
Plant Migration and Climate Change 

A more realistic portrait of plant migration is essential to predicting biological 
responses to global warming in a world drastically altered by human activity 

Louis F. Pitelka and the Plant Migration Workshop Group 

Terrestrial plants are notorious for 
their sedentary habits; indeed, that is 

one way our ambulatory species identi­
fies them as members of the other king­
dom. Of course, populations of plants do 
move, infiltrating new territory by creep 
of root and shower of seed. But how 
much does our self-absorbed species re­
ally know about these stately migra­
tions? Do scientists know enough, for in­
stance, to predict what would happen to 
plant communities if the earth's climate 
suddenly changed? 

We seem to believe that we do. Fore­
casts of global warming are often illus­
trated with maps showing the poleward 
movement of plant species, as though 
the biosphere were made up of puzzle 
pieces that could be rearranged at will. In 
reality, it may take plant populations 
years or decades to move substantial dis­
tances. Moreover, today they must move 
through a landscape that human activity 
has rendered increasingly impassable. 
Under the circumstances, it is possible 
that many species might perish, caught 
in the double bind of climate change and 
habitat degradation. To reliably assess 
this risk, we need a better understand­
ing of plant migration. 

The interdisciplinary research required 
to predict how migration might constrain 
the response of the plant kingdom to cli­
mate shifts is just beginning. The evi­
dence consists of diverse pieces. Some sci­
entists have examined the fossil record of 
plant migrations following ancient cli­
matic upheavals. Others have studied 
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contemporary invasions of exotic species. 
Still others have analyzed the mathemat­
ics of dispersal mechanisms and the in­
teraction of those mechanisms with con­
temporary landscape patterning. 

These three lines of research provide 
disparate--even contradictory- insights. 
Past migrations have been much faster 
than simple calculations based on seed 
dispersal by wind or by vertebrate ani­
mals would predict. Plants appear to be 
capable of long-distance jumps and of 
rapidly spreading from pre-established 
outlier positions. But it is also evident that 
human activity has greatly altered pat­
terns of plant migration. People disperse 
seeds farther and faster than the seeds' 
own dispersal mechanisms can take 
them. But people also fragment the land­
scape, creating habitat patchworks that 
are usually less able to support either 
plant species or their animal conveyances 
than are undisturbed landscapes. 

Some of these factors would seem to 
retard plant migration and others to ac­
celerate it. Which factor or combination 
of factors will predominate for which 
species in the event of future climate 
change? And what will happen if the cli­
mate changes faster than it has in the 
past? Perhaps the only way to explore 
questions this complex is by means of 
computer models. 

The Fossil Record 
The paleorecord provides compelling 
evidence tha t plant migration can be 
rapid enough to track climate change 
and that migrations can take place by 
means of sporadic long-distance leaps. 
For example, by mapping the accumu­
lation of pollen in lake sed iments at 
sites w idely dispersed in time and 
space, paleoecologists have produced 
maps that indicate some tree species 
advanced rapid ly d u ring the early 
Holocene epoch (our own epoch, be­
ginning about 10,000 years ago), fol-

lowing the retreat of the North Ameri­
can glaciers (see Figure 3). The high mi­
gration rates and the ability of species 
to jump large bodies of water reveal an 
underlying po tentia l for rela tively 
rapid response to climate change. 

How many kilom eters can a tree 
species traverse in a year? A plausible 
set of velocities can be calculated from 
analyses of past migra tions. Indeed, 
these velocities might be especially per­
tinent because they describe movement 
across the northern temperate latitudes, 
exactly those regions w here green­
house-warming scenarios predict the 
most severe tem perature change. In 
eastern North America, the migration 
velocities were as high as a kilometer a 
year. Moreover, these velocities seem to 
have been unaffected by dispersal bar­
riers, even ones the size of the Great 
Lakes and the North and Baltic seas 
(Woods and Davis 1989, Kullman 1996). 

Dispersal this rapid around seeming­
ly significant barriers is a puzzle theo­
retical biologists have tried to solve for 
nearly half a century. How could trees 
m ove so fast and leap obs tacles so 
broad? Simple calcula tions based on 
the ranges of birds or mammals that 
disperse seeds and on patterns of wind­
borne seed movement do not predict 
such rapid migration. This outcome has 
led modelers to suspect that migration 
is accomplished mainly by rare long 
jumps tha t escape ou r observation 
(Clark et al., in press). In addition, con­
temporary empirical studies (for exam­
ple, measuring the amount of seed 
caught in traps placed near trees) do 
not pick up seed caught in vigorous up­
lift that would then inject it into high­
level circulatory patterns. Long jumps 
might create dispersed outlier popula­
tions, too sparse to be detected in the 
pollen record, that might serve as foci 
for rapid invasion when conditions be­
came more favorable. 



