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REVIEW / SYNTHESE

Composition and carbon dynamics of forests in
northeastern North America in a future, warmer
world1

Jacqueline E. Mohan, Roger M. Cox, and Louis R. Iverson

Abstract: Increasing temperatures, precipitation extremes, and other anthropogenic influences (pollutant deposition, in
creasing carbon dioxide) will influence future forest composition and productivity in the northeastern United States and
eastern Canada. This synthesis of empirical and modeling studies includes tree DNA evidence suggesting tree migrations
since the last glaciation were much slower, at least under postglacial conditions, than is needed to keep up with current and
future climate warming. Exceedances of US and Canadian ozone air quality standards are apparent and offset C02-induced
gains in biomass and predispose trees to other stresses. The deposition of nitrogen and sulfate in the northeastern United
States changes forest nutrient availability and retention, reduces reproductive success and frost hardiness, causes physical
damage to leaf surfaces, and alters performance of forest pests and diseases. These interacting stresses may increase future
tree declines and ecosystem disturbances during transition to a warmer climate. Recent modeling work predicts warmer cli
mates will increase suitable habitat (not necessarily actual distribution) for most tree species in the northeastern United
States. Species whose habitat is declining in the northeastern United States currently occur in Canadian forests and may ex
pand northward with warming. Paleoecological studies suggest local factors may interact with, even overwhelm, climatic
effects, causing lags and thresholds leading to sudden large shifts in vegetation.

Resume: L'augmentation des temperatures, les extremes de precipitation et d'autres facteurs anthropogeniques (les depots
d'agents polluants, l'augmentation du dioxyde de carbone) influenceront la composition et la productivite future des forets
du nord-est des Etats-Unis et de l'est du Canada. Cette synthese d'etudes empiriques et de modelisation inclut des preuves
basees sur I' ADN des arbres qui indiquent que les migrations d'arbres depuis la derniere glaciation ont ete beaucoup plus
lentes, du moins dans les conditions qui ont suivi la glaciation, qu'elles devraient l'etre pour suivre le rythme du re
chauffement actuel et futur du climat. Les depassements des normes de qualite de l'air des Etats-Unis et du Canada pour
l'ozone sont apparents; ils annulent les gains de biomasse dus au C02- et predisposent les arbres a d'autres stress. Les de
pots d'azote et de sulfates dans le nord-est modifient la disponibilite et la retention des nutriments dans les forets, redui
sent le succes de reproduction et la resistance au gel, causent des dommages physiques a la surface des feuilles et
modifient la performance des organismes nuisibles et des maladies des arbres. Ces stress qui interagissent les uns avec les
autres pourraient accentuer le deperissement des arbres et la perturbation des ecosystemes durant la periode de transition
vers un climat plus chaud. Des travaux recents de modelisation predisent que des conditions climatiques plus chaudes aug
menteront les habitats (pas necessairernent l'aire de repartition actuelle) qui conviennent ala plupart des especes d'arbres
dans le nord-est des Etats-Unis. Des especes dont l'habitat est en declin aux Etats-Unis sont presentes dans les forets cana
diennes aujourd'hui et pourraient s'etendre vers le nord avec le rechauffement. Des etudes paleoecologiques indiquent que
des facteurs locaux pourraient interagir avec les effets du climat, voir meme les eclipser, causant des decalages et des
seuils entrainant des changements soudains et importants dans la vegetation.
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Introduction
Climate change will restructure forests of northeastern

North America over the coming century, although the details
of this restructuring remain uncertain. This paper synthesizes
recent empirical and modeling work to give scientists, man
agers, and policy makers a sense of how forests of the region
may look and function over the next century, and to high
light areas requiring future research efforts. For the purpose
of this synthesis, we define the region as the New England
states and the state of New York in the United States and
New Brunswick, Nova Scotia, Prince Edward Island, and
the southern portions of Quebec and Ontario in Canada. In
this paper we examine potential changes in forest composi
tion and carbon acquisition in the absence of human inter
vention (facilitated migration, silvicultural practices, fire
suppression, etc.). We examine the response of forest recruit
ment and migration to climate change, and consider the ef
fects of increasing atmospheric carbon dioxide (C02) and of
nonclimatic factors of global change, such as tropospheric
ozone (03), nitrogen (N) deposition, and sulfate (S04) depo
sition, as well as interactions of these factors with climate,
on forest vegetation and ecosystems. We then cover work on
current and historical declines in hardwood and softwood
species in northeastern forests and present results from re
cent modeling work on the future distribution of suitable
habitat for trees and forest types in the United States. We
consider empirical evidence, both paleoecological and cur
rent, of climate change impacts on forest composition and
carbon acquisition. We conclude with a section on future re
search and implications to address future research challenges
and possible unexpected consequences of global change for
northeastern forest ecosystems. Refining abilities to forecast
future forest composition, distribution, and productivity is a
critical goal for improving ecological understanding as well
as economic and policy decision making.

Global change impacts on forest
reproduction, recruitment, and migration

The mid- and long-term composition of northeastern for
ests will be profoundly influenced by climate change impacts
on tree reproduction and establishment success, and by the
migration potential of eastern tree species. Climate change
may perturb the connection between the timing of tree repro
ductive events (flowering times, pollen availability, and seed
development) and the availability of necessary faunal agents.
The animals that pollinate and disperse the seeds of many
plants may themselves respond independently to climate
change, resulting in a "decoupling" of the plant-animal polli
nation and dispersal systems (Bethke and Nudds 1995; Visser
et al. 1998; Dunn and Winkler 1999; Vellend et al. 2006).
Other work implicates extreme winter storms in reducing
populations of passerine bird species and causing contractions
away from range edges (Mehlman 1997). In Mehlman's
(1997) study extreme weather not only reduced total avian
abundance, but did so particularly in the northern portions of
the range that will be most crucial for future seed dispersal
and poleward migration by plants. Reductions in winter
snowpack may delay or reduce plant reproductive efforts,
which, in turn, may diminish future abundance of animal pol
linators and seed dispersers (Inouye and McGuire 1991).
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How physiological impacts of future atmospheric chemis
try will influence seed quality and quantity, and interact
with climate change, is uncertain. Seed production has been
observed to increase (Farnsworth and Bazzaz 1995; Thomas
et al. 1999; LaDeau and Clark 2001, 2006) or decrease
(Farnsworth and Bazzaz 1995; Fischer et al. 1997; Thomas
et al. 1999), and to occur earlier (Farnsworth et al. 1996)
under elevated atmospheric CO2, Mohan et al. (2004) found
that red maple (Acer rubrum) seeds exhibited increasing
germination probabilities with increasing atmospheric CO2
concentrations. This effect may result from interactions with
ethylene, a C-based plant hormone that stimulates germina
tion. Other studies have found that seeds from parental plants
reared in elevated CO2 may have higher C:N ratios and de
velop into smaller, slower-growing seedlings (Huxman et al.
1998; Ward et al. 2000). Reproductive impacts of increased
N deposition are equivocal: plant fecundity may increase or
remain unchanged as a result of increased N availability
(Gordon et al. 1999; Callahan et al. 2008). Bergweiler and
Manning (1999) found that, even when 0 3 levels caused only
nominal damage in vegetative tissue, flower production and
reproductive success were significantly reduced.

How fast must species migrate to keep up with their re
spective "climatic envelopes" (i.e., the range of climatic
variables describing the current distribution of a species)?
Many eastern North American trees will have to migrate or
expand their ranges as fast as 3000-5000 m-year! to track
predicted climate change over this century (Petit et al.
2008). Yet the likelihood of such rates actually occurring in
nature is low. Although early-Holocene conditions following
the last glaciation differed from those of today (i.e., glacial
retreat uncovered rocky substrates that would be different
from the relatively developed soils of today and generally
lower in nutrients and moisture retention; there were no
areas of human development to impede migration), paleoe
cological studies can provide insights into past migration by
eastern tree species in response to climate warming (Petit et
al. 2008). Some empirical studies using fossil pollen data do
suggest the possibility of relatively rapid migration, with
rates of 100-1000 myear! during the late Quaternary - early
Holocene with the melting of the Laurentide ice sheet in
eastern North America (Davis 1981; Delcourt and Delcourt
1987; MacDonald et al. 1993). These studies generally em
ploy the concept of a Pleistocene refugia located in the
southern United States that provided source populations for
Holocene recolonization of northeastern United States and
eastern Canada (Davis 1981; Delcourt and Delcourt 1987).
But others studies cast doubt on the potential for rapid migra
tion by most species. Dyer (1995) modeled early-Holocene
migration rates using pollen data and found that the fastest
rate of migration was only 136 m-year! for one animal
dispersed species, whereas all other species had much
lower rates. Recent molecular work using chloroplast DNA
suggests late-Quaternary migration rates in North America
were much less than 100 m-year" (McLachlan et al. 2005;
Anderson et al. 2006). Migration rates for plant popula
tions are largely governed by extremely rare long-distance
seed dispersal events (LDD; Clark 1998; Clark et al. 1999;
Schwartz et al. 2001), which may not be frequent enough to
instigate timely, rapid migration for most species. Further
more, successful colonization following LDD is typically
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limited by subsequent germination, seedling establishment,
and survival (Clark et al. 1999; Ibanez et al. 2007; Mohan
et al. 2007). Molecular work also suggests that, rather than
migrating from coastal refugia in the southern United
States, some eastern tree species existed at the end of the
Pleistocene in cryptic, very small, or low-density populations
(McLachlan et al. 2005; Petit et al. 2008) with too few indi
viduals to leave clear pollen evidence (Stewart and Lister
2001) near the edge of the Laurentide ice sheet. This sug
gests that early-Holocene migration rates of eastern trees
were actually much less than the 3000-5000 m-year! rates
required to keep up with current and future climate change.
These slower migration rates are also consistent with ob
served and modeled rate estimates based on life-history traits
and seed dispersal data (Reid 1899; Clark 1998; Clark et al.
1998, 2003, 2004).

Nonclimatic factors affecting species
composition and carbon gain and their
interaction with climate

The reality of industrial development and urbanization is
the regional concentration of air pollutants and the long
distance transport to downwind receptor ecosystems. The
deposition of both acidifying N and sulfur (S) compounds,
as well as 0 3 and CO2 exposure from industrial and mo
bile sources, can change productivity and competitive rela
tions between species and how they respond to climate.

Ozone trends over forested regions and its effects
0 3 is considered the most pervasive of air pollutants

(Fowler et al. 1999) and an important greenhouse gas
(Rawaswamy et al. 2001), requiring newly established air
quality metric and standards for the United States and
Canada. When mapped, this metric shows that a substantial
area of forested land in northeastern North America is ex
posed to levels in excess of the new Canada-wide Standard
of 65 ppm (Canadian Council of Ministers of the Environ
ment 2000) and the current US Environmental Protection
Agency primary National Ambient Air Quality Standard of
80 ppb (Percy et al. 2007). Background levels over the mid
latitudes have increased by 0.5%-2% per year (Vingarzan
2004), in part as a result of the historic increases in emis
sions of oxides of N and volatile organic C compounds
(VOC), which are precursors in the photochemical produc
tion of 0 3 in the northern hemisphere (Finlayson-Pitts and
Pitts 2000). Increases in temperatures due to climate change
are likely to increase tropospheric 0 3 production, i.e., by in
creasing VOC production by plants.

Ozone effects
Needle blights of eastern white pine (Pinus strobus) have

been reported since the turn of the twentieth century (Clinton
1907; Faull 1920). Later this injury was linked to 0 3 expo
sure by Linzon (1967) and Berry and Ripperton (1963). Sen
sitive phenotypes of this species developed foliage symptoms
after fumigation of 30 ppb 0 3 for 48 h (Costonis and Sinclair
1969; Linzon 1973; Blanchard et al. 1979), indicating that
the resource is threatened and that sensitive phenotypes may
disappear by 2020 (Bennett et al. 1986). Moreover, the ef-
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fects of 0 3 exposure are augmented in the presence of sulfur
dioxide (S02) (Dochinger et al. 1970).

Chappelka and Samuelson (1998) and Laurence and
Andersen (2003) concluded that 0 3 symptom expression
was much influenced by endogenous and exogenous factors.
They also concluded that compensatory processes (C parti
tioning and allocation) that change the deployment of plant
resources to aboveground tissues under 0 3 exposure might
reduce root growth with its implications for tree water and
nutrient acquisition in a warmer climate. Using free-air C
enrichment technology, Karnosky et al. (2003, 2007) estab
lished that the negative effects of 0 3 offset production gains
due to CO2 enrichment, reduced competitive N acquisition
by birch roots, and changed competitive abilities among var
ious aspen clones (Zak et al. 2007).

