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Abstract
uncertainty characterizes climate change and concomitant tree response at all landscape ecosystem scales. tree response 
in a recognized time of rapid climate change and global warming provides one of the best terrestrial clues to understand 
ecosystem change. the landscape ecosystem approach provides a robust way of monitoring the individualized response of 
trees at multiple landscape scales. the climate-envelope modeling approach for the whole of eastern North america projects 
the future potential range of 130 native tree species. an average northward shift of 700 km is foreseen by the end of the 
21st century. a second approach, based on forest inventory data of the united states, confirms this major northward and 
individualistic shift in the potential distribution of trees. It is generally agreed that this projected potential distribution of 
native trees will not be realized. the reasons include relatively slow migration rate, lack of suitable establishment sites, forest 
fragmentation, natural disturbance dysfunction and uncertainty, aggressive competition from non-native species, silvicultural 
activities, and genetic maladaptation. Community composition is expected to be markedly different than that of today, in 
part due to the decline of many native present-day species impacted by non-native insects and pathogens. tree response is 
examined in four regions, southern Florida, southern appalachians, Great Lakes region, and mid-atlantic region. the future 
migration potential for upland oaks and red maple given today’s conditions is problematic for oaks and bright for red maple. 
Given the multiple uncertainties of climate change and tree response, the use of ecological land classification, for monitoring 
and understanding tree migration at regional and local scales, is encouraged. the Canadian Forest service is in the forefront of 
analyzing and describing the expected effects of climate change on forests and in recommendations that advocating adaptive 
and risk management in the forest sector. assisted migration of biota in a time of uncertainty should proceed with caution 
using an ecosystem approach. 

Key words: climate change, climate modeling, global warming, landscape ecosystems, standortskunde, sea level rise, tree 
migration, invasive species

Introduction

As part of a symposium at the University of Göttingen in April 2008, 
I addressed the response of tree species to climate change in selected 
landscapes of eastern North America. In this essay, I share several 
examples and thoughts based upon professional education and ex-
perience in Germany, North America, and east Asia as a forester 
and field ecologist. My objectives are to consider: 1) evidence for 
climatic change, 2) projected tree response in the 21st century based 
on climate-change models and the likelihood that these distributions 
will be realized, 3) examples of tree response from four geographic 
regions, 4) the ecosystem approach in monitoring tree migration, 
and 5) planning for tree migration.  

My approach to tree response is ecocentric, focusing first on eco-
logical ecosystems and second the organisms, i.e. tree species, as one 
notable biotic component of them. Never in the history of the earth 
has there been a time without change. Over time the earth and its 
ecosystems, the basic units of nature on the face of the earth (Tans-
ley 1935, Rowe 1961), undergo change. For terrestrial landscapes, 
we distinguish, classify, and map these segments of Earth space as 
landscape ecosystems at multiple scales (Rowe 1961, 1969, Schlen-
ker 1964, Barnes et al. 1982, Mühlhäusser et al. 1983, Mühlhäusser 
and Müller 1995, Bailey 1996, 1998, Gauer and Aldinger 2005). 
The components of landscape ecosystems, large and small, include 
not only climate but geology and physiography, soil, hydrology, and 
biota. It is human nature to focus first on those things that we can 
see (i.e. plants and animals) or that we feel affect us the most (i.e., 
weather and climate). Trees and other plants will respond individual-

istically and certainly more quickly to rapidly changing climate than 
soil or physiography. Thus tree response is arguably one of the best 
measures of the effects of climate change. Nevertheless, it is impor-
tant to keep in mind that tree response is determined significantly 
by multiple and interacting physical and biotic factors, not climate 
alone. 

The single most appropriate key word for tree response is uncer-
tainty. My comments are necessarily limited in scope and viewpoint. 
Thus I urge readers to study the extensive work of James S. Clark and 
associates, Duke University, for the most detailed, analytic, and pen-
etrating treatment of most facets of plant response to climate change 
(Clark et al. 1998, Clark et al. 2001, Clark et al. 2003, McLachlan et 
al. 2005, Ibáñez et al. 2006). 

I first learned the landscape ecosystem concept (i.e. Standortskunde) 
in Baden-Württemberg, Germany (1957, 1963-1964) where I saw, 
studied, and participated in its application in forest management 
and conservation. Since that time, regional ecosystem classification 
and mapping of the entire country have been completed (Gauer and 
Aldinger 2005). Landscape ecosystems are illustrated in Figure 1 at 
broad and fine scales. Any single perceptible ecosystem is a topo-
graphic unit, a volume of land and air plus organic contents extended 
over a particular part of the earth’s surface for a certain time (Rowe 
1961). German pioneers of this approach were Wilhelm Pfeil (noted 
for his emphasis on the „örtlichen”, interpreted as the “Iron Law of 
the Site”), Carl Troll (1939, 1950, 1963), and Gerhard Schlenker 
(1960, 1964). The significance of the landscape ecosystem approach 
is that it provides the ecological basis and spatial framework for 
monitoring and understanding the causes of tree response to climate-
mediated ecosystem change.
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Figure 1. Broad and fine-scale landscape ecosystems. at left, broad-scale ecosystems 
with one fine-scale ecosystem (standortseinheit) embedded in a large ecosystem. 
Note its volumetric structure of air, earth, and organic layers that are all intercon-
nected (after Bailey 1996, with kind permissions of Springer Science+Business Media 
and the author). at right, two fine-scale ecosystem types, one on upper slope and 
one on the lower slope. Each ecosystem type has a distinctive structure of air, earth, 
vegetation and therefore different ecosystem function (after rowe 1984).

Evidence of climate change

Early warnings of climatic change by James Hansen (e.g. 1988 tes-
timony before congress), among others, were confirmed as real and 
significant in the synthesis report of the Intergovernmental Panel on 
Climate Change (IPCC 2007). Significant findings include:

Marked increase in global air and ocean temperatures, wide-•	
spread melting of snow and ice, and rising global average sea 
level (Fig. 2). 
Eleven of the last 12 years (1995-2006) are among the 12 warm-•	
est years in the instrumental record of global surface tempera-
ture (since 1850). 
Rising sea level is consistent with warming (Fig. 2). Global aver-•	
age sea level has risen since 1961 at an average rate of 1.8 mm/
yr since 1993 and since 1993 at 3.1 mm/yr, with contributions 
from thermal expansion, melting glaciers and ice caps and the 
polar ice sheets. 
Observed decreases in snow and ice extent consistent with •	
warming (Fig. 2). Average annual extent of Arctic sea has shrunk 
by 2.7% per decade, with larger decreases in summer of 7.5% 
per decade. Mountain glaciers and snow cover on average have 
declined in both hemispheres
Average northern hemisphere temperatures during the second •	
half of the 20th century were very likely higher than during any 
other 50-year period in the last 500 years.
“There is very high confidence that the new effect of human •	
activities since 1750 has been one of warming.” Moreover, the 
IPCC report may present a conservative estimate of global warm-
ing and its effects because deforestation will continue, coal-fired 
power plants will increase in number, and emissions are very 
likely to increase despite preventative measures. A continuous 
stream of new evidence suggests more severe consequences lie 
ahead. Three examples are indicative. 
In Siberia the frozen arctic floor has started to thaw and release •	
long-stored methane gas. The result could be catastrophic warm-
ing of the earth because methane is a far more potent greenhouse 
gas than carbon dioxide (Mrasek 2008). 
Regional and global temperatures are currently being held down •	
by natural variation in the climatic system driven in large part 
by vacillating ocean currents, which is expected to last only for 
a few years (Kerr 2008). 
There is so much warming and CO•	 2 today that we are close to 
tipping points of no return. According to James Hansen (2008a, 
b), Arctic sea ice is 4,000,0000 km2 – only half what it was 30 
years ago. All the sea ice will melt in 10-15 years with warming 
already in the system. 