Figure 1. Northern Europe was not always blanketed with Norway spruce, but over several 
thousand years Picea albans mounted an impressive migration that produced the dark-green 
forests that now fill images of Scandinavia such as this morning scene near Ingdal, Norway. 
The biological record of the large spruce migration provides evidence that plant populations 
can advance rapidly by establishing distant outlier populations. But predicting the plant 
migrations that might accompany a global warming is difficult, partly because of the complex 
effects of human alterations of the environment. For instance, Picea populations in plantations 
(such as one in Nordmoen, Norway, right, photographed during acid-rain research) sometimes 
exist south of the tree's natural range; they might be left stranded and less productive if global 
warming moves the range northward. (Photograph at right courtesy of Louis Pitelka.) 

One rare documented example of the 
long-jump-and-outlier model of spread 
is the western migra tion of Norway 
spruce (Picea abies) across northern Eu­
rope during much of the Holocene and 
especially the spruce migration across 
western Sweden about 3,000 years ago 
(Bradshaw and Zackrisson 1990). Wood 
fragments found undernea th living 
groups of krummholz (stunted, multi­
stemmed) spruce in the Scandes Moun­
tains demonstrate that spruce grew there 
as early as 8,000 years ago, more than 
5,000 years before its presence could be 
inferred from pollen data (see Figure 4). 
Isolated trees hundreds of kilometers in 
advance of the migrating front apparent­
ly served as foci for the later invasion of 
Picea. Although the long-jump-and-out­
lier model of spread might seem far­
fe tched as a general explanation for 
rapid migration, studies of contempo-

rary plant invasions suggest it is not lim­
ited to Holocene spruce. 

Some scientists think that, with suit­
able technique, it may be possible to 
distinguish local from windblown 
pollen and thus to detect outliers even 
in the pollen record. One team used a 
"geographic method" to look for evi­
dence of outlying colonies of eastern 
hemlock (Tsuga canadensis) and Ameri­
can beech (Fagus grandifolia) in the 
pollen record preserved in lake sedi­
ments from periods before human set­
tlement in Michigan, Wisconsin and 
Minnesota. They were confident that 
pollen percentages consistently signifi­
cantly higher than those at surround­
ing sites identified outlying colonies 
(Davis, Schwartz and Woods 1991). 

The outlier model of spread is consis­
tent with results from other lines of in­
quiry. Recent mathematical analyses 
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show that if a species' dispersal pattern 
(the spatial distribution of propagules 
around a source) is Gaussian, or bell­
shaped, an invasion will exhibit con­
stant-speed traveling waves. But if the 
pattern has "fat" tails (at least some seeds 
move especially long distances), invasion 
will accelera te (see, for example, Kot, 
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present · doubled C02 

• cold deciduous forest • northern cold deciduous forest • tropical rain forest 

• cold mixed forest • northern taiga • tropical seasonal forest 

• cool conifer forest polar desert • tundra 

• cool grass/shrub semidesert • warm grass 

• cool mixed forest • taiga • wooded tundra 

• evergreen/warm mixed forest • temperate deciduous forest • xerophytic woods/shrub 

hot desert • tropical dry forest 

Figure 2. In many early simulations of climate change, vegetation ranges tended to shift around like puzzle pieces, ignoring the question of 
whether vegetation can migrate to match altered conditions. This map, produced by the BIOMEl model (Prentice et al. 1992), simulates the 
distribution of global natural vegetation for present climate conditions (left) and then under conditions brought on by a doubling of carbon 
dioxide levels in the atmosphere (right), based on a widely used general-circulation model of the atmosphere called GFDL (Manabe and 
Wetherall1987). Ecologists have found, however, that plant migration is a far more complex phenomenon than such models suggest, and that 
feedback responses from vegetation subjected to climate change might alter the course of that change. 