Abundant empirical evidence indicates that 0 3 exposure
reduces stomatal control of transpiration and in larger trees
leads to greater stomatal apertures, increased transpiration,
and delayed stomatal closure at nightfall, leading to de
creased water-use efficiency (McLaughlin et al. 2(07).
Slowdowns in seasonal tree growth patterns in the southern
Appalachians by 30%-50% were attributed, in part, to 03
induced poor water-use efficiency (McLaughlin et al. 2007).
The effect of 0 3 will offset expected gains in forest water
use efficiency with increased CO2 and is likely to increase
water stress (Hsiao et al. 1976) in a warmer climate with
more droughts (Hanson and Weltzin 2(00). Ollinger et al.
(2002) have suggested that the effects of 0 3 and forest dis
turbance on tree growth could offset expected growth gains
induced by N deposition and enriched CO2 in northeastern
forests; these authors also proposed that novel atmospheric
effects may have very different long-term implications.

Indirect effects of 0 3 on forest production and forest com
munity structure may also occur as a result of Oj-induced
changes in the quantity and chemistry of plant tissues, and
these changes may moderate the responses of temperate
hardwood forests to elevated CO2 (Karnosky et al. 2(03).

0 3 exposure is also known to change secondary plant me
tabolism in leaves of eastern white pine (Shadkami et al.
2007), sugar maple (Acer saccharum) (Sager et al. 2(05),
and European silver birch (Betula pendula) (Saleem et al.
2001), as well as the quality and quantity of biogenic vola
tile organic compounds (Pare and Tumlinson 1999). These
changes in leaf chemical composition and volatile emissions
may change nutritional value and attractiveness to herbi
vores and may contribute to plant defense mechanisms, alter
forest pest performance (Percy et al. 2002), and change be
havior of the natural enemies of plant herbivores (Pinto et
al. 2007). These complex interactions need to be better
understood in the light of increased stress caused by inva
sive insects as climate warms.

Acid deposition
The continued anthropogenic acid deposition and deple

tion of soil calcium (Ca) with an increase in soil aluminum:
calcium ratios in sugar maple stands, and associated foliar
imbalances of these elements, have been linked to growth
and health reduction of this species in Vermont and Quebec
(Duchesne et al. 2002; Schaberg et al. 2(06). An additional
stress in these sugar maple stands is the reduction in depth
and duration of insulating snow cover that accompanies a
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warmer climate. When these changes in snow cover reduce
soil freezing, pronounced acidification of the soil solution
driven by nitrification occurs. Increased acid leaching of Ca
and magnesium (Mg) would enhance the already low soil Ca
status in high-acid deposition sites.

Acid cloud-fog deposition is a common feature of high
elevation and coastal red spruce (Picea rubens) habitat
(Schemenauer 1986; Cox et al. 1989; Jagels et al. 2002).
There is strong evidence that interception of this often
highly acidic aerosol by red spruce foliage increases the
risk of freezing injury by reducing frost hardiness of cur
rent-year needles by anywhere from 5 to 12°C (reviewed by
Schaberg and DeHayes (2000), and see "Declines" section
below). Interception of acidic marine fogs with pH values as
low as 3.0 has been documented in coastal red spruce and
mountain paper birch (Betula cordifoliai stands adjacent to
the Bay of Fundy in New Brunswick and Nova Scotia,
and has been linked to episodes of birch foliar browning
and early leaf loss due to leaf cuticular erosion followed
by invasion by the leaf fungus Septaria betulae (Cox et al.
1989, 1996; Kouterick et al. 2001). This periodic defoliation
of coastal birches exacerbates their deteriorating condition
caused by warmer winters (Bourque et al. 2005, and see
the "Decline" section).

Nitrogen deposition
Computations have indicated that 10.1% of the global

natural terrestrial ecosystems is exposed to N deposition
above the critical load of 1 g·m-2·yearl , and this area will
increase to 25% by 2030 under the Intergovernmental Panel
on Climate Change's Special Report on Emissions Scenarios
A2 scenario of emission reductions (Dentener et al. 2006).
Modeling ecosystem responses to increased CO2 and N dep
osition indicated that the increase in productivity doubles
compared with that occurring under a CO2 increase alone,
and that the terrestrial C sink, due to CO2 fertilization and N
deposition, accounts for 0.2 Pmol-year' of C (Lloyd 1999).

Although N deposition is certainly altering the N status of
northeastern forests (Aber et al. 2003), the impacts of anthro
pogenic N deposition for forest productivity are unclear.
Studies indicate that in the last century 0.1-2.3 Pg-year-' of
C may be stored as a result of anthropogenic increases in N
deposition, mostly on northern continents in aggrading for
ests, and may help balance global C losses to the atmosphere
prior to potential future soil N saturation (Peterson and
Melillo 1985; Schindler and Bayley 1993; Townsend et al.
1996).

However, Nadelhoffer et al. (1999) used N15 tracer stud
ies to conclude N deposition played a minor role in temper
ate forest carbon sequestration, with most of the N15 tracer
ending up in soils (with low C:N ratios), not tree biomass
(with high C:N ratios). Caspersen et al. (2000) found that
land-use history accounts for the postagricultural carbon ac
cumulation in eastern US forests, not CO2 fertilization or N
deposition.

Some negative aspects of excess N deposition include de
creased resistance to summer drought-induced xylem cavita
tion in hybrid poplars, which may compromise growth in
plantations on dry sites (Harvey and van den Driessche
1997), and increased winter xylem cavitation, caused by a
freeze-thaw cycle, in yellow birch (Betula alleghaniensis)
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saplings (Zhu et al. 2001). Production may be further compro
mised in these species by greater seasonality in precipitation
patterns and increased winter thaws under climate change.

Carbon dioxide
CO2 concentrations in the earth's atmosphere have fluctu

ated widely over geological and paleoecological time scales
(Petit et al. 1999). During each of the Pleistocene glacial
stages, levels dropped to below 200 flL·L-1 and rose again
during subsequent interglacial events. Owing to fossil fuel
emissions and land-use change, the current concentration of
'" 380 ul.L-1 is expected to increase to 580 flL·L-1 by the
middle of this century, representing the highest CO2 level in
the past 650 000 years (Jansen et al. 2007; ice core data) or
even 15 million years (Pearson and Palmer 2000; fossil leaf
data). The current rate of increase has never before been ex
perienced by earth's vegetation (Schlesinger 1997). Under
standing how forests respond to rising CO2 concentrations
is critical for predicting future forest composition, diversity,
and productivity. Forests dominated by productive early
successional trees are typically net C sinks (Barford et al.
2001; Deckmyn et al. 2004). Such forests exhibit maximum
rates of net ecosystem productivity, representing sequestered
C (Ryan et al. 1997, 2004; Bonan 2008). Forests of the east
ern United States, in particular, are accumulating biomass as
they recover from nineteenth- and twentieth-century land
clearance (Delcourt and Harris 1980; Dixon et al. 1994;
Foster et al. 2004), and C sequestration by such forests is
an important component of the global C and climate cycles
(Ciais et al. 1995; Bonan 2008).

Although a few glasshouse and chamber studies suggest that
productive early-successional species preferentially benefit
from increased atmospheric CO2 (Brown and Higginbotham
1986; Hoddinott and Scott 1996; Hattenschwiler and Korner
1996), most such work finds later-successional shade-tolerant
species to be favored by elevated CO2 (Bazzaz and Miao
1993; Kubiske and Pregitzer 1996; Hattenschwiler and
Korner 2000; Kerstiens 2001, 1998). A successional study
done in an intact forest setting concluded that shade-tolerant
species were at a clear advantage over intolerant competi
tors when grown at elevated CO2 (Mohan et al. 2007). The
species that benefited the most from elevated CO2 in this
study were southern sugar maple (Acer barbatum), winged
elm (Ulmus alata), red maple, and black cherry (Prunus
serotinai. Predicting species-specific responses is further
complicated by the large degree of within-species genetic
variation in response to CO2 (Curtis et al. 1994; Wang et
al. 2000; Ward et al. 2000; Mohan et al. 2004).

Declines and dieback in northern tree
species in relation to changes in the physical
and chemical climate

What is a tree decline? This major type of forest disturb
ance is often described as a decline disease, involving pro
gressive deteriorating of tree condition derived by complex
responses to multiple stresses. This disease can involve
background factors that predispose or weaken the tree, mak
ing it more vulnerable to an inciting or severe acute stress
event that leads to attack by secondary organisms (contribu
ting stress) that would normally be resisted. This etiology of
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Fig. 1. Overlay of projected biologically significant refreeze areas (dark red) and documented birch dieback (after Braathe 1995) for 1930
1960 (enclosed by light gray line). The proportion of the birch range (colored area) covered by the calculated refreeze area is 43.1%, and
the documented birch dieback area is 37.2%. The calculated refreeze area is -. 1.2 times larger than the documented birch dieback area.
(After Bourque et al. 2005, Glob. Change BioI., Vol. II , pp. 1477- 1492, © 2005 Blackwell Publishing Ltd., Reproduced by permission of
John Wiley & Sons Ltd.)

decline has been elegantly described by forest pathologi sts
(Houston 1981; Manion 1981), and tree decline is consid
ered a major category of plant diseases. This paradigm helps
to elucidate the forms of stress, temporally and spatially,
whereas knowledge of the ecology , biophysical propertie s,
and physiology may resolve some key adaptive limits of a
particular tree species.

Hardwood declines

Birch decline
Widespread dieback and decline of birches (yellow birch

and white birch (Betula papyriferai ) have been a major prob
lem in eastern North America (history reviewed by Millers et
al. 1989; Braathe 1995; Bourque et al. 2005). Since first re
ported by Balch (1944), severe birch dieback has been noted
from the Maritimes region (Pomerleau 1953) to eastern
Ontario (Sinclair 1952; Walker et al. 1990). Birch decline
led to a 19% loss of the 368 x 106 m3 growing stock of yel
low birch in North America (Ward and Stephens 1997). Fol
lowing up on suggestions (Pomerleau 1953; Auclair 1987;
Braathe 1995) that winter climate may be involved , the
work of Cox and Malcolm (1997) and Cox and Zhu (2003)
indicated that various aspects of the biophysic s and physio
logical responses of northern birches to extended winter
thaws may play an important role in their decline. Using the
climate records over the yellow birch range and knowledge
of potentially damaging thaw-freeze events , Bourque et al.
(2005) projected areas of birch decline and overlaid these
projections on maps of observed 1930-1960 declines (pre
pared by Auclair 1987; Braathe 1995; Auclair et al. 1997).
The projected and observed areas demonstrated similar geo
graphic patterns (Fig. 1). This finding supports the impor
tance of extended thaws in the health of northern birches
and has negative implications for these population s, as cli
mate and winter temperatures continue to warm.

Maple decline
Widespread decline episodes in sugar maple have been re

corded as far back as 1912-1913, with 26 episodes recorded
up to 1986. Millers et al. (1989) attributed decline episodes

to many causes, including some climatic factors (root freezing
during midwinter thaws) and various contributing stresses
from insects and diseases. More recently , prolonged thaw
freeze events have again been implicated in declines in sugar
maple. The effects of these events have increased fine-root
mortality (Bertrand et al. 1994; Decker et al. 2003), changed
soil acidity and nutrient availability (Fitzhugh et al. 2003),
and reduced xylem conductivity and sapflow (Bertrand et
al. 1994). The above findings point to increased disturb
ance in this species as climate warms.

Oak decline
At the beginning of the twentieth century , large areas of

oak (Quercus spp.) mortality were noted in New England
and the Appalachian Mountain s and were followed by de
clines in red oak (Quercus rubra ) and white oak (Quercus
alba) during the 1920s in North Carolina and Virginia. In
1925, 3 million board feet of white oak were lost in a single
county of Virginia. Drought was again implicated (Millers et
al. 1989). In the 1930s an episode of large-scale oak mortal
ity in Pennsylvania was attributed to drought and insect at
tack. Drought stresses have been reported as initiating the
decline in oaks both in the southeastern and in the northeast
ern United States, whereas other abiotic stresses such as frost
and ice storms have been implicated locally , but with secon
dary pathogens often killing the trees. The implication of
drought as an inciting factor in oak declines would put cer
tain species (see Millers et al. 1989) at risk with the increased
seasonality of rainfall projected under a warmer climate.

