounds. 2003.
Fingerprints of global warming on wild animals and plants. Nazure 421: 57-60.

Rustad, L., . Campbell, R. Cox, J. Dukes, T.G. Huntington, A. Magill, A. Richardson, J.
Mohan, J. Pontius, N.L. Rodenhouse, and M.R. Watson. 2009. NE Forests 2100: A synthesis
of climate change impacts on forests of the Northeastern U.S. and Eastern Canada.
Canadian Journal of Forest Research 39: iii-iv.

Salzman, A. 2005. Fading foliage. 7he New York Times, 16 October. http://query.nytimes.com/
gst/fullpage. html?res=9803E3D6143FF935A25753C1A9639C8B63& pagewanted=all
(last accessed 16 January 2013).

Schaberg, P.G., A.K. van den Berg, P.F. Murakami, J.B. Shane, and J.R. Donnelly. 2003. Factors
influencing red expression in autumn foliage of sugar maple trees. Tree Physiology 23:
325-333.

Shuman B., P. Newby, Y.S. Huang, and T. Webb III. 2004. Evidence for the close climatic con-
trol of New England vegetation history. Ecology 85: 1297-1310.

Sharp, D. 2011. Will climate change lead to later fall foliage? USA Today 14 October. hetp://
travel.usatoday.com/news/story/2011-10-16/Will-climate-change-lead-to-later-fall-
foliage/50775258/1 (last accessed 16 January 2013).

Skinner, C.B., AT. DeGaetano, and B.F. Chabot. Implications of twenty-first century climate
change on Northeastern United States maple syrup production: Impacts and adaptations.
Climatic Change 100: 685-702.

Spanger-Siegfried, E., ed. 2006. Climate change in the U.S. Northeast. A report of the Northeast
Climate Impacts Assessment. Cambridge, MA: Union of Concerned Scientists Publications.

Stein, S.M., R.E. McRoberts, R J. Alig, M.D. Nelson, D.M. Theobald, M. Eley, M. Dechter, and
M. Carr. 2005. Forests on the edge: Housing development on America’s private forests. General
Technical Report PNW-GTR-636. Portland, OR: U.S. Department of Agriculture, Forest
Service, Pacific Northwest Research Station.

The Foliage Network. 2013. The Foliage Network: The source for accurate foliage information.
hetp://www.foliagenetwork.com (last accessed 16 January 2013).

Tang, G., B. Beckage, and B. Smith. 2012. The potential transient dynamics of forests in New
England under historical and projected future climate change. Climatic Change 114(2):
357-377.

U.S. Department of Agriculture (USDA) Forest Service. 2007. New England Insect and Disease
Risk Map. National Forest Health Monitoring website. http://thm.fs.fed.us/sp/na_risk-
maps/new_england/ne_rm.sheml (last accessed 16 January 2013).

U.S. Department of Agriculture (USDA) Forest Service. 2011a. USDA Forest Service launches
expanded Fall Colors 2011 website. USDA Forest Service Release No. 1134. hetp://www.
fs.fed.us/news/2011/releases/09/fall-colors.shtml (last accessed 16 January 2013).

52



Diver: Climate Change and Autumn Colors in New England’s Forests

U.S. Department of Agriculture (USDA) Forest Service. 2011b. Why Leaves Change Color.
Northeastern Area website. htep://www.na.fs.fed.us/thp/pubs/leaves/leaves.shtm (last
accessed 16 January 2013).

van den Berg, A.K., T.C. Vogelmann, and T.D. Perkins. 2009. Anthocyanin influence on light
absorption within juvenile and senescing sugar maple leaves — do anthocyanins function as
photoprotective visible light screens? Functional Plant Biology 36(4): 793-800.

Wilmot, S. 2011. Climate Change and Vermont's Forests. Vermont Agency of Natural Resources
Climate Change Adaptation White Paper Series. http://www.anr.state.vt.us/anr/
climatechange/Pubs/VTCCAdaptForestry.pdf (last accessed 16 January 2013).

Yahner, R. 1995. Eastern deciduous forest: Ecology and wildlife conservation, 2nd ed. Minneapolis,
MN: University of Minnesota Press.

Wolfe, D.W., M.D. Schwartz, A.N. Lakso, Y. Otsuki, R.M. Pool, and N.J. Shaulis. 2005.
Climate change and shifts in spring phenology of three horticultural woody perennials in
the northeastern United States. International Journal of Biometeorology 49: 303-309.

Zhang, X., M.D. Goldberg, and Y. Yu. 2012. Prototype for monitoring and forecasting fall
foliage coloration in real time from satellite data. Agricultural and Forest Meteorology 158:
21-29.

Zhou, L., C.J. Tucker, R.K. Kaufmann, D. Slayback, N.V. Shabanov, and R.B. Myneni. 2001.
Variations in northern vegetation activity inferred from satellite data of vegetation index
during 1981 to 1999. Journal of Geophysical Research 106: 20069-20083.

53