Current and potential distributions of trees

The relative ease of measuring climate has been instrumental in mod-
eling climate to determine tree distribution at the close of the 21st 
century. Examples of two approaches that project the climatic habi-
tat of tree species in the future are described in the next sections. 

Climate envelope modeling approach
The bioclimate-envelope approach defines and provides maps of 
species-specific potential distribution of plant species for wild and 
cultivated conditions (McKenney et al. 2007a, b). McKenney and 
associates compare the climatic habitat of tree species for current 
climate conditions with those predicted for the end of the century. 
From a set of 19 climatic variables, 6 (3 temperature, 3 precipita-
tion) were selected for modeling that best define important climatic 

Figure 2. Evidence of climate change for observed changes in (a) global average 
surface temperature, (b) global average sea level from tide gauge (blue) and satellite 
(red) data, and (c) northern hemisphere snow cover for march-april. all differences 
are relative to corresponding averages for the period 1961-1990 (after IPCC 2007).
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constraints on plant survival and growth. For each species, a pair of 
maps was developed. The first shows the current natural range of Acer 
saccharum (sugar maple) (Fig. 3, McKenney 2007a). The second map 
(Fig. 4) shows the current and future climate envelopes under wild, 
nonirrigated conditions of temperature and precipitation. The future 
map of climate envelope, at the end of the 21st century, was projected 
under conditions projected by a global climate model (CGCM2, 
Boer et al. 2000) under the A2 warming scenario (likely range of 
temperature change of 2.0-5.4 °C) outlined by the Intergovernmen-
tal Panel on Climate Change (Nakicenovic and Swart 2000).  

Comparing the current with future potential distribution of sugar 
maple, assuming a full-dispersal scenario (i.e. its migration rate keeps 
pace with climate warming), a northward shift of nearly 1,000 km 
is projected (Fig. 4). This future range only coincides with the cur-
rent distribution of sugar maple in it’s northern range. The authors 
recognize that by the end of the century the future projected range 
is unlikely to be achieved, primarily due to lack of suitable soil-site 
conditions and a required migration rate that is well beyond the ac-
cepted rate for sugar maple. 

Using the same approach, McKenney et al. (2007b) predicted 
the future climate niches for 130 North American tree species where 
each species could potentially occur by the end of the century. In the 
full-dispersal scenario, future potential ranges show decreases and in-
creases in size, with an average decrease of 12% and a northward shift 
of 700 km. Although tree response is not alone due to climate, the 
potential effects of climate, unencumbered by the estimated effects 
of other factors, are clear. The latest data for tree species projections 
are available at http://planthardiness.gc.ca. 

Forest inventory modeling approach
A second approach also projected widespread shifts in tree distribu-
tion. Iverson et al. (1999) used the primary data source of tree abun-
dance and distribution from the USDA Forest Service’s Forest In-
ventory and Analysis (FIA). Data from more than 100,000 forested 
plots (circa 3 million trees) were used to prepare maps of 80 species 
of the eastern United States. Thirty-tree environmental variables were 
used to build statistical models characterizing species distribution 
and habitat at the end of the 21st century. Besides standard climatic 
variables, others including soil, land use, elevation, and edge density 
were employed. They estimated the percentage changes in Importance 
Value that is potentially possible in a doubled CO2-climate for two 
general circulation models. Importance value is an index that com-
bines numbers of trees and basal area per unit area (Curtis and McIn-
tosh 1951). For example, the projected occurrence of sugar maple 
at the end of this century is limited to northern locations adjacent 
to the Canadian border. For virtually all of eastern North America, 
sugar maple is absent or when present it shows a marked decline in 
importance. The projected future range of 134 species is available at 
http://www.nrs.fs.fed.us/atlas/tree/tree_atlas.html. 

Will the projected tree distributions be  
realized?

These models provide unequivocal evidence of major northward 
change in distribution of native tree species. However, it is gener-
ally agreed that rapid and widespread migration into new climatic 
habitats will not be realized by the end of the 21st century (Davis and 
Zabinski 1992, Iverson et al. 1999, McKenney et al. 2007a, William-
son et al. 2009). In the paragraphs below I examine several reasons 
why projections of native tree response based on climate models are 
unlikely to be realized:

Figure 3. Natural range of Acer saccharum (sugar maple) digitized from the map by 
Little (1971) and overlaid with additional verified occurrences as far south as east 
texas. the accepted core range limits are shown by the black boundary line (after 
mcKenney et al. 2007a, with kind permission of american Institute of Biological 
sciences).

Figure 4. Current and future climate envelopes for Acer saccharum under the nonir-
rigated (i.e. natural) scenario. the future climate envelope is based on projected 
climatic conditions for the period 2071-2100, using the Canadian Centre for Climate 
modeling and analysis’s second-generation coupled global climate model and the 
a2 emissions scenario outlined by the Intergovernmental Panel on Climate Change 
(after mcKenney et al. 2007a, with kind permission of american Institute of Biologi-
cal sciences).
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Slow migration rates •	
Forested landscapes already occupied•	
Forest fragmentation – natural and human barriers•	
Failed natural disturbances •	
Non-native opportunistic species•	
Silvicultural activities•	
Genetic factors.•	

In considering these reasons, it is important to keep in mind that 
inevitably one tends to compare the expected future tree response 
and migration in light of that which took place in late-glacial and 
Holocene times of circa 16,000 to 4,000 years ago. For the most part 
the future rate of climate change, rate and pattern of tree migration, 
and disturbance history are not well understood or controversial. 
Since the colonization of eastern North America by humans, major 
changes have occurred on the physical environments for plant es-
tablishment, disturbance regimes, ecosystem processes, and the con-
stituent migrating species. 

slow migration rate 
Using realistic rates, migration of tree species cannot keep pace with 
newly created climate habitat. The post-pleistocene estimated average 
rates of migration were overly optimistic (Clark et al. 1998, Clark et 
al. 2001, Clark et al. 2003, McLachlan 2005) and even then slower 
than that required to meet the rate of projected climate change. To-
day, estimated average rates of tree migration range from 1-10 km/
century (fragmented landscapes, Schwartz et al. 2001) to 50 km/
century (fully forested landscapes, Schwartz et al. 2001, McKenney 
2007b). Assuming an average 700 km northward shift of suitable cli-
mate (McKenney 2007b), the respective tree migration rate required 
would be 700-70 to 14 times the current estimated rate. The assump-
tion of most models that a given species can colonize any new cli-
matic habitat is unrealistic because of the specificity of establishment 
ecology and other natural history traits of individual tree species. 
Because forecasting migration rates is fraught with uncertainties, 
Higgins et al. (2003) suggest “closer co-operation between research-
ers forecasting changes in climatic ranges and researchers forecasting 
migration rates.” Also, spatially monitoring of migration and extirpa-
tion as they occur will assist in developing ecosystem-based models 
that include site-specific factors that determine establishment, re-
cruitment, and spatial patterns of colonization. 