Ash decline
White ash (Fraxinus americana) dieback has been noted in

the northeastern United States and eastern Canada (Quebec)
since the 1920s. By the 1940s ash dieback had become in
creasingly severe in New York and New England. By the
1960s a New York census showed 31% of ash trees were
dying , with 6% already dead. By 1963 a survey of New
Hampshire, Vermont , Massachusetts, Connecticut, New
Jersey, and Pennsylvania ashes found 27.2% of the trees were
dying, with 8.9% already dead. Climate factors, especially
drought and also freezing damage , have been implicated as
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inciting factors (Millers et al. 1989), and several biotic
agents have been found to act as primary or contributory fac
tors, including ash yellows, a phytoplasmal disease thought
to be implicated with aggravated drought susceptibility. As
drought is especially associated with the dieback of ash, this
species is likely to respond negatively to increases in the fre
quency of extended droughts - a likely scenario with cli
mate change in the Northeast (Hayhoe et al. 2007).

Recently, an invasive Asian beetle, the emerald ash borer
(Agrilus planipennis), has emerged as a threat to ash trees in
the midwestern United States and Canada (Poland and
McCullough 2006). Already at the northern limits of white
ash, this beetles native presence in Asia indicates a tolerance
for current climatic conditions in North America, such that a
severe threat exists for all native ashes on the continent re
gardless of climate change.

Declines in softwoods

High-elevation and coastal red spruce
Widespread decline of red spruce was observed in the

northeastern United States from the 1960s through the 1980s
and has increased over the last few decades (Friedland et
al. 1984; Johnson 1992). Late-winter reddening and subse
quent abscission of current-year foliage are signs of this
winter injury, attributed to rapid freezing (DeHayes 1992;
Perkins and Adams 1995). Lazarus et al. (2004) documented
widespread winter injury to the current-year foliage of red
spruce in the northeastern United States (Vermont and sur
rounding states and the province of New Brunswick) in
late winter of 2003. In southern New Brunswick 90% of
all trees assessed showed winter injury, with an average of
46% loss of the current-year foliage, and in the worst
cases, 1- to 3-year-old trees had up to 32% bud mortality,
with all crown classes affected (Magasi and Hurley 1994;
Hurley and Harrison 1997). This new type of damage in
New Brunswick was more frequent and severe on the top
third of the crowns. The suggested cause was a unique
and perhaps complex weather anomaly, but the synergistic
effects of acidic deposition were not ruled out.

There is growing evidence that air pollution and changing
winter conditions have predisposed red spruce to winter dam
age at high elevations by reducing its cold hardiness, which
was originally only just sufficient for the winter habitat con
ditions in Vermont (Schaberg and DeHayes 2000), southern
New Hampshire, and Massachusetts. These are areas where
climatic factors such as repeated freeze-thaw events (Lund
and Livingstone 1998), rapid rates of thaw (Manter and
Livingstone 1996), and subsequent exposure to refreezing
conditions decreased the shoot cold tolerance. Reduced cold
tolerance is of concern under a warming climate, where var
iation in winter temperatures may increase as will the fre
quency and duration of winter thaws (Bourque et al. 2005).

Modeling results of climate change impacts
on potential suitable habitat for tree species
and forest type estimates and changes in
area of suitable habitat

We used forest inventory and analysis (FIA) data (Miles et
al. 2001) along with 38 environmental variables (including
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7 climate variables, 22 soil variables, 5 topographic variables,
and 4 land-use or fragmentation variables) to model the pri
mary environmental drivers to the importance values (cal
culated equally from basal area and number of stems from
each of over 100 000 plots across the eastern United
States) for 134 tree species for each 20 km x 20 km cell
across the eastern United States (Iverson et al. 2008b). It is
critical to realize that we do not model potential species
ranges by the year 2100, but only the area of suitable hab
itat for each species. In this analysis, we consider only New
England, New York, Pennsylvania, and New Jersey. We were
unable to conduct this work on the Canadian side of the
border because of data inconsistencies between countries. We
then changed the seven climate variables according to three
climate models (Parallel Climate Model (PCM), Geophysi
cal Fluid Dynamics Laboratory (GFDL), and HadleyCM3)
and two emission scenarios (low emissions - considerable
conservation of energy; high emissions - continue on our
current trajectory until about 2050) for the year 2100. All
models were also run on the average climate model output
(GCM3) for low and high emissions, for an overall total of
eight scenarios. We used a statistical modeling tool called
Random Forests for this analysis. For details, see Iverson et
al. (2008b). Details for each species output can be found at our
Web site: http://www.nrs.fs.fed.us/atlas (Prasad et al. 2007).

The northeastern United States is an extremely diverse re
gion in terms of tree species, and most of the 134 species
used in this study occur there: the FIA data record 98 species
for the region. In addition, our models for the current climate
showed that habitat for an additional 24 species could exist
in the region.

Random Forests model outputs yielded percentage esti
mates of the area coverage for each of 134 species for the
current time and for year 2100, according to the eight sce
narios discussed above. In sum, over all the eight scenarios,
three times more species are estimated to have increases
than decreases in suitable habitat in the northeastern United
States (Table 1). This pattern may be expected because of
the large number of species occupying the southern half of
the United States (often with climatic pressure to move
north), and a lesser number across the northern tier. Accord
ing to this assessment, using the HadleyCM3 - high emis
sion scenario (the harshest scenario), 26 species could have
a reduced habitat (by at least 2% of the northeastern area),
and 84 species could have an increased habitat by year
2100 (Table 1). In contrast, for the PCM - low emission
scenario (least harsh scenario), 22 species could have a de
creased habitat, and 62 species could have an increased hab
itat. Note, however, that 72 of the 134 species bordered
Canada, and as such, a full assessment of the potential
change in suitable habitat is not possible, as only the habitat
contained within the United States was analyzed. Our data
show that most of the species with decreasing suitable habi
tat bordered Canada. On the other hand, most of the species
for which suitable habitat is increasing are more southern
and do not yet reach the Canadian boundary. In both cases,
it is the northward shifting of habitat that is responsible for
these patterns.

Calculating the numbers of species for which suitable
habitat may newly enter or completely leave the region is
difficult because of the issues mentioned above. For exam-
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Table 1. Summary of decreasing and increasing species' area of suitable habitat by scenario for the northeastern United
States.

No. of species by percentage change class

Decrease >10% Decrease 2%-10%Scenario
PCM low
GCM310w
GCM3 high
Hadley high

10
13
16
18

12
9
10
8

No change
36
32
26
18

Increase 2%-10%
24
25
20
21

Increase >10%
38
42
54
63

Note: The four scenarios listed represent the least harsh (PCM - low emissions), the most harsh (Hadley - high emissions), and the
average low (GCM3 low) and high (GCM3 high) conditions for 2100.

Table 2. Potential species changes, as determined by ratios of
current to future suitable habitat.

Note: Columns headings are ratios of suitable habitat in year 2100
to current suitable habitat, so that column headings less than 1 contain
the number of species with declining habitat, and columns with ratios
greater than 1 contain the number of species with increasing habitat.
See Table 1 for scenario descriptions.

Species-level maps
We prepared maps for each species, with FIA actual data,

current condition according to model outputs, HadleyCM3 
high emission (harshest scenario), average high and low emis
sion for the three models, and PCM - low emission

For all 134 spp. studied in the NE United States
PCM low 29 23 13 29 40
GCM3 low 28 25 8 24 49
GCM3 high 38 16 6 12 62
Hadley high 41 10 2 12 69

For 84 spp. found in 20 or more 20 km x 20 km cells in
the NE United States

PCMlow 9 17 10 27 21
GCM3 low 10 19 7 18 30
GCM3 high 21 11 6 10 37
Hadley high 25 8 1 10 40

1.1-2 >20.5-0.9 0.9-1.1<0.5Scenario

stable models. For the 84 more common species, an aver
age of 47 species showed increases and 31 species showed
decreases, whereas six species had no change (Table 2).

Some of the species for which suitable habitat decreases
the most under this evaluation include relatively common
northern species such as white birch, quaking aspen (Populus
tremuloidesi, bigtooth aspen (Populus grandidentatai, balsam
fIT (Abies balsamea), northern white-cedar (Thuja occidentalisi,
striped maple (Acer pensylvanicumi. American beech (Fagus
grandifoliai, red spruce, sugar maple, and black cherry. (In
terestingly, empirical data suggest sugar maple and black
cherry may be at a demographic advantage in the Northeast
with warming, see "Future research" section below.)

Species showing substantial increases of area-weighted im
portance values include post oak (Quercus stellata), shortleaf
pine (Pinus echinata), loblolly pine (Pinus taeda), eastern red
bud (Cercis canadensis), hackberry (Celtis occidentalisi, bit
ternut hickory (Carya cordiformisi, sweetgum (Liquidambar
styraciflua), eastern redcedar (Juniperus virginianai, eastern
cottonwood (Populus deltoidesy, sourwood (Oxydendrum
arboretum), and sycamore (Platanus occidentalisi.

ple, some species show very small amounts of newly avail
able habitat, possibly as a result of model reliability issues
or because of true gains in habitat. If we consider the 36 (of
134) species not currently found in the region's FIA plots,
our modeling indicates that 11 of them could have a signifi
cant amount (>1% of region's area) of suitable habitat under
the PCM - low emission scenario, and 24 of them could
have newly available suitable habitat under the warmest,
HadleyCM3 - high emission, scenario. However, our models
indicate that most (20 of 24) of these species already have
suitable habitat at a low level in the region (either in reality
and missed by FIA plots or as model error), so it is not surpris
ing to see these species expanding their habitat in the region
under the GCM scenarios. Some of the species that could
have a sizeable amount of newly suitable habitat include
oaks (water oak (Quercus nigra), overcup oak (Quercus
lyrata), Shumard oak (Quercus shumardiiy, and cherrybark
oak (Quercusfalcata var.pagodifolian, some pines (pond pine
(Pinus serotinai, longleaf pine (Pinus palustris), slash pine
(Pinus elliottiii), and others (sugarberry (Celtis laevigata),
swamp tupelo (Nyssa sylvatica var. bifloran.

Our models indicate that no species will completely lose
their suitable habitat from the region under any of the GCM
scenarios, although the habitat of several species would be
severely curtailed, especially under the more severe scenarios.
Our models indicate that the following species would have
the most reduced area of suitable habitat: black spruce (Pice a
mariana), mountain maple (Acer spicatum), butternut (Juglans
cinerea), American mountain-ash (Sorbus americana),
balsam poplar (Populus balsamifera), big-toothed aspen
(Populus grandidentatai, white birch, pin cherry (Prunus
pensylvanicai, and chokecherry (Prunus virginianai.

Species importance values weighted by area
An analysis that simultaneously includes both species area

and species importance (area-weighted importance value)
perhaps yields a better indicator of potential change in over
all species habitat under various scenarios of climate
change. To evaluate this assumption, we calculated the ra
tios of future to current suitable habitat, so that values
around 1 (0.9-1.1) indicated no change, values <0.9 were de
creases (in two classes of 0.5-0.9 and <0.5), and values>1.1
were increases (in two classes of 1.1-2 and >2) under each
of the scenarios. Averaged across all scenarios, a total of
73 species showed increases, 54 showed decreases, and
seven had no change (Table 2). We also chose to calculate
the same metrics after excluding 50 species that occurred in
20 or fewer cells in the FIA data «2% of the northeastern
United States), because these species tended to have less-
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interglacial periods (Webb et al. 1994). Generally, condi
tions in northeastern North America were drier and up to
2 °C warmer 6000 - 10 000 BP, changing to cooler and
moister conditions at later Holocene stages (Webb et al.
1994; DeHayes et al. 2000). At the biome scale, most mod
ern assemblages of eastern trees have only co-occurred over
the last 6000-8000 BP, and individual species have re
sponded to climate change over the last 20 000 years in
unique manners (Davis 1983; Webb 1987; Overpeck et al.
1991; Webb et al. 1994). Hence, modern forest communities
are "transitory combinations of taxa" (DeHayes et al. 2000),
and paleoecological trends provide no evidence to expect
that current species assemblages will respond in concert to
current and future climate change.

Pollen and charcoal evidence from throughout New
England and Nova Scotia suggest that in the very early
Holocene this region was characterized by spruce (Picea
spp.) and jack pine (Pinus banksiana) woodlands with fairly
frequent fire events occurring every '" 50-200 years (Webb
et al. 1994; Clark et al. 1996). Also occurring in the pollen
record of this time was evidence of Artemesia and grass and
sedge taxa, suggesting more open vegetation that was com
positionally and functionally distinct from the boreal forests
of today. Within a few thousand years (by '" 9000 BP in
New York), the region became dominated by eastern white
pine concomitant with a decline in Picea spp., followed by
decreased jack pine abundance. During the warmer periods
of the early to mid Holocene, both white pine and eastern
hemlock (Tsuga canadensis) grew at elevations up to 400 m
higher than where these taxa occur today in New Hampshire's
White Mountains (Davis et al. 1980) and the Adirondack
Mountains of New York (Jackson and Whitehead 1991).
After the initial increase in white pine, oaks also became
common. Charcoal evidence suggests fire continued to be
a regular event, although it is unclear whether return times
were less frequent than in the preceding spruce-jack pine
woodland (Clark et al. 1996). The decline in graminoid
and Artemesia pollen during this time suggests more closed
forest physiognomies.