Lewis and van den Driessche 1996). Out­
lier populations, then, may increase the 
rate of invasion, exerting a continual out­
ward pull that causes the wave to move 
forward fas ter and faster. Converging 
lines of evidence suggest, therefore, that 
once an outlier tree population was es­
tablished across a barrier, the population 
rapidly filled in the intervening space 
(Davis, Schwarz and Woods 1991). In 
this context, it is interesting that the 
paleorecord indicates that migration 
rates slowed rather than accelerated in 
the later Holocene. This suggests they 
may have been limited by some factor 
other than intrinsic dispersal rates, such 
as the rate of climate change (Clark et al. , 
in press). In other words, plants may not 
have reached their maximum potential 
rates of spread. 

On the whole, the picture that emerges 
from the fossil record is one of relatively 
rapid migration: Plants have moved fast 
enough to track climate change, and may 
be capable of faster migration than is seen 
in the paleorecord. These migrations have 
come in response to change that in some 
cases has been as fast as the rapid warm­
ing predicted for the next few decades. 
During the last glacial period, there were 
repeated episodes of warming in which 
the mean annual global temperature rose 
by 5 degrees Celsius or more within a few 
decades (Nicholls et al. 1996). 

Holocene patterns of spread, howev­
er, do not guarantee rapid plant migra-
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tion in response to future climate change. 
First, people have greatly altered land­
scapes since the early Holocene. Second, 
early Holocene range shifts indicate that 
patterns of spread may depend on many 
variables, including local topography, 
and not just the plants' intrinsic dispersal 
potential. Finally, the tree species whose 
pollen records are d earest are not neces­
sarily representative of the entire plant 
community. Many different patterns of 
migration are found in the fossil record, 
and gaps in the record and problems in 
interpretation make it difficult to charac­
terize these patterns precisely. A study of 
the paleorecord in southern Italy suggests 
that several tree genera-oak, beech and 
lime-kept pace with climate fluctua­
tions in the last 15,000 years, advancing, 
retreating and advancing again, but per­
haps they were able to do so because they 
had previously established outlier popu­
lations in nearby refuges, which served 
as a kind of hedge against change (Watts, 
Allen and Huntley 1996). In other regions 
there is no evidence for such rapid ad­
justments, although this might be be­
cause the pollen record lacks the tempo­
ral resolution needed to identify them. 

Contemporary Invasions 
Clearly an exotic species invading a na­
tive plant community is not the same 
thing as a na tive species shifting its 
range in the wake of climate change. 
But in both cases plant popula tions 

come to occupy new territory via dis­
persal and reproduction. And since in­
vasions have occurred with increasing 
frequency in the past 200 years, we 
have detailed accounts that, judiciously 
weighed , provide an opportunity to 
learn about range adjustments. 

Studies of contemporary plant inva­
sions also provide evidence for the long­
jump-and-outlier mechanism of spread. 
A particularly dramatic example is the 
recent expansion of cheatgrass, the 
Eurasian grass Bromus tectorum, in west­
ern North America (Mack 1986). This 
aggressive alien grass occupied most of 
its current range of about 200,000 square 
kilometers within the last decade of a 40-
year invasion process (see Figure 5). The 
evidence suggests that B. tectorum ar­
rived in the intermountain West, the re­
gion bounded by the Rocky Mountains 
to the east and the Cascade-Sierra Neva­
da ranges to the west, in the 1880s, as a 
contaminant in agricultural seed . Before 
1900, the species had established itself in 
at least five locations in the region. Over 
the next 20 years at least 50 additional 
foci appeared, but the total area occu­
pied by the grass was ~till small. Then, 
within only about 10 years (1920-1930), 
the grass filled in between these foci, be­
coming a dominant species throughout 
the region. 

B. tectorum is just one of many exam­
ples of invasions that have two distinct 
phases: a quiescent phase, during which 



ranges shift only slightly, followed by an 
active phase, during which something 
triggers explosive expansion (Forcella 
and Harvey 1981). The lag times of mod­
em invasions range from decades to a 
century, numbers that provide an inter­
esting commentary on the paleorecord 
of rapid migration. These periods are too 
brief to be picked up in fossil records, but 
they are long enough that plant popula­
tions might not persist if the climate 
changed as rapidly as some scenarios 
suggest it might. 