Forested landscapes occupied
Large areas of eastern North America are still forested. In these forest 
ecosystems, species of the subdominant overstory and understory are 
replacing the overstory canopy at variable rates. Barring catastrophic 
disturbance, these successional cohorts, once reaching the overstory 
canopy, may command dominant positions for decades to come. 
Any invading species must be competitive enough to replace species 
of existing communities that may possess a range of plasticity and 
genetic variation to accommodate all but extreme changes in climate 
and soil-site disturbances. However, if extant species are vulnerable 
to one or more major effects of climate change, then invasion is likely 
to proceed rapidly. Williamson et al. (2009) observed for Ontario 
that the only significant changes in tree species composition for the 
near term will be changes in the relative abundances of species that 
are already present in a given region. Obviously, the future is uncer-
tain especially for generalizations that are not ecosystem specific.

Fragmentation of the landscape
Enormous areas of North America are fragmented in one way or 
another. Natural geographic barriers of lakes, rivers, rock outcrops, 
and non-hospitable sites are still present today as they were before 

colonization by humans. Today, however, we have the added human 
barriers of civilization, including agriculture, urban development, 
roads, and power lines, among others. The combination of original 
and human fragmentation disrupts migration by limiting continu-
ous forest occurrence, restricting pollen and seed dispersal, and alter-
ing the kinds and patterns of disturbance. 

Natural disturbance
Some natural disturbances that we have come to think of as favoring 
rapid migration of a given species are absent or markedly changed. 
Wildfire is largely absent compared to pre-European settlement time, 
and shade tolerant mesic invaders have replaced fire-dependent com-
munities in many ecosystems. Flooding is rare. Wind storms (in-
cluding hurricanes and tornadoes, and chronic severe storms) con-
tinue to occur, and their severity and unpredictability are very likely 
to increase with climatic warming (IPCC 2007). “Un-natural” or 
human-caused disturbances such as land drainage have changed or 
eliminated huge areas of wetlands, reducing the habitat for wetland-
adapted species. Globalization of trade has brought a host of insects 
and diseases that now cause great biotic disturbances to forest stands 
whose effects will change the rate of tree species migration in many 
and uncertain ways. Certain tree species today are negatively impact-
ed, whereas others are favored by the present disturbance regimes. 
Climate change will undoubtedly further change these regimes. Such 
changes might have diverse and even opposite effects in the future 
depending on geographic-specific regional and local ecosystems. It 
may be some time, however, before the full effect of changed distur-
bance regimes is realized. 

Non-native North American species - “invasives” 
From a human viewpoint, invasion is typically thought of as the 
onset or appearance of something harmful or troublesome. Invasive 
aliens or non-native plants are of major concern in certain ecosys-
tems today because they replace or reduce the numbers of native 
species. Thus they may reduce the rate of migration of native spe-
cies. Non-native trees and shrubs may colonize areas humans have 
disturbed by road building, logging, draining, plowing, and over-
grazing. They likely gather momentum in areas of intense human 
development and spread widely into adjacent cut-over or otherwise-
disturbed forests. For examples of such invasive species, please see the 
section: Expansion of non-native “invasive” species. The ecological 
view of colonization by any organism, regardless how it arrives, is 
that the true endemic is really that plant or animal that prospers 
and persists in the local environment, that is competitive in the local 
ecosystem, and that can maintain and reproduce itself where it lives 
(Spurr 1964, p. 157). 

silvicultural and forest management activities 
Silviculturists and forest managers in the United States probably 
will continue to manage in the future as they have in the past un-
less there is a comprehensive directive or catastrophic disturbance 
to change current practices to meet new objectives. Thus changes 
in forest composition and rate of tree migrations may lag in man-
aged forests compared to that in the large areas of unmanaged forests 
and certain parks and preserves. Strong pressures from government, 
industry, and the public may encourage maintaining the status quo 
rather than adopting new climate-mediated changes in species selec-
tion and silvicultural methods. In managing forests in the 21st cen-
tury, new ecological forestry methods are urged by Franklin et al. 
(2007). The Canadian Forest Service is far advanced in management 
planning and will likely be leaders in adaptive management of their 
forests (Lemprière et al. 2008, Williamson et al. 2009). 
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Genetic adaptability
Failure of populations of tree species to adapt quickly enough ge-ilure of populations of tree species to adapt quickly enough ge-
netically to rapid climate change would slow migration rates. Tree 
species persisting today in eastern North America showed marked 
ability to adapt and migrate during glacial and postglacial times de-
spite marked changes in day length, mean and extreme temperature, 
natural disturbance, and other factors (Davis and Shaw 2001, Saxe 
et al. 2001, Hamrick 2004). Whether populations of temperate and 
boreal trees will be able to adapt rapidly enough to keep pace with 
the expected rapid change was considered in detail by Aitken et al. 
(2008). Generally, species with large populations, early and high 
rates of reproduction, widespread pollen and seed dispersal, and high 
genetic variability and plasticity are likely to adapt most successful. 
These include many pioneer species in Salix, Populus, Betula, and es-
pecially shrub and vine species. Species with fragmented small popu- fragmented small popu-
lations, late sexual maturity and fecundity, and low inherent genetic 
variation will probably lag in local adaptation (Aitken et al. 2008). 
I perceive that the phenotypic plasticity of tree species is high and 
not well understood. Coupled with asexual regeneration, many tree 
species may persist where they now occur for decades or well into the 
22nd century.

Composition of future forest communities

Today, broad generalized nicknames are used to designate forest com-
munities, such as Beech-Maple and Oak-Hickory. However, ecolo-
gists are quick to point out the individualistic nature of species and 
the great differences in tree composition of individual communities 
within a given generalized forest type. A major reason is the enor-
mous physical site differences within regional and local landscape 
ecosystems (Barnes et al. 1982, Pregitzer and Barnes 1984, Spies 
and Barnes 1985, Albert et al. 1986, Simpson et al. 1990, Walker et 
al. 2003). Compared with species composition and species richness 
circa 6,000 to 2,000 years ago at the end of the holocene, future for-
ests will be very different due to the expected increase in non-North 
American alien species and the decline in abundance of many tree 
species that were thriving just 500 years ago. I list a few species that 
likely will no longer enjoy the occurrence and dominance that they 
once had in regional and local forest ecosystems, thereby changing 
both plant and animal composition, ecosystem processes, and com-
munity dynamics. Many of these species are declining due to non-
native insects and pathogens, which may become more abundant 
with a warmer climate: 
Castanea dentate: The American chestnut has been nearly extirpat-

ed due to the chestnut blight (Cryphonectria parasitica).
Ulmus spp.: Elm species are absent or markedly reduced in wetlands 

due to the disease (Ophiostoma ulmi and O. novo-ulmi); limited 
regeneration is occurring. 