After this period (about 8000 BP), charcoal evidence in
New York indicates a steep decline in the importance of
fire, a decline in white pine pollen, and the rise of certain
hardwood species, particularly American beech, elms
(Ulmus spp.), and sugar maple, which codominate with the
oaks that remain abundant (Clark et al. 1996; Foster et al.
2004). Hemlock also increases with the hardwoods, declines
after 5000 BP, and then resurges after 4000 BP. Farther
north, white pine reached its northernmost limit 4000 BP
and then retreated back southward in response to the climate
cooling that allowed boreal species to move further south
(DeHayes et al. 2000). The modern boreal forests of eastern
Canada only developed during the last 6000 years (Webb
1987) and apparently only shifted southward into Maine
and Minnesota during the last 1000-1500 years, whereas
white pine in these regions has been exhibiting declines in
abundance during this cooling period (DeHayes et al. 2000).

Several efforts using current species' data also address is
sues of climate change impacts on future forest composition.
However, in addition to dispersal, migration, and fragmenta
tion - obstacles that may complicate species' establishment
in potentially suitable habitat and climates - other factors
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not always accounted for in models of future species compo
sition, such as differing abiotic conditions (e.g., water tables,
disturbance frequencies) and biotic factors (pests, pathogens,
and competition with native and exotic plants), make pre
dicting future ranges of species and forest types complex.
For example, although both models (Iverson and Prasad
1998, 2002; McKenny et al. 2007; Iverson et al. 2008b) and
some empirical data (Duchesne et al. 2002; Schaberg et al.
2006) suggest a future decline in sugar maple in warmer
northeastern US forests, data from a Harvard Forest soil
warming experiment suggest this species to be one of the
"winners", with enhanced growth of juveniles, under a 5 °C
increase in soil temperatures, at least when not grown in
competition with potential invading taxa from the south
(1. Mohan and 1. Melillo, unpublished data). Red oak juve
niles in this oak-dominated forest survived and grew less
well under warmer conditions. Conversely, Ibanez et al.
(2007) found that red oak exhibited higher germination
rates at lower soil moisture levels, suggesting, as some
models predict (I verson et al. 2008b), that this species
may expand in the Northeast given more drought events in
the future (Hayhoe et al. 2007).

A recent modeling study assessed the combined effects of
increased atmospheric CO2 and elevated temperatures on the
transitional temperate-boreal forest system of the Boundary
Water Canoe Area of northern Minnesota (Xu et al. 2007).
When only increased temperatures were considered, this tran
sitional forest shifted to a pine-dominated mixed forest,
consistent with southern species moving northward with
climate change. However, when the effects of increased at
mospheric CO2 on optimal temperature for photosynthesis
were included (C3 plants often exhibit higher photosyn
thetically optimal temperatures when grown at elevated
CO2) , this system remained a fir-dominated boreal forest in
areas of high water-holding capacity, suggesting that CO2

enrichment could reduce global warming impacts on forest
compositional change.

Finally, the increased abundance of woody vines that has
been observed in temperate forests over the last few decades
(Myster and Pickett 1992; Dillenburg et al. 1995; Allen et al.
2007), apparently associated with increases in atmospheric
CO2 (Mohan et al. 2006, 2008), and the related decline in
forest regeneration (Myster and Pickett 1992; Dillenburg et
al. 1995; Laurance et al. 2001; Phillips et al. 2002) make fu
ture forest establishment, composition, and structure even
less certain.

Paleoecological and modern evidence of
climate change impacts on forest carbon
dynamics

Natural forest C gain is directly linked to temperatures
and precipitation, as well as to species composition, soil nu
trients, and stand age (Ryan et al. 1997, 2004; Bonan 2008),
highlighting the importance of both edaphic factors and cli
mate for forest productivity. Many historical and paleoeco
logical studies document the direct effects of altered
temperature and (or) precipitation on northeastern forest pro
ductivity. A 400 year record of black spruce growth near the
tree line in eastern Canada indicates that modern trees are
larger and more productive than same-genet trees that grew
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during the Little Ice Age (Vallee and Payette 2(04). Simi
larly, a 5200 year record of buried black spruce - jack pine
trees in northern Quebec indicates higher productivity in
association with milder, warmer climates (Arseneault and
Sirois 2004). Cooler and drier periods during the twentieth
century (1910-1930, 1965-1970) were associated with lower
growth rates of an old-growth hemlock - white pine forest
in Pennsylvania (Black and Abrams 2005). Reduced growth
was primarily due to drought in winter and early fall, and to
low March temperatures.

Research of modern forest dynamics also supports the im
portance of direct climate effects on forest growth in the
Northeast. In eastern North America, winter is the season
showing the greatest amount of warming (Schwartz et al.
2006), a phenomenon that bears important implications for
the timing of spring leaf out. Schwartz and Reiter (2000)
found an average 5 to 6 day advance in spring phenology
of lilacs in North America between 1959 and 1993, owing
to warmer seasonal temperatures largely in the Northwest
and the Northeast. A 47 year phenological record from Hub
bard Brook, New Hampshire, found significantly earlier
spring leaf out and an increase in green canopy duration of
about 10 days (Richardson et al. 2006). These findings sug
gest increasing periods of growth and productivity for north
eastern forests, and they are similar to the results of a soil
warming study at Harvard Forest that documents an average
4-7 day increase in spring bud break for canopy trees grow
ing at a 5 DC increase in soil temperature (J. Melillo and
1. Mohan, unpublished data). Similarly, White et al. (1999)
found an increased growing season length for northeastern
US forests and determined that such an increase in growing
season length would have important consequences for net
ecosystem C accumulation (i.e., a 1% increase in growing
season length corresponds to a 1.6% increase in net ecosys
tem productivity).

Warmer climates, particularly with increased precipita
tion, may eventually lead to greater forest productivity, but
interactions with nonclimatic variables make this relation
ship less than certain. Even with increased temperatures and
precipitation, temperature-induced increases in evapotranspi
ration may lead to increased drought stress (Ollinger et al.
2008). In a PnET-BGC model simulation of Hubbard
Brook's responses to four climate scenarios over this cen
tury, Campbell et al. (2009) found that even with warmer
temperatures and increased precipitation, soil water content
actually declined by 2100. In response to warmer conditions
and increased precipitation, net primary productivity (NPP)
increased by 8%-15% between 1999 and 2099, driven
largely by longer growing seasons.

Elevated CO2 has been shown to result in - 23% increase
in NPP in free-air C enrichment experiments in four forests
representing a range of species compositions and climates
(Norby et al. 2005). It remains unclear whether N limitation
in northeastern forests will further constrain productivity
enhancements from elevated temperatures and CO2 (Oren et
al. 2001; Luo et al. 2006), whether productivity will be
enhanced by rising CO2 even in the face of N limitation
through a combination of increased plant N uptake and
increased N-use efficiency (Norby et al. 2005; Finzi et al.
2007), or whether increases in N deposition and warming
induced increases in N mineralization rates will offset N
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limitation in northeastern forests systems. Simulating the
300 year change in NPP (1700-2000) on northeastern sites
with differing land uses, Ollinger et al. (2002) compared
the productivity impacts of increases in atmospheric CO2,

tropospheric 03, and N deposition with "control" situations
in which only past land use was considered (and altered
atmospheric chemistries were not). This study found in
creases in NPP of 19% (1116 vs. 933 g-rrrv-year") and
- 11% (- 1100 vs. - 1220 g·m-2·yearl ) for historic agri
cultural and timber lands, respectively, compared with con
trol simulations. Further, adding interannual climate
variation greatly increased the temporal variability in net car
bon exchange for Hubbard Brook and Harvard Forest, com
pared with considering land-use and pollution effects alone.

Using the PnET-CN ecosystem model to predict NPP over
the current century, Ollinger et al. (2008) predict that decid
uous northeastern forests exhibit neutral- to slight-increases
in NPP due to climate change when effects of rising CO2 are
not considered. When CO2 and climate change are both con
sidered, NPP in deciduous forests increases from current-day
levels of -380 g C·m-2·yearl to -725-1000 g C·m-2·year1

by 2100, depending on the global change model and CO2

emission scenario used. This suggests that the productivity
of current deciduous forests in the Northeast may signifi
cantly increase by the end of this century, barring edaphic
limitations and natural and anthropogenic disturbance (i.e.,
fire frequency is currently increasing in boreal forests and
may become more prominent given increased summer
droughts in northeastern temperate forests). Conversely,
current-day spruce forests exhibited much more variable re
sults, with an overall decline in NPP under the warmest
emissions scenario, regardless of the CO2 effect.

Although Ollinger et al. (2008) are careful to point our
that future shifts in species composition, and potential im
pacts on NPP, were beyond the scope of their paper,
changes in productivity may further be mediated by shifts
in forest species composition (Woods 2004; Mohan et al.
2007). Predicted increases in precipitation variability and
storm events (Hayhoe et al. 2(07) may lead to shifts in
dominance toward shade-intolerant, productive tree species
typical of recently disturbed environments (Woods 2004).
Conversely, recent studies in the eastern United States deter
mined that elevated CO2 benefited the recruitment of shade
tolerant, less-productive taxa (Mohan et al. 2(07). Local
dynamics and indirect climatic effects further impact pro
ductivity and composition. Supporting the importance of
edaphic factors, Gamache and Payette (2005) document that
despite a milder twentieth century climate, local topographic
factors primarily influenced black spruce tree line and seed
establishment at high elevations. This study found little cor
relation between tree establishment and climate, likely ow
ing to the difficulty of successful seed establishment on
exposed, drought-prone tundra, and because black spruce
produce semi-serotinous cones. This study demonstrates that
local edaphic factors (e.g., exposed, drought prone soils) can
still negatively impact current and future recruitment suc
cess, similar to conditions earlier in the Holocene. Chapin
et al. (2004) suggest that boreal vegetation shifts due to cli
mate change will be gradual near northern range limits, but
abrupt in central regions as climatic thresholds are exceeded.
Similarly, local effects in boreal peatlands can buffer eli-
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matic thawing of permafrost, making transient responses dif
ficult to predict and potentially causing lags and thresholds
leading to sudden, large shifts in vegetation (Camill and
Clark 2000).

Future research and implications

The merging of empirical data, particularly from field ma
nipulations and natural gradients, with modeling studies and
predictions is vital to increase the forecasting accuracy of
future forest composition and carbon dynamics. For exam
ple, under harsh climate scenarios future habitat for sugar
maple is expected to decrease by 10%-20% in the northeast
ern United States (Fig. 2). Yet empirical data suggests the
recruitment success of sugar maple juveniles may be en
hanced by warmer soils at Harvard Forest, possibly involv
ing a biogeochemical feedback with N mineralization rates
(1. Mohan and 1. Melillo, unpublished data). Future efforts
synthesizing species-specific modeled distributions with
data documenting demographic responses to climate change
will greatly improve forecasts of future forest composition
and ecosystem functioning.

A related critical issue requiring more research effort is
how potential changes in northeastern forest composition
will affect future ecosystem services, including water and C
balances. Hemlock forests of the Northeast lose 50% less
moisture to the atmosphere during summer evapotranspira
tion than do nearby hardwood stands with similar leaf area
indices (Ellison et al. 2005). As a result of the introduction
of an exotic pest, hemlock wooly adelgid (Adelges tsugae),
hemlock stands are shifting toward dominance by hard
woods, with direct implications for water balances - to the
extent that small streams currently draining hemlock stands
(and inhabited by salamanders and aquatic invertebrates of
conservation concern) are predicted to diminish following
hardwood dominance (Ellison et al. 2005). Similarly, shifts
in species composition bear important implications for C
and energy budgets. Will forests become more productive
in a warmer climate with enhanced C and N fertilization?
Or, will productivity decline as forest stands age and ele
vated CO2 favors the establishment of less-productive spe
cies? Will increased drought negate any productivity boost
stemming from warmer temperatures and longer growing
seasons?

Another concern is to what extent interactions among
global change components will alter future forest disturb
ance, declines, composition, and productivity. For example,
several studies have determined that increased 0 3 can offset
productivity benefits of CO 2 fertilization (Kamosky et al.
2003, 2007). 0 3 has also been linked to reduced C allocation
to roots (Chappelka and Samuelson 1998; Laurence and
Andersen 2003). How this reduction in roots will interact
with future drought and disturbance events to affect forest
composition and functioning remains uncertain. Similarly,
higher atmospheric CO2 can increase optimal temperatures
for photosynthesis, which may reduce vegetation change
due to global warming (Xu et al. 2007). It remains unclear
how other factors, such as increased 0 3 and drought, might
affect this prediction.