It is difficult to see how the intrinsic 
migratory potential of an annual such as 
B. tectorum could limit its ability to adapt 
to future climate change, even if we as­
slll11e it has a lag time of 40 years. But 
other species that have lower reproduc­
tive rates or take longer to reach repro­
ductive maturity, such as trees and other 
perennials, could have longer lag times 
and might be stranded in unsuitable 
habitat by rapid climate change. This 
raises the unpleasant prospect that, in the 
event of rapid climate change, unwanted 
species-weeds-would be the species 
that would have little trouble shifting 
their ranges. Invaders by definition, most 

weeds are capable of rapid propagation, 
spread and often adaptability; they are 
plants that over the course of evolution 
may have traded off other traits more 
valued by people. Thus it is likely that 
species that are more desired, and per­
haps cultivated, might be vulnerable to 
extinction. 

A second important lesson of modem 
invasions is that it can be very difficult to 
establish new populations. A study of at­
tempts to introduce parasites and preda­
tors into pest insect populations in Cana­
da found that the best predictor of 
successful colonization was simply how 
many times colonization was attempted 
(Bieme 1975). Similarly, newly founded 
outlier populations of plants may fail 
again and again, and even when they 
succeed, it may be a while before the 
founding populations can send out 
enough propagules to fill in the interven­
ing ground. Repeated opportunity may 
thus be cmcial to a species' ability to shift 
its range. As we discuss below, people 
have modified landscapes in ways that 
tend to reduce such opportunities. 

The record of modem invasions also al­
lows scientists to examine the relation be-

tween dispersal modes and migration 
rates. It is tempting to attribute the rapid 
spread of some species in the Holocene to 
their dispersal modes, but there is little ev­
idence for such a link. To the contrary, dif­
ferences in dispersal modes did not seem 
to matter; virtually all species migrated 
into new areas with apparently equal effi­
ciency. (Again this observation must be 
interpreted cautiously. The fossil record 
may lack the temporal resolution needed 
to distinguish dispersal modes, or some 
factor other than dispersal modes may 
have limited rates of migration.) 

Although plants have many different 
strategies for dispersing seeds, only three 
are long-haul mechanisms: dispersal by 
water, by wind, and by birds and large 
mammals. Although the northward­
flowing rivers of northern Europe are 
thought to have played a role in the ex­
tremely rapid postglacial migrations of 
some woody taxa, such as hazel (Corylus 
avellana) (Huntley and Birks 1983), only 
wind and vertebrate transport are likely 
to be important for predicting large-scale 
migrations of broad classes of plants. 

The distance a propagule falls from its 
source depends on wind velocity and 

18,000 years 12,000 years ago 8,000 years ago 6,000 years ago 500 years ago 

spruce pollen 

oak pollen 

Figure 3. As glaciers receded from North America during the Holocene era, forests became 
established in their place. Pollen from sediments can be used to trace how tree species migrat­
ed northward as the climate warmed. These isopoll maps present density contours for spruce 
and oak pollen and show that both species moved rapidly at rates of up to one kilometer a 
year, their progress virtually unimpeded by large obstacles such as the Great Lakes and the 
Gulf of Saint Lawrence. (Adapted from Webb, Jacobson and Grimm 1987.) 
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"drag," or resistance to fall (which is en­
hanced by seed wings or plumes). Wind­
storms may carry propagules long dis­
tances, especially if vigorous uplift lofts 
them higher than their normal release 
height. Although these events are diffi­
cult to observe, there is circumstantial ev­
idence that they take place; for example, 
plants have rapidly colonized Krakatau 
and other newly formed volcanic islands. 

Many plant propagules are adapted 
for dispersal by vertebrates (Webb 1986). 
Large terrestrial mammals and birds of 
all sizes are important agents of long-dis­
tance dispersal and can transport seeds 
tens of kilometers. Moreover, some 
species preferentially cache nuts along 
forest edges, which encourages spread 
(Johnson and Adkisson 1985). Blue jays, 
which exhibit this behavior, may have 
enabled Fagaceous trees such as beech to 
adjust easily to postglacial warming in 
eastern North America (Johnson and 
Webb 1989). 