Tsuga canadensis: The eastern hemlock has been severely decimated 
by the hemlock wooly adelgid (Adelges tsugae) in the northeast and 
southern Appalachian Mountains. Also, regeneration is limited 
due to herbivory by high populations of white-tailed deer (Odo-
coileus virginianus) throughout the upper Great Lakes Region and 
in New England. 

Fraxinus spp.: The emerald ash borer (Agrilus planipennis) has killed 
all individuals > circa 5 cm diameter breast height of the four na-
tive species in southern Michigan. It is now moving through 10 
midwestern and eastern states. 

Abies fraseri: The balsam wooly adelgid (Adelges picaea) has killed 
> 80% of mature Fraser fir trees from in its range in the southern 
Appalachian Mountains. It also attacks the A. balsamea (balsam 
fir) throughout eastern North America. 

Fagus grandifolia: The American beech has been severely attacked 

by the beech bark disease Nectria coccinea var. faginata) in New 
England and is increasingly prevalent in the upper Great Lakes 
Region. 

Quercus spp.: Profound changes in forest ecosystems have virtually 
eliminated the regeneration of oaks from the understory and over-
story throughout much of their range except on the dryest sites. 
The factors are fire exclusion, severe browsing by deer, shading 
by red and sugar maples and non-native shrub species, attack by 
insects: gypsy moth (Lymnatria dispar), Asian long-horned beetle 
(Anplophora glabripennis), and winter moth (Operophtera bruma-
ta); and the oak wilt fungus (Ceratocystis fagacearum).

Thuja occidentalis: Severe browsing by deer has eliminated regen-
eration of seedlings for decades, and without marked reduction in 
deer herds this generation may be its last in certain ecosystems. 

Juglans cinerea: The white walnut canker (Sirococcus clavigignenti-
juglandacearum) has eliminated this species throughout much of 
its range.

Cornus florida: Dogwood anthracnose (Discula spp.) has decimated 
populations in 13 eastern and southeastern states.

Expansion of non-native “invasive” species
Many non-North American alien species, so-called “invasives,” are 
well established in forest ecosystems. With increased warming and 
disturbance they are very likely to become increasingly abundant. 
A few of these woody species include: Ailanthus altissima (tree-of-
heaven), Alnus glutinosa (black alder), Berberis thunbergii (Japanese 
barberry), Betula pendula (European white birch), Casurina equi-
setifolia (Australian pine), Celastrus orientalis (oriental bittersweet), 
Lonicera japonica (Japanese honeysuckle), Lonicera maackii (Maack’s 
honeysuckle), Lonicera tatarica (Tartarian honeysuckle), Melaleuca 
quinquenerria (Melaleuca), Pueraria montana (Asian kudzu vine), 
Rhamnus cathartica (common buckthorn), Rhamnus frangula (glossy 
buckthorn), and Schinus terebinthifolius (Brazilian pepper tree). 

Regional examples of tree response 

In the next sections, I examine tree response for four different region-
al ecosystems, southern Florida, the southern Appalachian Moun-
tains, the Great Lakes Region and the Mid-Atlantic Region. 

sea-level rise in southern Florida 
The global average of sea-level rise since 1961 and 1993 has been 1.8 
and 3.1 mm/yr, respectively (IPCC 2007). With increasing emis-
sions and thermal expansion, the melting of glaciers, ice caps, and 
the polar ice sheets, further increase is likely. Results simulated by the 
climatic model A1F1 scenario (IPCC 2007) projects a likely range of 
temperature change at 2090 -2099 relative to 1980-1999 to be 2.4-
6.4 °C and a sea level rise of 26-59 cm. 

In the Florida Keys, the local sea-level rise was circa 2.4 cm per 
decade for the period 1913 to 1986 (Ross et al. 1994). In a 50-year 
study in the southeast Saline Everglades, the boundary of the mixed 
graminoid-mangrove and Cladium communities shifted inland by 
3.3 km (Ross et al. 2000). Alexander (1953, 1976, 1984) concluded 
that sea-level rise and concomitant rise in salinity were responsible 
for the disappearance of the pine forest on Key Largo. On a second 
island, Ross et al. (1994) confirmed this hypothesis. Forests of Pinus 
elliottii var. densa (slash pine) on Sugarloaf Key were reduced from 
over 88 ha in 1935 to 30 ha by 1991. Areas where pines died earli-
est occupied the lowest elevation. Both groundwater and soil-water 
salinity were higher in the area of rapid pine decline The change from 
pine forest to more salt-tolerant vegetation proceeded continuously 
from low to high elevations. 
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Changes in ecosystems of the Lower Keys area are due not only 
to sea-level rise, but for its interactions with disturbances of hurri-
canes and fire (Ross et al. 2009). Figure 5 illustrates the interactions 
and succession driven by sea-level rise. Fire maintains pine forest 
and inhibits change of pine to hammock forests and of herbaceous 
marches to woody swamps. Hurricanes bring wind damage, but it is 
storm surge that has the most persistent effects on coastal vegetation. 
Unlike fire, storm surge accelerates the transition from fresh water-
dependent ecosystems by selective mortality of salt-sensitive vegeta-
tion (e.g. pines, herbaceous freshwater marsh species), which are the 
major sources of fine fuels that promote fire. The lack of fire increases 
the vegetation shift to buttonwood woodland and saline-tolerant 
mangrove swamps. As salinity increases Conocarpus erectus (button-
wood) is killed and even mangroves can be killed by hypersalinity. 

A continuation of the current rate of sea-level rise in south Florida 
would place a major constraint on conservation and restoration of 
low-lying upland communities, especially if success is measured in 
the long term (i.e. >50 years) (Ross et al. 1994). In the Florida Keys, 
the decreasing influence of fire and the increasing effect of storm 
surges appear to be consequences of rising sea level (Ross et al. 2009). 
The protection of coastal biodiversity from the negative impacts of 
sea-level rise is a particularly acute problem in island ecosystems and 
requires a strategy of intensive management.  

southern Appalachian Mountains
A good example of ecosystem change both in time and space is the 
vertical displacement of vegetation types on Mt. LeConte (elevation 
2,000 m) of the Great Smoky Mountain National Park (east Tennes-
see to west North Carolina) (Fig. 6, Delcourt and Delcourt 1987). 
From 20,000 to 16,500 yr before present (B.P.) (Fig. 6A), elevations 
above 1,5000 m in the southern Appalachians were characterized 
by mean annual temperature well below 0 °C, perennially frozen 
ground, and permanent snow packs. Intensive freeze-thaw churning 
of soil prevented establishment of trees, but the sites were suited for 
alpine tundra. Conifer krummholz dominated the lower elevations. 
From 16,500 to 12,500 yr B.P. (Fig. 6B), with rising temperature, 
tundra and krummholz formed a patchwork cover above 1,500 m. 
Boreal and cool-temperate forests became established at intermediate 
and lower elevations, respectively. Climatic amelioration increased 
after 12,000 yr B.P. (Fig. 6C) and by 10,000 yr B.P. conifers and 
northern hardwoods occupied mountain summits and upper slopes. 
Temperate deciduous hardwoods dominated the lower elevations af-
ter 10,000 yr B.P. Today, (Fig. 7D) a great diversity of ecosystems 
and their communities, from dry-site oak and pine species at low 
elevations to red spruce-Fraser fir (Picea rubens-Abies fraseri) forests 
at 2,000 m, comprise the landscapes of Mt. LeConte from low to 
high elevation. 