Finally, more research is needed to pinpoint time scales of
vegetation change. Will forest change be gradual or abrupt
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(Camill and Clark 2000; Chapin et al. 2004)? What are the
implications of transient dynamics and disturbances such as
tree declines for forest structure and productivity? How soon
will most northeastern forests shift from being "fertilized"
from N deposition and sinks for atmospheric COb to being
N saturated with nutrients leaching into stream systems?
What might the enhanced N availability mean for future
species competitive relations and composition? Further re
search addressing these questions and others will advance
our ability to forecast changes in northeastern forest compo
sition and associated modifications in productivity and other
ecosystem services, in a future, warmer world.

Acknowledgments
Funding for this study was provided by the Northeastern

States Research Cooperative. J.E. Mohan and data from
Harvard Forest were supported by Long-term Ecological
Research funding through the National Science Foundation
(DEB-0620443 to J. Melillo), and by National Institute for
Climate Change Research funding through the Department
of Energy (DE-FC02-06ER64157). We acknowledge the
insight and helpful comments of Doug Maynard; Lindsey
Rustad; two anonymous reviewers; a guest associate editor;
and Caroline Simpson of Natural Resources Canada, Cana
dian Forest Service. Atlantic Forestry Centre, for much of
the formatting of the original submission.

References
Aber, J.D., Goodale, c.i., Ollinger, S.V., Smith, M.L., Magill,

AH., Martin, M.E., Hallett, RA, and Stoddard, J.L. 2003. Is ni
trogen deposition altering the nitrogen status of northeastern for
ests? Bioscience, 53(4): 375-389. doi:1O.164l/0006-3568(2003)
053[0375:INDATN]2.0.CO;2.

Allen, B.P., Sharitz, RR, and Goebel, P.c. 2007. Are lianas in
creasing in importance in temperate floodplain forests in the
southeastern United States? For. Ecol. Manage. 242: 17-23.
doi:1O.1016/j.foreco.2007.0l.027.

Anderson, L.L., Hu, F.S., Nelson, D.M., Petit, RJ., and Paige, K.N.
2006. Ice-age endurance: DNA evidence of a white spruce refu
gium in Alaska. Proc. Natl. Acad. Sci. U.S.A 103(33): 12447
12450. doi:1O.1073/pnas.0605310103. PMID:16894151.

Arseneault, D., and Sirois, L. 2004. The millennial dynamics of a
boreal forest stand from buried trees. J. Ecol. 92(3): 490-504.
doi:1O.IIIl/j.0022-0477.2004.00887.x.

Auclair, A.N.D. 1987. The distribution of forest declines in east
ern Canada. In Forest decline and reproduction: regional and
global consequences. Edited by L. Kairiukstis, S. Nilsson, and
A Straszak. International Institute for Applied Systems Analy
sis, Luxenburg, Austria. pp. 307-320.

Auclair, AN.D., Eglinton, P.D., and Minnemeyer, S.L. 1997. Prin
cipal forest dieback episodes in northern hardwoods: develop
ment of numeric indices of area extent and severity. Water Air
Soil Pollut. 93: 175-198.

Balch, RE. 1944. The dieback of birch in the Maritime Region.
Mimeo. Contrib. No.3 Dominion of Canada, Department of
Agriculture, Division of Entomology, Fredericton, N.B.

Barford, C.C., Wofsy, S.c., Goulden, M.L., Munger, J.W.,
Hammond Pyle, E., Urbanski, S.P., Hutyra, L., Saleska, S.R,
Fitzjarrald, D., and Moore, K. 2001. Factors controlling long
and short-term sequestration of atmospheric C02 in a mid
latitude forest. Science (Washington, D.C.) 294(5547): 1688
1691. doi:10.1126/science. 1062962. PMID:11721047.

Published by NRC Research Press



Mohan et al.

Bazzaz, F.A, and Miao, S.L. 1993. Successional status, seed size,
and responses of tree seedlings to C02, light, and nutrients.
Ecology, 74: 104-112. doi:1O.230711939505.

Bennett, J.P., Anderson, RL., Campana, R, Clarke, B.B., Houston,
D.B., Linzon, S.N., Mielke, M.E., and Tingey, DT. (Editors).
1986. Needle tip necrosis on eastern white pine in Acadia Na
tional Park, Maine. Results of a workshop to determine possible
causes; 6 August 1986; Bar Harbor, Maine. Air Quality Divi
sion, National Park Service, Denver, Co.

Bergweiler, c.J., and Manning, W.J. 1999. Inhibition of flowering
and reproductive success in spreading dogbane (Apocynum
androsaemifolium) by exposure to ambient ozone. Environ.
Pollut. 105(3): 333-339. doi:IO.1016/S0269-7491(99)00044-5.
PMID:15093075.

Berry, C.R, and Ripperton, L.A 1963. Ozone, a possible cause of
white pine emergence tipburn. Phytopathology, 53: 552-557.

Bertrand, A., Robitaille, G., Nadeau, P., and Boutin, R 1994. Ef
fects of soil freezing and drought stress on abscisic acid content
of sugar maple sap and leaves. Tree Physiol, 14(4): 413-425.
PMID: 14967696.

Bethke, RW., and Nudds, T.D. 1995. Effects of climate change
and land use on duck abundance in Canadian prairi-parklands.
Ecoi. Appl. 5(3): 588-600. doi:1O.230711941969.

Black, B.A, and Abrams, M.D. 2005. Disturbance history and cli
mate response in an old-growth hemlock-white pine forest, cen
tral Pennsylvania. J. Torrey Bot. Soc. 132(1): 103-114. doi:10.
315911095-5674(2005)132[103:DHACRI]2.0.CO;2.

Blanchard, RO., Baas, J., and van Cotter, H. 1979. Oxidant da
mage to eastern white pine in New Hampshire. Plant Dis. Rep.
63: 177-182.

Bonan, G.B. 2008. Forests and climate change: forcings, feed
backs, and the climate benefit of trees. Science (Washington,
D.C.), 320(5882): 1444-1449. doi:l0.l126/science.1155121.
PMID:18556546.

Bourque, C.P.-A, Cox, RM., Allen, D.J., Arp, P.A, and Meng, F.
R 2005. Spatial extent of winter thaw events in eastern North
America: historical weather records in relation to yellow birch
decline. Clim. Change BioI. 11: 1477-1492.

Braathe, P. 1995. Birch dieback caused by prolonged early spring
thaws and subsequent frost. Norw. J. Agric. Sci. 20(SuppI.):
50-109.

Brown, K.R, and Higginbotham, K.O. 1986. Effects of carbon di
oxide enrichment and nitrogen supply on growth of boreal trees
seedlings. Tree Physiol. 2: 223-232. PMID:14975856.

Callahan, H.S., Del Fierro, K., Patterson, AE., and Zafar, H. 2008.
Impacts of elevated nitrogen inputs on oak reproductive and
seed ecology. Glob. Change Biol, 14: 285-293.

Camill, P., and Clark, J.S. 2000. Long-term perspectives on lagged
ecosystem responses to climate change: permafrost in boreal
peatlands and the grassland/woodland boundary. Ecosystems
(N. Y, Print), 3: 534-544. doi:lO.l007/s100210000047.

Canadian Council of Ministers of the Environment. 2000. Canada
wide Standards for particulate matter (PM) and ozone. Available
at http://www.ccme.ca [accessed 9 September 2008].

Carmel, Y., and Flather, c.H. 2006. Constrained range expansion
and climate change assessments. Front. Ecol. Environ, 4: 178
179. doi:10.1890/1540-9295(2006)004[0178:CREACC]2.0.CO;2.

Caspersen, J.P., Pacala, S.W., Jenkins, J.c., Hurtt, G.c., Moorcroft,
P.R, and Birdsey, RA 2000. Contributions of land-use history
to carbon accumulation in U.S. forests. Science (Washington,
D.C.), 290: 1148-1151.

Chapin, F.S., III, Callaghan, T.V., Bergeron, Y., Fukuda, M.,
Johnstone, J.F., Juday, G., and Zimov, S.A. 2004. Global change
and the boreal forest: thresholds, shifting states, or gradual

225

change? Ambio, 33(6): 361-365. doi:1O.1639/0044-7447(2004)
033[0361:GCATBF]2.0.CO;2. PMID:15387075.

Chappelka, AH., and Samuelson, L.J. 1998. Ambient effects on
forest trees of the eastern United States: a review. New Phytol.
139: 91-108. doi:IO.1046/j.1469-8137.1998.00166.x.

Ciais, P., Tans, P.P., Trolier, M., White, J.W.c., and Francey, RJ.
1995. A large northern hemisphere terrestrial C02 sink indicated
by the I3C/I2C ratio of atmospheric C02. Science (Washington,
D.C.), 269: 1098-1102. doi:1O.1126/science.269.5227.1098.
PMID: 17755534.

Clark, J.S. 1998. Why trees migrate so fast: confronting theory
with dispersal biology and the paleo record. Am. Nat. 152:
204-224. doi:1O.10861286162. PMID:18811386.

Clark, J.S., Royall, P.D., and Chumbley, C. 1996. The role of fire
during climate change in an eastern deciduous forest at Devil's
Bathtub, New York. Ecology, 77(7): 2148-2166. doi:1O.2307/
2265709.

Clark, J.S., Fastie, c., Hurtt, G., Jackson, S., Johnson, c, King, G.,
Lewis, M., Lynch, J., Pacala, S., Prentice, c., Schupp, G.,
Webb, T., and Wyckoff, P. 1998. Dispersal theory offers solu
tions to Reid's Paradox of rapid plant migration. Bioscience,
48: 13-24. doi:10.2307/1313224.

Clark, J.S., Beckage, B.c., Camill, P., Cleveland,B., HilleRisLambers,
J., Lichter, J., McLachlan, J., Mohan, J., and Wyckoff, P. 1999.
Interpreting recruitment limitation in forests. Am. J. Bot. 86(1):
1-16. doi:10.2307/2656950.

Clark, J.S., Lewis, M., McLachlan, J.S., and HilleRisLambers, J.
2003. Estimating population spread: what can we forecast and
how well? Ecology, 84: 1979-1988. doi:1O.1890/01-0618.

Clark, J.S., LaDeau, S., and Ibanez, I. 2004. Fecundity of trees and
the colonization-competition hypothesis. Ecol. Monogr. 74:
415-442. doi:10.1890/02-4093.

Clinton, G.P. 1907. Notes on fungus diseases, etc., for 1907. Annu.
Rep. 31 and 32. Connecticut Agricultural Experimental Station,
Hartford, Conn. pp. 353-355.

Costonis, AC., and Sinclair, W.A 1969. Relationships of atmo
spheric ozone to needle blight of eastern white pine. Phyto
pathology, 59: 1566-1574.

Cox, RM., and Malcolm, J.W. 1997. Effects of winter thaw on
birch die-back and xylem conductivity: an experimental ap
proach with Betula papyrijera L. Tree Physiol. 17: 389-396.
PMID: 14759847.

Cox, RM., 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: 615-624. PMID:12750054.

Cox, RM., Spavold-Tims, J., and Hughes, RN. 1989. Acid fog and
ozone: their possible role in birch deterioration around the Bay
of Fundy, Canada. Water Air Soil Pollut. 48: 263-276. doi:lO.
1007IBF00282383.

Cox, RM., Lemieux, G., and Lodin, M. 1996. The assessment and
condition of Fundy white birches in relation to ambient exposure
to acid marine fogs. Can. J. For. Res. 26: 682-688.

Curtis, P.S., Snow, A.A, and Miller, AS. 1994. Genotype-specific
effects of elevated C02 on fecundity in wild radish (Raphanus
raphanistrum). Oecologia (BerL), 97: 100-105. doi:IO.1007/
BF00317913.

Davis, M.B. 1981. Quaternary history and the stability of forest
communities. In Forest succession: concepts and application.
Edited by D.C. West, H.H. Shugart, and D.B. Botkin. Springer
Verlag, New York. pp. 132-153.

Davis, M.B. 1983. Quaternary history of deciduous forest of east
ern North America and Europe. Ann. Mo. Bot. Gard. 70: 550
563. doi:1O.230712992086.

Davis, M.B., Spear, RW., and Shane, C.L.D. 1980. Holocene eli-

Published by NRC Research Press



226

mate of New England. Quat. Res. 14: 240-250. doi:1O.1016/
0033-5894(80)90051-4.

Decker, KL.M., Wang, D., Waite, C, and Scherbatskoy, T. 2003.
Snow removal and ambient air temperature effects on forest soil
temperatures in northern Vermont. Soil Sci. Soc. Am. J. 67:
1234-1242.

Deckmyn, G., Muys, B., Garcia Quijano, J., and Ceulemans, R
2004. Carbon sequestration following afforestation of agricul
tural soils: comparing oak/beech forest to short-rotation poplar
coppice combining a process and a carbon accounting model.
Glob. Change BioI. 10: 1482-1491. doi:1O.111l/j.1365-2486.
2004.00832.x.

DeHayes, D.H. 1992. Winter injury and the developmental cold tol
erance in red spruce. In The ecology and decline of red spruce in
eastern United States. Edited by C Eager and M.B. Adams.
Springer-Verlag, New York. pp. 296-337.

DeHayes, D.H., Jacobson, G.L., Schaber, P.G., Bongarten, B., Iver
son, L.R, and Dieffenbacker-Krall, A. 2000. Forest responses to
changing climates: lessons from the past and uncertainty for the
future. In Responses of northern forests to environmental
change. Ecol. Stud. 139. Edited by RA Mickler, RA. Birdsey,
and J.L. Hom. Springer-Verlag, New York, Berlin, Heidelberg.
pp. 495-540.

Delcourt, P.A, and Harris, W.F. 1980. Carbon budget of the south
eastern U.S. biota: analysis of historical change in trend from
source to sink. Science (Washington, D.C), 210: 321-323.
doi:1O.1126/science.21O.4467.321. PMID:17796049.

Delcourt, P.A, and Delcourt, H.R 1987. Long-term forest dy
namics of the temperate zone. Springer-Verlag, New York.

Dentener, F., Stevenson, D., Ellingsen, K, van Noije, T., Schultz,
M., Amann, M., Atherton, c. Bell, N., Bergmann, D., Bey, I.,
Bouwman, L., Butler, T., Cofala, J., Collins, B., Drevet, J., Doh
erty, R, Eickhout, B., Eskes, H., Fiore, A, Gauss, M., Hauglus
taine, D., Horowitz, L., Isaksen, I.S.A, Josse, B., Lamarque,
J.F., Montanaro, V., Muller, J., Peuch, V.H., Pitari, G., Pyle,
J., Rast, S., Rodriguez, J., Sanderson, M., Savage, N.H., Shin
dell, D., Strahan, S., Szopa, S., Sudo, K, Van Dingenen, R,
Wild, 0., and Zheng, G. 2006. The global atmospheric environ
ment for the next generation. Environ. Sci. Technol. 40: 3586
3594.

Dillenburg, L.R, Teramura, AH., Forseth, LN., and Whigham,
D.F. 1995. Photosynthetic and biomass allocation responses of
Liquidambar styraciflua (Hamamelidaceae) to vine competition.
Am. J. Bot. 82(4): 454-461. doi:1O.2307/2445691.

Dixon, RK, Brown, S., Houghton, RA., Solomon, AM., Trexler,
M.C., and Wisniewski, J. 1994. Carbon pools and flux in global
forest ecosystems. Science (Washington, D.C.), 263: 185-190.
doi:1O.1126/science.263.5144.185. PMID:17839174.

Dochinger, L.S., Bender, F.W., Fox, F.L., and Heck, W.W. 1970.
Chlorotic dwarf of eastern white pine caused by an ozone and
sulphur dioxide interaction. Nature (London), 225: 476. doi:10.
10381225476aO. PMID:5411127.

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: 1676-1683. PMID:12371186.

Dunn, P.O., and Winkler, D.W. 1999. Climate change has affected
the breeding date of tree swallows throughout North America.
Proc. R Soc. Lond. B BioI. Sci. 266: 2487-2490. doi: 10.1098/
rspb.1999.0950.

Dyer, J.M. 1995. Assessment of climatic warming using a model of
forest species migration. Ecol. Model. 79: 199-219. doi: 10.
1016/0304-3800(94)00038-J.

Ellison, AM., Bank, M.S., Clinton, B.D., Colburn, E.A, Elliott, K,
Ford, C.R, Foster, D.R, Knowpp, J.D., Lovett, G.M., Mohan,

Can. J. For. Res. Vol. 39, 2009

J.E., Orwig, D.A, Rodenhouse, N.L., Sobczak, W.V., Stinson,
KA, Stone, J.K, Swank, CM., Thompson, J., von Holle, B.,
and Webster, J.R 2005. Loss of foundation species: conse
quences for the structure and dynamics of forested ecosys
tems. Front. Ecol. Environ, 3(9): 479-486. doi:1O.1890/1540
9295(2005 )003[0479:LOFSCF]2.0.CO;2.

Farnsworth, EJ., and Bazzaz, F.A 1995. Inter- and intra-generic
differences in growth, reproduction, and fitness of nine herbac
eous annual species grown at elevated C02 environments. Oeco
logia (Berl.), 104(4): 454-466. doi:1O.l007/BF00341343.

Farnsworth, E.J., Ellison, AM., and Gong, W.K 1996. Elevated
C02 alters anatomy, physiology, growth and reproduction of red
mangrove (Rhizophora mangle L.). Oecologia (Bert), 108(4):
599-609. doi:1O.1007/BF00329032.

Faull, J.H. 1920. Needle blight of white pine. In Report of the De
partment of Land, Forest and Mines of the Province of Ontario.
Ontario Department of Lands, Forests and Mines, Toronto, Ont.
pp. 120-122.

Finlayson-Pitts, B.J., and Pitts, J.N., Jr. 2000. Chemistry of the
upper and lower atmosphere, Academic Press, San Diego, Calif.

Finzi, AC., Norby, RJ., Calfapietra, c., Gallet-Budynek, A, Gie
len, B., Holmes, W.E., Hoosbeek, M.R, Iversen, C.M., Jackson,
RB., Kubiske, M.E., Ledford, J., Liberloo, M., Oren, R, Polle,
A, Pritchard, S., Zak, D.R, Schlesinger, W.H., and Ceulemans,
R 2007. Increases in nitrogen uptake rather than nitrogen-use
efficiency support higher rates of temperate forest productivity
under elevated C02. Proc. Natl. Acad. Sci. U.S.A 104(35):
14014-14019. doi: 1O.1073/pnas.0706518104. PMID: 17709743.

Fischer, M., Matthies, D., and Schmid, B. 1997. Responses of rare
calcareous grassland plants to elevated C02: a field experiment
with Gentianella germanica and Gentiana cruciata. J. EcoL
85(5): 681-691. doi:1O.230712960538.

Fitzhugh, R, Driscoll, c, Groffman, P., Tierney, G., Fahey, T.,
and Hardy, 1. 2003. Soil freezing and the acid-base chemistry
of soil solutions in a northern hardwood forest. Soil Sci. Soc.
Am. 1. 67(6): 1897-1908.

Foster, D., Motzkin, G., and O'Keefe, J. 2004. The environmental
and human history of New England. In Forests in time: the en
vironmental consequences of 1000 years of change in New Eng
land. Edited by D. Foster and J. Aber. Yale University Press,
New Haven, Conn. pp. 43-100.

Fowler, D., Cape, J.N., Coyle, M., Flechard, C, Kuylenstierna, J.,
Hicks, K, Derwent, D., Johnson, c., and Stevenson, D. 1999.
The global exposure of forests to air pollutants. Water Air Soil
Pollut. 116: 5-32. doi:1O.1023/A:1005249231882.

Friedland, AJ., Gregory, RA., Karenlampi, L.A., and Johnson,
AH. 1984. Winter damage to foliage as a factor in red spruce
decline. Can. J. For. Res. 14: 963-965. doi:10.1139/x84-173.

Gamache, I., and Payette, S. 2005. Latitudinal response of subarctic
tree lines to recent climate change in eastern Canada. J. Bio
geogr. 32(5): 849-862. doi: 1O.1111/j.1365-2699.2004.01182.x.

Gordon, c., Woodin, SJ., Alexander, I.J., and Mullins, C.E. 1999.
Effects of increased temperature, drought and nitrogen supply on
two upland perennials of contrasting functional type: Calluna
vulgaris and Pteridium aquilinum. New Phytol. 142: 243-258.
doi: 1O.1046/j.1469-8137. 1999.00399.x.

Hanson, P.J., and Weltzin, J.F. 2000. Drought disturbance from
climatic change: response of United States forests. Sci. Total
Environ. 262: 205-220. doi: 1O.1016/S0048-9697(00)00523-4.
PMID: 11087027.

Harvey, H.P., and van den Driessche, R 1997. Nutrition, xylem ca
vitation and drought resistance in hybred poplar. Tree PhysioL
17: 647-654. PMID: 14759904.

Hattenschwiler, S., and Komer, C. 1996. Effects of elevated C02

Published by NRC Research Press



Mohan et al.

and increased nitrogen deposition on photosynthesis and growth
of understory plants in spruce model ecosystems. Oecologia
(Berl.), 106: 172-180. doi:1O.1007/BF00328596.

Hattenschwiler, S., and Komer, C. 2000. Tree seedling responses to
in situ C02-enrichment differ among species and depend on un
derstorey light availability. Glob. Change BioI. 6: 213-226.
doi: 10.1046/j.1365-2486.2000.00301.x.

Hayhoe, K, Wake, c.e., Huntington, T.G., Luo, L., Schwartz,
M.D., Sheffield, J., Wood, E., Anderson, B., Bradbury, J.,
DeGaetano, A, Troy, T.J., and Wolfe, D. 2007. Past and future
changes in climate and hydrological indicators in the US North
east. Clim. Dyn. 28: 381-407. doi:1O.1007/s00382-006-0187-8.

Hoddinott, J., and Scott, R 1996. The influence of light quality and
carbon dioxide enrichment in the growth and physiology of
seedlings of three conifer species. I. Growth responses. Can. J.
Bot. 74: 383-390. doi:1O.1139/b96-048.

Houston, D.R 1981 Stress triggered tree diseases - the diebacks
and declines. USDA For. Servo Rep. INF-41-81.

Hsiao, T.C., Acevedo, E., Fereres, E., and Henderson, D.W. 1976.
Stress metabolism.Water stress, growth, and osmotic adjustment.
Philos. Trans. R Soc. Lond. B BioI. Sci. 273: 479-500. doi:lO.
1098/rstb.1976.0026.

Hurley, J.E., and Harrison, KJ. 1997. Red spruce bud and shoot
mortality - 1993. In Our forest's place in the world: New
England and Atlantic Canada's forests. Proceedings of a Joint
Meeting of the New England Society of American Foresters,
Maine Chapter of the Wildlife Society and Northeastern Forest
Pest Council, 12-14 March 1997. Edited by W.D. Ostrofsky
and W.B. Krohn. College of Natural Sciences, Forestry and
Agriculture Cooperative Forestry Research Unit Information Re
port 40. University of Maine, Orono, Me.

Huxman, T.E., Hamerlynck, E.P., Jordan, D.N., Salsman, KJ., and
Smith, S.D. 1998. The effects of parental C02 environment on
seed quality and subsequent seedling performance in Bromus
rubens. Oecologia (Berl.), 114(2): 202-208. doi:1O.10071
sOO4420050437.

Ibaiiez, I., Clark, J.S., LaDeau, S., and Hille Ris Lambers, J. 2007.
Exploiting temporal variability to understand tree recruitment re
sponse to climate change. Ecol. Monogr. 77(2): 163-177.
doi: 10.1890106-1097.

Inouye, D.W., and McGuire, AD. 1991. Effects of snowpack on
timing and abundance of flowering in Delphinium nelsonii
(Ranunculaceae): implications for climate change. Am. J. Bot.
78(7): 997-1001. doi:1O.2307/2445179.

Iverson, L.R, and Prasad, AM. 1998. Predicting abundance of 80
tree species following climate change in the eastern United
States. Ecol. Monogr. 68(4): 465-485.

Iverson, L.R, and Prasad, AM. 2002. Potential redistribution of
tree species habitat under five climate change scenarios in the
eastern US. For. Ecol. Manage. 155: 205-222. doi:10.1016/
S0378-1127(01)00559-X.

Iverson, L.R, Schwartz, M.W., and Prasad, A.M. 2004. How fast
and far might tree species migrate in the eastern United States
due to climate change? Glob. Ecol. Biogeogr. 13: 209-219.
doi:10.1111Jj.1466-822X.2004.00093.x.

Iverson, L.R, Hutchinson, T.P., Prasad, AM., and Peters, M.
2008a. Thinning, fire, and oak regeneration across a heterge
neous landscape in the eastern U.S.: 7-year results. For. Ecol.
Manage. 255: 3035-3050. doi: 10.1016/j.foreco.2007.09.088.

Iverson, L., Prasad, A, and Matthews, S. 2008b. Modeling poten
tial climate change impacts on the trees of the northeastern Uni
ted States. Mitig. Adapt. Strategies Glob. Change, 13: 517-540.
doi:10.1007Is11027-007-9126-1.