Projections of future vegetation of the Great Smoky Mountains 
by Delcourt (2002), indicate that red spruce-Fraser fir forest with its 
alpine species will be eliminated locally (Fig. 7). In its place, north-
ern deciduous forest will regenerate, and relatively cold-hardy species 
such as Betula alleghaniensis (yellow birch), Fagus grandifolia, Acer 
saccharum, Acer rubrum (red maple), and Sorbus americana (Ameri-
can mountain-ash) will predominate on mountain tops. Mixed mes-
ophytic forest may expand from low-elevation coves and stream val-
leys to occupy mesic mid-slopes, with mixed oak forest on dryer sites. 
Fire-adapted pine and heath communities will grow on the most 
exposed ridges at mid elevations. Warm-temperate southern mixed 
hardwoods and southern pine forest will cover the low-elevation val-
leys. The enormous diversity of local ecosystems and microsites will 
probably provide refuges for most of the present-day species in addi-
tion to new arrivals at lower elevations. However, it is not expected 
that the same climate and ecosystem processes that operated in the 
past will structure the forest communities of the future.  

Figure 5. Vegetation response due to sea-level rise in the Florida Keys. the arrows re-
present transitions among vegetation types. the broken arrows represent rapid tran-
sitions driven by pulse disturbances. the solid arrows indicate vegetation changes 
that occur over decades to centuries. the large gray arrow in the model background 
represents the major impact of sea-level rise as a ramp disturbance (after ross et al. 
2009, with kind permission of Ecological society of america).

Figure 6. Illustration of vegetational changes on mt. LeConte, Great smoky mountains 
National Park, over the past 20,000 years. see text for explanation of changes (after 
Delcourt and Delcourt 1987, with kind permissions of Springer Science+Business 
media and the authors).
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Great Lakes Region
The Great Lakes Region encompasses an area of 797,720 km2 (Ger-
many 137,882 km2) and includes six states (Minnesota, Wisconsin, 
Illinois, Indiana, Michigan, Ohio) and Ontario, Canada that border 
the Great Lakes. By end of the 21st century the region will warm 
by 3 to 7 °C in winter, by 3-11 °C in summer (Kling et al. 2003). 
The growing season will be longer by 20 to 60 days, depending on 
a low or high emission assumption. Annual average precipitation 
is unlikely to change, but the seasonal distribution is likely to vary 
greatly, increasing in winter and spring and decreasing in summer. 
Increased risks are expected: insect and disease epidemics, non-native 
plant invasions, and severe disturbances such as windstorm, fire, and 
flooding. 

Drying will affect surface and groundwater levels
Soil moisture is projected to decrease by 30% in summer with the 
result of greater risk of mortality in summer for seedlings in the pro-
cess of establishing. 
Tree response:

Species of the white oak group having earlier fall germination •	
and longer growing season may be favored over spring-germi-
nating species of the red oak group to the extent that seedlings 
of the latter group suffer under summer drought. 
On dry sandy sites, •	 Pinus resinosa (red pine) and P. banksiana 
(jack pine) may be increasingly favored over P. strobus (eastern 
white pine) because of greater ability to survive on dryer sites 
and frequent fire. If today’s mesic sites become dryer and more 
fire prone, Pinus strobus should play a more important of role 
than it presently does.
With marked warming and increase of fire frequency, forests or •	
woodlands of Pinus banksiana (jack pine) and Quercus ellipsoi-
dalis (northern pin oak) are likely to be replaced by pine barrens. 
With further increase in fire frequency, dry sand prairies replace 
pine barrens.
On mesic sites, •	 Acer saccharum is likely to be favored over Fagus 
grandifolia due to very early spring germination and its greater 
tolerance of dry growing seasons.
A combination of longer growing season with dryer summers •	

may affect Acer rubrum in two ways. Red maple exhibits a time 
of seed germination that is related to the length of the growing 
season remaining for seedling survival after germination (Farm-
er 1997, Anella and Whitlow 1998). As a consequence of its 
widespread distribution (e.g. northern Ontario to southernmost 
Florida) the time of seed germination is either, 1) immediately 
following dispersal in the spring (in the midwest and southern 
part of its range) or 2) early in the second spring after dispersal 
(northern part of range). The longer growing season with cli-
matic warming, the greater the chance of maple populations to 
be selected for strategy 1 over strategy 2 on sites that maintain 
sufficient soil-water during the summer. However, if summers 
are exceedingly dry with recurrent fires, red maple seedlings may 
fail to establish, as is the case in today’s pine barrens. 

River bottomland changes in spring
Earlier ice breakup and earlier peaks in spring runoff and higher 
spring precipitation are expected to cause more frequent and extreme 
river flooding.
Tree response:
If, in fact, flooding and inundation of bottomlands occur longer 
into the growing season they should increasingly favor species that 
are adapted to low soil-oxygen availability and thus thrive in such 
sites when their roots are inundated in the spring. These species may 
include Salix spp. (willows), Populus deltoides (eastern cottonwood), 
Acer saccharinum (silver maple), Platanus occidentalis (American 
sycamore), Betula nigra (river birch), Liquidambar styraciflua (sweet 
gum), Nyssa aquatica (water tupelo), Celtis. laevigata (sugarberry), 
Carya laciniosa (big shellbark hickory), and C. aquatica (water hicko-
ry), and southern oaks such as Quercus phellos (willow oak), Q. nigra 
(water oak), and Q. lyrata (overcup oak). 

Wetland changes
Reduced summer water levels are likely to cause drying of wetlands 
resulting in a change from wet to wet-mesic or from wet-mesic to 
mesic conditions.
Tree response:

Primary wetland species such as •	 Picea glauca and P. mariana 
(white and black spruces), Larix laricina ( tamarack), Abies bal-
samea (balsam fir), and Thuja occidentalis (northern white-cedar) 
are likely to decline in occurrence due to dryer and warmer sum-
mer conditions
Acer rubrum•	  is favored since it has a wide tolerance range of 
soil-site conditions.
As wetlands become dryer in mid-summer, species characteristic •	
of mesic ecosystems (soil-water available throughout the grow-
ing season) are more likely to invade, especially Fagus grandifolia, 
Acer saccharum, Quercus alba (white oak), Q. rubra (northern 
red oak), Tilia americana (American basswood), Ostrya ameri-
cana (hop-hornbeam), among others. 

Forest Productivity
Productivity would be affected variously by a longer growing season, 
warmer and dryer summers, increased CO2 and nitrogen, increased 
risks of insect-disease attack, and severe windstorm and fire.
Tree response:

Greater productivity is foreseen in the short term under the best-•	
case scenario of long growing season, increased CO2, and favor-
able soil-water and nutrient availability. 
Trees reach maturity and die sooner and rotation and generation •	
times are shortened.
Pioneer species are favored by increased disturbances depending •	
on species and ecosystem type.

Figure 7. Future vegetation patterns on mount LeConte, Great smoky mountains 
National Park, projected at the end of the 21st century. see text for explanation (after 
Delcourt 2002, with kind permission of mcDonald & Woodward Publishing).
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To the extent that native and non-native shrubs take over sites •	
following repeated severe disturbances, tree productivity will 
decrease.

Upland forest composition
With markedly warmer conditions, boreal and northern forests will 
shrink in size as species migrate northward. The many species oc-
curring primarily in the southern part of the region will migrate 
northward (e.g. Juglans nigra (black walnut), Carya ovata (shagbark 
hickory), Sassafras albidum (sassafras), Quercus shumardii (shumard 
oak), Q. macrocarpa (bur oak), and many others. More southerly 
races of existing species will likely replace extant northern races of 
a given species, and “southern” species new to the region are likely 
to migrate northward and occupy a range of sites from dry to wet-
mesic. If fire increases markedly in dry and dry-mesic sites, bigtooth 
and trembling aspens (Populus grandidentata, P. tremuloides) will re-
sprout and continue to dominate large areas of their present occur-
rence rather than continue their present decline. 

Mid-Atlantic Region
The Mid-Atlantic Region extends along the Atlantic coast of the 
United State from approximately 36° to 41° North latitude and 74° 
to 81° West longitude. It includes the northern part of North Caro-
lina, Virginia, West Virginia, Pennsylvania, and New Jersey. The land 
cover is dominated by forests (about 64%), which are diverse in spe-
cies composition. The coverage of these forest types ranges from pine 
and mixed pine-hardwoods (8%) in the south to oak-hickory (46%) 
in the central part and maple-beech-birch (37%) in the north. 

Overall, modeling of tree distribution indicated that climatic 
change may result in large increases in the amount of forest land 
dominated by oak and pine species (McKenney-Easterling et al. 
2000). Large decreases were predicted for the maple-beech-birch for-
est type and its component species. Two major factors were reported 
responsible for change in tree species distribution: (1) climatic warm-
ing through direct and indirect effects, and (2) increased frequency 
and severity of extreme weather events, including high winds, high 
or low rainfall, heavy snowfall, and ice storms. Among the model 
assumptions were that species will be able to colonize all climatically 
favorable sites, and that trees are able to migrate in pace with the rate 
of climate change; both are unlikely.

Specifically, McKenney-Easterling et al. (2000) modeled percent-
age changes in the areal distribution of 43 of the most important 
species and several forest types for each of 5 general climatic mod-
els. Equilibrium conditions and a doubling of CO2 were assumed 
to evaluate future species distributions. Significant increases of eco-
nomically important species were reported for Pinus palustris (lon-
gleaf pine) (+2,893%), P. taeda (loblolly pine) (+177%), P. echinata 
(shortleaf pine) (+154%), and Quercus alba (+54%). These species 
tend to be better adapted to the hotter and dryer conditions project-
ed by the general climate model scenarios. Important reductions in 
area were reported for Acer saccharum (-99%), Prunus serotina (black 
cherry) (-77%), and Quercus rubra (-58%). These species are bet-
ter suited to moist conditions that would occur farther north or at 
higher elevations. 

The forest types that exhibit potentially large increases under most 
scenarios are (1) longleaf-slash pine, (2) loblolly-shortleaf pine, and 
(3) oak-pine. Two forest types could be severely reduced or elimi-
nated: elm-ash-cottonwood and maple-beech-birch. 

It is unlikely that major increases in upland oak species will be 
realized by the end of the century. There are several profound effects 
on the regeneration of oak species in addition to the significant ones 
recognized by the authors: inability to migrate in pace with climatic 
change, land-use changes, the possibility of continued fire exclusion, 
and invasion by exotic species. Foremost of these effects include her-

bivory of oak seedlings and saplings by white-tailed deer and inva-
sion of sites supporting oaks and pines by mesic species, especially 
red maple (Abrams 1992, 2003, 2005, Nowacki and Abrams 2008). 
Additional problems include outbreaks of gypsy moth, winter moth, 
oak wilt, and the Asian long-horned beetle. Because of the impor-
tance of upland oaks in eastern North America and their possible 
decline and the concomitant major increase in red maple, I focus on 
these organisms in the next two sections. 

upland oaks

As described above, upland oaks of southerly occurrence are projected 
migrate north to occupy large areas of the Mid-Atlantic Region and 
elsewhere in the Midwest (McKenney et al. 2001, Iverson et al. 1999, 
McKenney-Easterling et al. 2000). However, if current constraints to 
oak regeneration are not relaxed or removed, such a major migration 
is unlikely. As a group, oaks, more than any other genus dominated 
pre-European settlement forests of the eastern United States. About 
40 species are distributed throughout the eastern United States, pri-
marily located between latitudes of 30° and 40° N latitude. In the 
statements that follow, I briefly characterize the ecological basis for 
the occurrence of upland oaks and summarize key factors and rela-
tionships currently interacting to cause their decline. 

occurrence of upland oaks 
Oaks occur and are dominant species in dry and dry-mesic ecosys-
tems. Oaks require frequent, low-severity fires for regeneration and 
persistence in most ecosystems.

upland oaks in decline
Fire exclusion, caused by fire suppression, prevention and forest •	
fragmentation since about 1930, has characterized ecosystems 
where oaks naturally occur and has contributed greatly to their 
failure to regenerate.
Oaks are highly susceptible to browsing by white-tailed deer.•	
Oaks are subject to attack by many insects and diseases.•	
Oaks are particularly sensitive to sudden freezing temperatures •	
in late spring.
Oak seedlings and seedling sprouts are shaded and killed by •	
non-native invasive shrubs and vines and by “native invasive” 
species such as red and sugar maples.
Many oak species are currently in decline; they are most likely •	
to survive in populations on very dry sites, often without fire, 
where herbivory happens to be low or absent.
If shrubby invasives and mesic species become increasingly pres-•	
ent in understories, fuel for fire would be markedly reduced, 
leading to less fire or a changed fire regime from that with oak 
dominance.
Oak decline is unlikely to be reversed by climate change unless •	
the incidence of fire markedly increases and deer populations are 
greatly reduced. 

Upland oak species evolved in relatively dry, fire-prone ecosys-
tems at relatively low latitudes. Fire was once the dominant fact of 
forest history (Spurr 1964) – but no longer. With the advent of forest 
fire prevention and suppression, fragmentation of forests, human ex-
pansion via second and summer homes over the forested landscape, 
wildfires have been largely excluded throughout much of the east-
ern United States. Lack of fire is perceived as the main reason for 
lack of continued oak dominance, although fire is not everywhere an 
obligate requirement for regeneration in the short term (Clark and 
Royall 1996). On open sites, alien invasive species such as kudzu, 
Japanese honeysuckle, oriental bittersweet, and common buckthorn 
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can completely smother all vegetation or act like native tree invasives 
to shade out intolerant and mid-tolerant oaks. This trend may con-
tinue unabated with warming climate, and restriction of upland oak 
species to sites where fires occur and very dry sites where oaks still 
may regenerate for at least one generation without aid of fire coupled 
with very low deer populations. 