Jackson, S.T., and Whitehead, D.R 1991. Holocene vegetation pat-

227

terns in the Adirondack Mountains. Ecology, 72: 641-653.
doi:10.2307/2937204.

Jagels, R, Jiang, M., Marden, S., and Carlisle, J. 2002. Red spruce
canopy response to acid fog exposure. Atmos. Res. 64: 169-178.
doi:10.1016/S0169-8095(02)00089-3.

Jansen, E., Overpeck, J., Briffa, KR, Duplessy, J.-c., Joos, F., Mas
son-Delmotte, V., Olago, D., Otto-Bliesner, B., Peltier, W.R,
Rahmstorf, S., Ramesh, R, Raynaud, D., Rind, D., Solomina,
0., Villalba, R, and Zhang, D. 2007. Palaeoclimate. In Climate
Change 2007: the physical science basis. Contribution of Work
ing Group I to the Fourth Assessment Report of the Intergovern
mental Panel on Climate Change. Edited by S. Solomon, D. Qin,
M. Manning, Z. Chen, M. Marquis, KB. Averyt, M. Tignor,
and H.L. Miller. Cambridge University Press, Cambridge,
UK, and New York.

Johnson, AH. 1992. The role of abiotic stresses in the decline of
red spruce in high elevation forests of the eastern United States.
Annu. Rev. Phytopathol. 30: 349-369. doi:1O.1146/annurev.py.
30.090192.002025. PMID:18643774.

Kamosky, D.F., Zak, D.R, Pregitzer, KS., Awmack, C.S.,
Bockheim, J.G., Dickson, RE., Hendrey, G.R, Host, G.E.,
King, J.S., Kopper, B.J., Kruger, E.L., Kubiske, M.E., Lindroth,
RL., Mattson, W.J., McDonald, E.P., Noormets, A, Oksanen,
E., Parsons, W.F.J., Percy, KE., Podila, G.K, Riemenschneider,
D.E., Sharma, P., Thakur, R., Sober, A, Sober, J., Jones, W.S.,
Anttonen, S., Vapaavuori, E., and Isebrands, J.G. 2003. Tropo
spheric 03 moderate responses of temperate hardwood forests to
elevated C02: a synthesis of molecular to ecosystem results
from the Aspen FACE project. Funct. Ecol. 17: 289-304.
doi: 10.1046/j.1365-2435.2003.00733.x.

Kamosky, F., Werner, H., Holopainen, T., Percy, K, Oksanen, T.,
Oksanen, E., Heecdt, c., Fabian, P., Nagy, 1., Heilman, W.,
Cox, R, Nelson, N., and Matyssek, R 2007. Free-air exposure
system to scale up ozone research to mature trees. Plant Biol. 9:
181-190. doi: 10.1055/s-2006-955915.

Kerstiens, G. 2001. Meta-analysis of the interaction between shade
tolerance, light environment and growth response of woody spe
cies to elevated C02. Acta OecoL 22: 61-69. doi:l0.1016/
S1146-609X(00)0 I096-1.

Kouterick, KB., Skelly, J.M., Pennypacker, S.P., and Cox, RM.
2001. Acid fog and Septoria betulae effects on two birch species
within forests north of the Bay of Fundy, Canada. Can. J. For.
Res. 31: 392-400. doi:1O.1139/cjfr-31-3-392.

Kubiske, M.E., and Pregitzer, KS. 1996. Effects of elevated C02
and light availability on the photosynthetic light response of
trees of contrasting shade tolerance. Tree Physiol. 16: 351-358.
PMID: 14871736.

LaDeau, S., and Clark, J. 2001. Rising C02 levels and the fecund
ity of forest trees. Science (Washington, D.C.), 292: 95-98.
doi:1O.1126/science.1057547. PMID:11292871.

LaDeau, S.L., and Clark, J.S. 2006. Elevated C02 and tree fecund
ity: the role of tree size, interannual variability and population
heterogeneity. Glob. Change BioI. 12(5): 822-833. doi:10.11111
j.1365-2486.2006.01137.x.

Laurance, W.P., Perez-Salicrup, D., Delamonica, P., Fearnside, P.,
D' Angelo, S., Jerozolinski, A, Pohl, L., and Lovejoy, T. 2001.
Rain forest fragmentation and the structure of Amazonian liana
communities. Ecology, 82: 105-116.

Laurence, J.A, and Andersen, c.P. 2003. Ozone and natural
systems: understanding exposure, response, and risk. Environ.
Int. 29(2-3): 155-160. doi:10. 1016/S0160-4120(02)00158-7.
PMID: 12676203.

Lazarus, B.E., Schaberg, P.G., DeHayes, D.H., and Hawley, G.J.
2004. Severe red spruce winter injury in 2003 creates unusual

Published by NRC Research Press



228

ecological event in the northeastern United States. Can. J. For.
Res. 34: 1784-1788. doi:1O.1139/x04-122.

Linzon, S.N. 1967. Ozone damage and semimature-tissue needle
blight of eastern white pine. Can. J. Bot. 45: 2047-2061.
doi:1O.11391b67-222.

Linzon, S.N. 1973. The effects of air. Pollution on forests. Proceed
ings of the 4th Joint Chemical Engineering Conference, Vancou
ver, B.C.

Lloyd, J. 1999. The C02 dependence of photosynthesis, plant
growth responses to elevated C02 concentrations and their
interaction with soil nutrient status, II. Temperate and boreal
forest productivity and the combined effects of increasing C02
concentrations and increased nitrogen deposition at a global
scale. Funct. Ecol. 13(4): 439-459. doi:10.1046/j.1365-2435.
1999.00350.x.

Lund, AE., and Livingstone, W.H. 1998. Freezing cycles enhance
winter injury in Picea rubens. Tree Physiol. 19: 65-69.

Luo, Y., Field, C.B., and Jackson, RB. 2006. Does nitrogen con
strain carbon cycling or does carbon input stimulate nitrogen cy
cling? Ecology, 87: 1-2.

MacDonald, G.M., Edwards, T.W.D., Moder, KA., Pienitz, R, and
Smol, J.P. 1993. Rapid response of treeline vegetation and lakes
tp past climate warming. Nature (London), 361: 243-246.
doi:10.1038/361243aO.

Magasi, L.P., and Hurley, J.E. (Editors). 1994. Forest pest condi
tions in the Maritimes in 1993. Inf. Rep. M-X-188. Natural Re
sources Canada, Canadian Forest Service, Atlantic Forestry
Centre, Fredericton, N.B.

Manion, P.D. 1981. Tree disease concepts. Prentice-Hall, Inc., Eng
lewood Cliffs, N.J.

Manter, D.K, and Livingstone, W.H. 1996. Influence of thawing
rate and fungal infection by Rhizosphaera kalkhoffii on freezing
injury in red spruce tPicea rubens) needles. Can. J. For. Res. 26:
918-927. doi:IO.1139/x26-101.

McKenny, D.W., Pedlar, J.H., Lawrence, K, Campbell, K, and
Hutchinson, M.F. 2007. Potential impacts of climate change on
the distribution of North American trees. Bioscience, 57(11):
939-948. doi:IO.16411B571106.

McLachlan, J.S., Clark, J.S., and Manos, P.S. 2005. Molecular in
dicators of tree migration capacity under rapid climate change.
Ecology, 86(8): 2088-2098.

McLaughlin, S.B., Nosal, M., Wullschleger, S.D., and Sun, D. 2007.
Interactive effects of ozone and climate on tree growth and
water use in a southern Appalachian forest in the USA New
PhytoL 174: 109-124.

Mehlman, D.W. 1997. Change in avian abundance across the
geographic range in response to environmental change.
Ecol. Appl. 7(2): 614-624. doi:10.189011051-0761 (1997)
007[0614:CIAAAT]2.0.CO;2.

Miles, P.D., Brand, G.1., Alerich, c., Woudenberg, S.W., Glover,
J.F., and Ezzell, E.N. 2001. The forest inventory and analysis
database: database description and users manual. Version 1.0.
USDA For. Servo Gen. Tech. Rep. NC-218.

Millers, I., Shriner, D.S., and Rizzo, D. 1989. History of hardwood
decline in the eastern United States. USDA For. Servo Gen.
Tech. Rep. NE-126.

Mohan, J.E., Clark, J.S., and Schlesinger, W.H. 2004. Genetic var
iation in germination, growth, and survivorship of red maple in
response to subambient through elevated atmospheric C02.
Glob. Change BioI. 10: 233-247. doi:10.1046/j.1365-2486.2004.
00726.x.

Mohan, J.E., Ziska, L.H., Schlesinger, W.H., Thomas, RB., Sicher,
RC., George, K, and Clark, J.S. 2006. Biomass and toxicity re
sponses of poison ivy (Toxicodendron radicansi to elevated at-

Can. J. For. Res. Vol. 39, 2009

mospheric C02. Proc. Natl. Acad. Sci. U.S.A 103(24): 9086
9089. doi:10.1073/pnas.0602392103. PMID:16754866.

Mohan, J.E., Clark, 1.S., and Schlesinger, W.H. 2007. Long-term
C02 enrichment of a forest ecosystem: implications for forest
regeneration and succession. Ecol. Appl. 17(4): 1198-1212.
doi:10.1890/05-1690. PMID:17555228.

Mohan, J.E., Ziska, L.H., Thomas, RB., Sicher, RC., George, K,
Clark, J.S., and Schlesinger, W.H. 2008. Biomass responses of
poison ivy to elevated C02: Reply. Ecology, 89(2): 585-587.
doi:10.1890/07-0660.1.

Myster, RW., and Pickett, S.T.A 1992. Dynamics of associations
between plants in ten old fields during 31 years of succession.
J. Ecol. 80: 291-302. doi:IO.230712261012.

Nadelhoffer, KJ., Emmett, B.A, Gundersen, P., Kjonaas, O.J.,
Koopmans, c.i., Schleppi, P., Tietemal, A, and Wright,
RF.A 1999. Nitrogen deposition makes a minor contribution to
carbon seqyestration in temperate forests. Nature (London), 398:
145-148.

Norby, RJ., DeLucia, E.H., Gielen, B., Calfapietra, c., Giardina,
c.r., King, J.S., Ledford, J., McCarthy, H.R, Moore, D.L.P.,
Ceulemans, R, De Angelis, P., Finzi, AC., Kamosky, D.F.,
Kubiske, M.E., Lucak, M., Scarascia-Mugnozza, G.E., Schle
singer, W.H., and Oren, R 2005. Forest response to elevated
C02 is conserved across a broad range of productivity. Proc.
Natl. Acad. Sci. U.S.A 102(50): 18052-18056. doi:10.1073/
pnas.0509478102. PMID:16330779.

Ollinger, S.V., Aber, J.D., Reich, P.B., and Freuder, RT. 2002.
Interactive effects of nitrogen deposition, tropospheric ozone,
elevated C02 and land use history on the carbon dynamics of
northern hardwood forests. Glob. Change BioI. 8: 545-565.

Ollinger, S.V., Goodale, C.L., Hayhoe, K, and Jenkins, J.P. 2008.
Potential effects of climate change and rising C02 on ecosystem
processes in northeastern U.S. forests. Mitig. Adapt. Strategies
Glob. Change, 13: 467-485. doi:IO.1oo7/s11027-oo7-9128-z.

Oren, R, Ellsworth, D.S., Johnsen, KH., Phillips, N., Ewers, B.E.,
Maier, C, Schafer, KV.R, McCarthy, H., Hendrey, G.,
McNulty, S.G., and Katul, G.G. 2001. Soil fertility limits carbon
sequestration by forest ecosystems in a Co2-enriched atmo
sphere. Nature (London), 411: 469-472. doi:10.1038/35078064.
PMID:11373677.

Overpeck, J.T., Bartlein, P.J., and Webb, T. 1991. Potential magni
tude of future vegetation change in eastern North America: com
parisons with the past. Science (Washington, D.C.), 254: 692
695. doi:10.1126/science.254.5032.692. PMID:17774796.

Pare, P.W., and Tumlinson, H. 1999. Plant Volatiles as a defense
against insect herbivores. Plant Physiol. 121: 325-331. doi:1O.
1104/pp.121.2.325. PMID:10517823.

Pearson, P.N., and Palmer, M.R 2000. Atmospheric carbon dioxide
concentrations over the past 60 million years. Nature (London),
406: 695-699. doi:IO.1038/35021000. PMID:10963587.

Percy, KE., Awmack, C.S., Linthroth, RL., Kubiske, M.E., Cooper,
B.J., Isebrands, J.G., Pregitzer, KS., Hendry, G.R, Dickson,
RE., Zak, D.R, Oksanen, E., Sober, J., Harrington, R, and
Karnosky, D. 2002. Altered performanceof forest pests under at
mospheres enriched by C02 and 03. Nature (London), 420: 403
407. doi:IO.1038/natureOl028. PMID:12459738.