White oak is a prime example of the fate of upland oaks today 
even before the projected major effects of climatic change are real-
ized (Abrams 2003, 2005). It is distributed throughout most of the 
eastern United States from 30° to 45° N and occurs in 31 forest 
cover types (Rogers 1990). Abrams (2003) emphasizes that in pre-
European settlement time, white oak “reigned supreme.” However, 
he concludes: “There has been almost no white oak recruitment 
for the last century and almost no recruitment of most of the other 
major upland oak species for at least 50 years.” The time-tested re-
generation and persistence strategies of upland oaks that prevailed 
throughout much of the tertiary and holocene have been irreversibly 
changed in most of eastern North America in circa 200 years follow-
ing European settlement.

Red maple

Red maple is the most widely distributed species in temperate and 
subtropical forests of eastern North America, from circa 25.5° N to 
50° N. It probably will be one of the most important tree species 
affecting the future composition, structure, and function of forest 
ecosystems during this century and perhaps well into the future. Al-
ready, its dramatic increase in upland forests has changed the com-
position and successional dynamics of upland oak and pine forests in 
eastern North America (Abrams 1998). Abrams predicts: “The loss 
of oak and pine domination in eastern United States forest will be a 
primary consequence of continued red maple expansion.” 

The fundamental pre-European settlement habitats of red maple 
in the Midwest, Atlantic coast, upper Great Lakes Region, New 
England, and adjacent Canada were wetlands and the mesic and 
wet-mesic sites of the northern hardwoods forest type (Walters and 
Yawney 1990, Barnes and Wagner 2004, Barnes et al. 2004). For 
example, in one study of wetland ecosystems that support red maple 
in the glaciated Northeast, Golet et al. (1993) list 30 different kinds 
of inland wetlands where red maple occurs. In just 8 northeastern 

states, over 543,140 ha of forested wetlands support red maple (Acer 
rubrum var. rubrum). It is unique natural history traits make it an op-
portunistic and persistent invader of adjacent dry habitats dominated 
by oaks and pines. 

Not a favored food of deer, red maple may persist indefinitely, 
whereas oaks are severely browsed. It casts heavy shade suppressing or 
killing intolerant or mid-tolerant competitors. It persists asexually in 
dry and dry-mesic upland ecosystems. Red maple is extremely diffi-
cult to eradicate once it reaches understory or subdominant overstory 
size (1.5-20 cm). Light or moderate surface fires are unlikely to kill 
all ramets of a red maple clone, or if so, new sprouts arise from the 
living root collar. 

Climatic warming may cause the lowering of water levels in wet-
lands. Nevertheless, red maple thrives in mesic sites as long as high 
light is available. With fire essentially excluded, the invasion by red 
maple and other opportunistic species has markedly changed forest 
ecosystems to a different state than in pre-settlement time. Climate 
change is unlikely to reverse this trend and may solidify or increase 
its role given red maple’s adaptive natural history traits. Given today’s 
human-disturbed ecosystems, almost any climatic-change scenario 
(warm, dry or wet, fire or no-fire) will probably favor red maple for 
centuries to come.

Landscape ecosystem approach in monitor-
ing tree migration 

Climate-mediated ecosystem change and tree migration may be 
characterized by the expression of different disturbance regimes and 
natural histories of species superimposed on the spatial arrangement 
and diversity of the earth’s landforms and ecosystems. Tree migra-
tion will necessarily follow the patterns subcontinental and regional 
physiography and landforms. Likewise at the local landscape level, 
the physical factors of the ecosystems embedded within these land-
forms will hasten, constrain, and direct an uneven spatial pattern 
of migration. In addition we can add the irregularity and complex-
ity in fragmented landscapes, ecosystem-based disturbances of fire, 
windstorm, flooding, and the influence of biota affecting dispersal 
and seedling establishment. The main point of this section is that 
today, unlike late-glacial and holocene times, we have available clas-

Figure 8. migration routes and pattern 
of Fagus grandifolia (american beech) 
and Quercus spp. (oak species) circa 
16,000-4,000 years ago in late-glacial 
and holocene times. Contours show 
the leading edge of population advance 
at 1,000-year intervals. small numbers 
indicate the time of arrival at individual 
sites. shaded area is the estimated pre-
European settlement occurrence for the 
species or genus (after Davis 1983, with 
kind permission of missouri Botanical 
Garden Press).
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sifications and maps of landscape ecosystems at multiple hierarchical 
scales that can provide the basis for monitoring and understanding 
the rate, direction, and spatial pattern of plant migration in hetero-
geneous landscapes.

Tree migration that took place in late-glacial and holocene times, 
circa 16,500-4,000 years ago has been illustrated by maps that show 
an advancing migration front moving generally from the south or 
southeast to the north (Fig. 8, Davis 1981, 1983; Delcourt and Del-
court 1987). The migration wave may seem to sweep rapidly and 
smoothly over the landscape regardless of the terrain. Although this 
diagrammatic view is a useful way of simplifying the pattern of mi-
gration, based on the data available at the time, it can be misleading 
if we remember only a smoothly and continuously flowing pattern. 
A flight across the landscape 12,000-10,000 years ago I expect would 
have revealed a complex pattern of regional and fine-scale of tree 
migration following the patterning of landforms and landform-level 
ecosystems. 

Today we are beginning to understand the complexity of regional 
and local landscape ecosystems across and around which individuals 
and populations must traverse in fully-forested or fragmented ter-
rain. Teams of applied ecologists and earth scientists in Canada and 
Germany, beginning in the late 1940s, initiated multifactor ecologi-
cal land classification and mapping at multiple landscape scales (Hills 
1952, Schlenker 1964). We now have available subcontinent-wide 
and local landscape ecosystem classifications and maps of Germany, 
Canada, and the eastern United States (e.g. Bailey 1996, Albert et al. 
1986, Simpson et al. 1990, Canada Inst. For. 1992, Avers et al. 1994, 
Albert 1995, Pearsall 1995, Cleland et al. 1997, Corner and Albert 
1999, Gauer and Aldinger 2005, Cleland et al. 2007).

Not to be confused with vegetation maps, these broad and fine-
scale landscape ecosystem maps and descriptions provide the eco-
logical framework for monitoring and understanding the site-specific 
pattern of tree migration. Tree populations are unlikely to sweep over 

the landscape smoothly but irregularly in a predictable ecological 
way following the spatial pattern of ecosystems in the landscape as 
determined by their landforms. Landforms are physical features of 
the landscape and as an ecosystem component, landform constitutes 
the relatively stable base of the ecosystems. Functionally defined as 
surface relief/topography and the composition of the geological surfi-
cial parent material (Rowe 1969, 1984; Rowe and Sheard 1981), 
landform is the main contributor to and controller of both nutri-
ent regime and climatic regime near the ground (Rowe 1969, 1984, 
1998; Rowe and Sheard 1981). Migration patterns of tree species will 
follow the geologic-physiographic patterns of landform and land-
scape ecosystem characteristic of each geographic region. With the 
expected rapid pace of warming and plant migration, future changes 
to soil-water and nutrient regimes, hydrology, and landforms are 
likely to be markedly different than we can anticipate today. Thus, 
the use of landscape ecosystem maps and descriptions should be of 
great value in documenting such changes because of their emphasis 
on earth’s physical components as well as vegetation.