Percy, KE., Nosal, M., Heilman, W., Dann, T., Sober, J., Legge,
A.H., and Kamosky, D.F. 2007. New exposure-based metric
approach for evaluating risk to North American aspen forests.
Environ. Pollut. 147(3): 554-566. doi:IO.1016/j.envpoI.2oo6.1O.
009. PMID:17140714.

Perkins, T.D., and Adams, G.T. 1995. Rapid freezing induces win
ter injury symptomatology in red spruce foliage. Tree Physiol.
15: 259-266. PMID:14965966.

Published by NRC Research Press



Mohan et al.

Peterson, RJ., and Melillo, J.M. 1985. The potential storage of car
bon caused by eutrophication of the biosphere. Tellus B, 37:
117-127.

Petit, RJ., Jouzel, J., Raynaud, D., Barkov, N.I., Barnola, J.-M.,
Basile, I., Bender, M., Chappellaz, J., Davis, M., Delaygue, G.,
Delmotte, M., Kotlyakov, V.M., Legrand, M., Lipenkov, V.Y.,
Lorius, c., Pepin, L., Ritz, C; Saltzman, E., and Stievenard, M.
1999. Climate and atmospheric history of the past 420,000 years
from the Vostok ice core, Antarctica. Nature (London), 399:
429-438. doi:10.1038/20859.

Petit, RJ., Hu, F.S., and Dick, C.W. 2008. Forests of the past: a win
dow to future changes. Science (Washington, D.C.), 320(5882):
1450-1452. doi:lO.1126/science.1155457. PMID:18556547.

Phillips, O.L., Martinez, RV., Arroyo, L., Baker, T.R, Killeen, T.,
Lewis, S.L., Malhi, Y, Mendoza, A.M., Neill, D., Vargas, P.N.,
Alexiades, M., Cer6n, C., Di Fiore, A., Erwin, T., Jardim, A.,
Palacios, W., Saldias, M., and Vinceti, R 2002. Increasing dom
inance of large lianas in Amazonian forests. Nature (London),
418: 770-774. doi:10. 1038/nature00926. PMID:12181565.

Pinto, D.M., Blande, J.D., Nykanen, R, Dong, W.-X., Nerg, A.-M.,
and Holopainen, J.K 2007. Ozone degrades common herbivore
induced plant volatiles: does this affect herbivore prey location
by predators and parasitoids? J. Chern. Ecol. 33: 683-694.
doi:1O.1007/s10886-007-9255-8. PMID: 17333375.

Poland, T.M., and McCullough, D.G. 2006. Emerald ash borer: in
vasion of the urban forest and the threat to North America's ash
resource. J. For. 104: 118-124.

Pomerleau, R 1953. History of hardwood species dying in Quebec.
In Report on the Symposium on Birch Dieback. Summary of
Proceedings, Parts 1 and 2, 21-22 March 1952, Ottawa, Ont.
Biological Sciences Division, Science Service, Department of
Agriculture, Ottawa, Ont.

Prasad, A.M., Iverson, L.R, Matthews, S.N., and Peters, M.P.
2007. A climate change atlas for 134forest tree species of the
eastern United States [database]. Northern Research Station,
USDA Forest Service, Delaware, Ohio. Available from http://
www.nrs.fs.fed.us/atlas/tree [accessed 21 January 2009].

Rawaswamy, V., Boucher, 0., Haigh, J., Hauglustaine, D., Hay
wood, J., Myhre, G., Nakajima, T., Shi, G.Y, and Solomon, S.
2001. Radiative forcing of climate change. In Climate Change
2001: the scientific basis. Edited by J.T. Houghton, Y Ding,
D.J. Griggs, M. Noguer, P.J. van der Linden, X. Dai, K Maskell,
and c.A. Johnson. Cambridge University Press, New York.
pp. 350-416.

Reid, C. 1899. The origin of the British flora. Dulau, London.
Richardson, A.D., Bailey, A.S., Denny, E.G., Martin, C.W., and

O'Keefe, J. 2006. Phenology of a northern hardwood forest ca
nopy. Glob. Change BioL 12: 1174-1188.

Ryan, M.G., Binkley, D., and Fownes, J.H. 1997. Age-related de
cline in forest productivity: pattern and process. Adv. Ecol. Res.
27: 214-262.

Ryan, M.G., Binkley, D., Fownes, J.H., Giardina, c.P., and Senock,
RS. 2004. An experimental test of the causes of forest growth
decline with stand age. Ecol. Monogr. 74(3): 393-414. doi:lO.
1890/03-4037.

Sager, E.P.S., Hutchinson, T.C., and Croley, T.R 2005. Foliar phe
nolics in sugar maple (Acer saccharum) as a potential indicator
of tropospheric ozone pollution. Environ. Monit. Assess. 105:
419-430. doi:1O.1007/s10661-005-4439-6. PMID:15952532.

Saleem, A., Loponen, J., Pihila, K, and Oksanen, E. 2001. Effects
of longterm, open field ozone exposure on leaf phenolics of Eur
opean silver birch Betula pendula Roth. J. Chern. EcoL 27:
1049-1062. doi:1O.1023/A:1010351406931. PMID:11471939.

Schaberg, P.G., and DeHayes, D.H. 2000. Physiology and environ-

229

mental cause of freezing injury in red spruce. In Responses of
northern U.S. forests to environmental change. EcoL Stud. 139.
Edited by RA. Mickler, RA. Birdsey, and J. Hom. Springer
Verlag New York, Berlin, Heidelberg. pp. 181-227.

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: 159-169. doi:10.1016/j.foreco.2005.10.067.

Schemenauer, RS. 1986. Acid deposition to forest: the 1985 chem
istry of high elevation fog (CHEF) Project. Atmos.-Ocean, 24:
303-328.

Schindler, D.W., and Bayley, S.E. 1993. The biosphere as in in
creasing sink for atmospheric carbon: estimates from increased
nitrogen deposition. Global Biogeochem. Cycles, 7: 717-733.
doi: 1O.1029/93GB02562.

Schlesinger, W.H. 1997. Biogeochemistry: an analysis of global
change. 2nd ed. Academic Press, Inc., San Diego, Calif.

Schwartz, M.D., and Reiter, B.E. 2000. Changes in North Ameri
can spring. Int. J. ClimatoL 20(8): 929-932. doi: 10.1002/1097
0088(20000630)20:8<929::AID-JOC557>3.0.CO;2-5.

Schwartz, M.W., Iverson, L.R, and Prasad, A.M. 2001. Predicting
the potential future distribution of four tree species in Ohio
using current habitat availability and climatic forcing. Ecosys
tems (N. Y, Print), 4: 568-581. doi:1O.1007/s10021-001-0030-3.

Schwartz, M.D., Ahas, R, and Aasa, A. 2006. Onset of spring
starting earlier across the Northern Hemisphere. Glob. Change
BioI. 12: 343-351. doi:1O.111l1j.1365-2486.2005.01097.x.

Shadkami, F., Helleur, RJ., and Cox, RM. 2007. Profiling second
ary metabolites of needles of ozone-fumigated white pine (Pinus
strobus) clones by thermally assisted hydrolysis/methylation
GC/MS. J. Chern. Ecol. 33: 1467-1476. doi:1O.1007/s10886
007-9314-1. PMID:1756211O.

Sinclair, G.A. 1952. Survey of the condition of yellow birch in
Ontario. Dept. of Agr. Sci. Servo Bi-monthly Progress Report, 8:
2-3.

Stewart, J.R, and Lister, A.M. 2001. Cryptic northern refugia and
the origins of the modem biota. Trends Ecol. EvoL 16(11): 608
613. doi:1O.10l6/S0l69-5347(0l)02338-2.

Sutherland, E.K., and Hutchinson, T.F. (Editors). 2003. Character
istics of mixed-oak forests in Ohio. USDA For. Servo Gen. Tech.
Rep. NE-299.

Thomas, S.C., Jasienski, M., and Bazzaz, F.A. 1999. Early vs.
asymptotic growth responses of herbaceous plants to elevated
C02. Ecology, 80(5): 1552-1567.

Townsend, A.R, Braswell, B.H., Holland, E.A., and Penner, J.E.
1996. Spatial and temporal patterns in terrestrial carbon storage
due to deposition of fossil fuel nitrogen. EcoL Appl. 6: 806
814.

Vallee, S., and Payette, S. 2004. Contrasted growth of black spruce
(Picea mariana) forest trees at treeline associated with climate
change over the last 400 years. Arct. Antarct. Alp. Res. 36(4):
400-406. doi:10.1657/1523-0430(2004)036[0400:CGOBSP]2.0.
CO;2.

Vellend, M., Knight, T.M., and Drake, J.M. 2006. Antagonistic
effects of seeds dispersal and herbivory on plant migration.
Ecol. Lett. 9: 319-326. doi:1O.1111/j.1461-0248.2005.00878.x.
PMID: 16958898.

Vingarzan, R 2004. A review of surface ozone background levels
and trends. Atmos. Environ. 38: 3431-3442. doi:1O.10l6/j.
atmosenv.2004.03.030.

Visser, M.E., van Noordwij, A.J., Tinbergen, J.M., and Lessells,
C.M. 1998. Warmer springs lead to mistimed reproduction in
great tits (Parus major). Proc. R Soc. Lond. 65(1408): 1867
1870.

Published by NRC Research Press



230

Walker, S.L., Auclair, AN.D., and Martin, H. 1990. History of
crown dieback and deterioration symptoms of hardwoods in east
ern Canada. Parts I and II. Federal Long-Range Transboundary
Air Pollution Liaison Office, Atmospheric Environment Service,
Quebec.

Wang, x., Curtis, P.S., Pregitzer, KS., and Zak, D.R 2000. Geno
typic variation in physiological and growth responses of Populus
tremuloides to elevated atmospheric C02 concentration. Tree
PhysioI. 20: 1019-1028. PMID:l1305456.

Ward, J.S., and Stephens, G.R 1997. Survival and growth of
yellow birch (Betula alleghaniensis) in southern New England.
Can. J. For. Res. 27: 156-169. doi:1O.1l39/cjfr-27-2-156.

Ward, J.K, Strain, B.R, Antonovics, J., and Thomas, RB. 2000. Is
atmospheric C02 a selective agent on model C3 annuals? Oeco
logia (BerI.), 123(3): 330-341. doi:1O.1007/s004420051019.

Webb, T., III. 1987. The appearance and disappearance of major
vegetational assemblages: long-term vegetation dynamics in
eastern North America. Vegetatio, 69: 177-187. doi:10.1007/
BF00038699.

Webb, T., III, Bartein, P.J., Harrison, S., and Anderson, KH. 1994.
Vegetation, lake levels, and climate in eastern United States
since 18 000 yr B.P. In Global climates since the last glacial
maximum. Edited by H.E. Wright, Jr., J.E. Kutzbach, T. Webb,
III, W.F Ruddiman, FA Street-Perrott, and P.J. Bartlein. Uni
versity of Minnesota Press, Minneapolis, Minn. pp. 514-535.

Can. J. For. Res. Vol. 39, 2009

White, M.A, Running, S.W., and Thornton, P.E. 1999. The impact
of growing-season length variability on carbon assimilation and
evapotranspiration over 88 years in the eastern US deciduous
forest. Int. J. BiometeoroI. 42(3): 139-145. doi:1O.1007/
s004840050097. PMID: 10083835.

Woods, KD. 2004. Intermediate disturbance in a late-successional
hemlock-northern hardwood forest. J. EcoI. 92(3): 464-476.
doi:IO.11111j.0022-0477.2004.00881.x.

Xu, C; Gertner, G.Z., and Scheller, RM. 2007. Potential effects of
interaction between C02 and temperature on forest landscape re
sponse to global warming. Glob. Change BioI. 13: 1469-1483.
doi:10.11111j.1365-2486.2007.01387.x.

Zak, D.R, Holmes, W.E., Pregitzer, KS., King, J.S., Ellsworth,
D.S., and Kubiske, M.E. 2007. Belowground competition and
the response of developing forest communities to atmospheric
C02 and 03. Glob. Change BioI. 13: 2230-2238. doi:1O.11111j.
1365-2486.2007.01436.x.

Zhu, X.-B., Cox, RM., Meng, F.-R, and Arp, P.A 2001. Responses
of xylem cavitation, freezing injury and dieback to a simulated
winter thaw in yellow birch seedlings grown in different nursery
culture regimes. For. EcoI. Manage. 145: 243-253. doi:1O.1016/
S0378-1127(00)00440-0.

Published by NRC Research Press