Examples from broad to fine hierarchical scales illustrate the land-
form and ecosystem patterns, starting with regional ecosystem units 
of the midwestern and northern parts of the United States (Fig. 9, 
USDA 2007). In Michigan, tree and plant migration is likely to fol-
low the pattern of surface geology (Farrand 1982), which forms the 
structural outline of the regional ecosystems of Michigan (Albert et 
al. 1986) and the western Great Lakes Region (Albert 1995). The 
map regional ecosystems of Michigan (Fig. 10) shows the state’s eco-
logical subdivision in three hierarchical level based on physiographic, 
climatic, and soil factors. Within the finest level of this hierarchy 
(i.e. Subdistrict 12.1), the map of the landform-level ecosystems of 
the University of Michigan Biological Station, Pellston, Michigan, 
illustrates ecosystem patterns and complexity at the landform scale 
(Fig. 11). The major landform-level ecosystems each characterized by 
different physiography, soil, microclimate, hydrology and vegetation 

Figure 9. map of national regional lands-
cape ecosystems. the boundaries define 
the section hierarchy of the northern and 
midwestern parts of the united states. 
superimposed on the map are colors 
that represent the ratio of precipitation 
to evapo-transpiration that significantly 
influence the occurrence of tree species 
(color key: red and yellow – dryer areas; 
green to purple – wetter areas) (after Cle-
land et al. 2007, with kind permission of 
the author).
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include moraines, outwash-lake plains, and ice-contact terrain. In 
addition to the above named components, landform-specific distur-
bances are important in determining the plant-community results of 
migration. Fire is still expected to characterize community composi-
tion and structure in the dry and dry-mesic outwash plains. Wind-
storm should continue as the dominant disturbance in moraine and 
wetland landforms. The juxtaposition of these terrestrial and lake 
landforms and their soil-site and vegetation conditions will markedly 
influence the rate of migration and composition of southerly species 
and races invading this area. 

At the finest level, resembling the operational scale of 1/10,000 
maps for many German forests, the landscape ecosystem types of a 
small part of the Biological Station terrain (see arrow in Fig. 11) are 
illustrated in Figure 12. These fine-scale ecosystems form a patterned 
mosaic whose location and physical characteristics were determined 
by ice-meltback processes circa 13,500-13,000 years ago. Notice the 
hotspot of ecosystems in the midst of the dry, outwash-plain ecosys-
tem type 36. This deep gorge is a major barrier to fire and otherwise 
rapidly migrating species across the plain. Even a more complex mo-
saic of fine-scale ecosystem types is characteristic of old-growth for-
ests of the Sylvania Wilderness Area of Michigan’s Upper Peninsula 
(Spies and Barnes 1985). Here, the many lakes and swamps provide 
fire breaks and barriers to rapid colonization by many invading tree 
species. Fine-grained environmental heterogeneity actually controls 
the establishment of seedlings in new locations and is determined 
in part by fire and wind throw (Clark et al. 1998). Thus, it is ex-
pected that the rate of migration in these landscapes, typical of the 
upper Great Lakes region and elsewhere, will be closely related to 
the intricate spatial pattern and soil-site conditions of the fine-scale 
ecosystem types and their characteristic disturbances.

planning for climate-mediated ecosystem 
change

Canada prepares for climate change in the forest sector
The Canadian Forest Service is in the forefront of analyzing and 
describing the expected effects of climate change on forests and in 
making recommendations (Williamson et al. 2008, Lemprière et al. 
2008, Williamson et al. 2009). Forests and other wooded land cover 
40% of Canada’s area, constitute a major economic sector, support 
hundreds of resource-dependent communities, and provide a variety 
of ecosystem services to Canadians (Lemprière et al. 2008). These 
reports raise awareness about climate change, its impacts on Canada’s 
forest sector, its implications for forest management, and conditions 
which populations of trees United States will encounter. 

By emphasizing adaptation, the forest sector and its stakeholders 
can help ensure Canada’s continued ability benefit from forest eco-
systems. Nationwide, specific effects are targeted. Fire activity will 
significantly increase. The average annual area burned is estimated 
to increase from 74% to 118% by the end of the century, compared 
to current levels. Insect and disease outbreaks will likely be more 
frequent, more widespread, more intense, and longer lasting. Pro-
ductivity is likely to decrease in areas that are now or will become 
moisture limited and increase in northern areas that are currently 

Figure 10. map of regional landscape ecosystems of lower michigan. Boundary lines 
for ecosystems were mapped at three hierarchical levels: regions I-IV, districts 1-21, 
and subdistricts where present. Geographic location of the university of michigan 
Biological station is shown in subdistrict 12.1 (after albert et al. 1986). 

Figure 11. map of landform-level ecosystems of the university of michigan Biological 
station. see Figure 10 for its location in subdistrict 12.1 of the regional ecosystem 
map of Lower michigan. Landforms include, moraines (green), outwash-lake plains 
(yellow, tan, orange, purple, blue), and ice-contact terrain (red). the arrow indicates 
the location of the fine-scale ecosystem types shown in Figure 12.
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temperature limited. Overall, current objectives for sustainable forest 
management may not be attainable, and alternative objectives will 
require debate. Climate change creates the risk of significance eco-
nomic and social dislocation in forest-dependent communities. 

In the eastern province of Ontario, adjacent to the Great Lakes 
Region of the United States, one of the most significance sources 
of vulnerability is an increase in the frequency and intensity of dis-
turbance. The overall area burned is projected to increase by 50% 
to 300% by 2080. Warming will permit expansion of the northern 
range of many species, but actual species migration will not keep 
pace with the rate at which suitable climatic habitat expands. Migra-
tion and establishment of northern forest species (e.g. beech, sugar 
maple) into the boreal forest may take hundreds of years. Warming 
and disturbance will favor the relative abundance of disturbance-
adapted species such as jack pine, black spruce, white birch (Betula 
papyrifera), and trembling aspen. 

Assisted migration
Assisted migration is the intentional expanding of the range of se-
lected biota to avoid decline and extinction (McLachlan 2007). It is 
conducted with two requirements for resource agencies: 1) preserve 
biodiversity, and 2) manage species of concern. Naturally, there arise 
a spectrum of ethical and scientific beliefs and perceptions about as-
sisting nature and influencing evolution. The extreme positions in-
clude the green light of high confidence in ecological understanding 
of landscape ecosystems, natural history traits of biota, and genetic 
adaptation of biota to new habitats. The red light is the perceived 
high risk of failure if these are not well known. Certainly a broad 
continuum of intermediate positions exists depending on the con-
fidence with which land managers or biologists know the target or-
ganisms and how to create ecosystems. As Rowe (1989) observes: 
“Organisms do not stand on their own; they evolve and exist in the 
context of ecological systems that confer those properties called life.” 
Appropriately, Davis and Zabinski (1992) suggest the artificial cre-
ation of entire forest ecosystems on a large scale at northern locations. 
Assisted migration of biota is only one step in creating new landscape 
ecosystems. Presently, with high uncertainty of the rate and conse-
quences of global climate change and lack of detailed knowledge of 
the ecology of species and understanding of present and target eco-
systems caution seems in order. It is important for forest ecologists, 
geneticists, and managers who have had the most experience in mov-
ing plants and creating new ecosystems to follow the development of 
this timely initiative. 
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