Interesting as these natural dispersal 
mechanisms are, they are not necessarily 
relevant to future range shifts; for some 
species, the natural dispersal mechanism 
is likely to be superseded by human 
agency. People routinely introduce and 
cultivate plants thousands of kilometers 
outside their native ranges, thus serving 
as a kind of super dispersal mechanism. 
The Chinese tallow (Sapium sebiferum), 
for example, was intentionally intro-
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duced into South Carolina in the 1700s 
and has since spread throughout the 
southeastern United States. It is a serious 
threat to coastal prairie ecosystems, 
which are converted to woodland by this 
fast-growing tree. Remarkably, Chinese 
tallow is still sold in nurseries as an or­
namental, even though it is known to be 
environmentally harmful (Stein and 
Flack 1996). Although human-assisted 
invasions have typically been considered 
ecological disasters, it is conceivable that 
people might cushion the effect of cli­
mate change for native species by mov­
ing seed longer distances than it could 
travel on its own. 

Of course, dispersal is only the first 
step toward successful colonization. 
Plants must also successfully germinate, 
grow and reproduce in order to serve as 
the source of new propagules that can 
disperse in their turn. The likelihood of 
stray seed establishing itself depends on 
the existing vegetation and on the type 
and frequency of disturbances in the lo­
cal environment. In the absence of dis­
turbances, many plant communities are 
quite resistant to invasion. Shade from 
an established canopy or a thick leaf-lit­
ter layer can serve as a barrier to the es­
tablishment of both na tive and exotic 
plants. Plants also influence the chem­
istry of the litter and soil in ways that can 
render it inhospitable to invading plants. 
The unique soils in conifer forests, tun-
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dra regions and wetlands are all self-pro­
tective in this way. 

In general, the disturbance of an es­
tablished plant community by fire, flood, 
windstorms, and burrowing or grazing 
animals renders it more vulnerable to in­
vasion. This suggests that future climate 
changes that kill existing plants or lead to 
more frequent fires or w indstorms 
would increase the probability that dis­
persed propagules would be able to es­
tablish themselves. But people have also 
profoundly altered disturbance regimes. 
Cheatgrass, for example, was able to es­
tablish itself so easily in part because set­
tlers introduced livestock, and the grass­
es native to the intermountain West were 
intolerant of trampling. Large mammals 
introduced by people, such as water buf­
falo and wild boar, have also contributed 
to rapid spread of exotic invasive plants 
in Australia and Hawaii (Russell-Smith 
and Bowman 1992, Stone 1985). 

The net effect of human agency is dif­
ficult to predict. Although people disturb 
large tracts of land by tillage and grazing, 
they also suppress some natural distur­
bances, such as wildfires. Fire suppres­
sion prevents the invasion of forests with 
dense understory vegetation by shade­
intolerant saplings. On the other hand, it 
has allowed Midwestern oak woodlands 
to be invaded by fire-sensitive species 
such as buckthorn and Australian sclero­
phyll (drought-tolerant) forests to be in-

Figure 4. Cheatgrass, Bromus tectontm (right), invaded western North America during the past century, but the invasion (mapped at left) d id 
not proceed at a steady pace. It appears to have h ad a quiescent phase, during which the plant's ran ge sh ifted only slightly, followed by an 
active phase, in the years 192Q-1930. Other examples of migrations by aggressive alien species also exhibit two stages. (Map adapted from 
Mack 1986; photograph courtesy of Richard Mack.) 
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Figure 5. Long-distance plant dispersal requires the help of water, wind and birds or large mammals. Plant propagules are adapted for vari­
ous kinds of dispersal. Seeds of the milkweed (upper left) ride on the wind, just as cockleburs ride on large, furry animals. Non-native plants 
often have human help. The Chinese tallow (Sapium sebiferum), introduced into South Carolina as a landscaping plant and still sold at nurs­
eries, now threatens coastal prairie ecosystems. The photograph at right was taken at Old Santee Canal State Park near Charleston, where 
berry-laden tallow branches stand out against the darker leaves of another invasive species, the Chinese privet (Ligustrum sinense), imported 
for similar reasons and now also naturalized in the region. At lower left a cardinal enjoys tallow berries in winter, illustrating another com­
mon means of dispersal. (Photographs by: lower left, Lee Lowder, Old Santee Canal State Park; right, Lil Chappell.) 

vaded by rain-forest species (Harrington 
et al. 1995). 

Our species' flair for creating outlier 
populations of plants must also be con­
sidered . Because people have moved 
plants around the globe for horticultural 
and landscaping purposes, we may have 
set the stage for massive invasions by ex­
otic species. Botanical gardens and simi­
lar large repositories of alien species have 
long been sources of plant invasions 
(Parker 1977), but such specialized facili­
ties are not the only culprits. People rou­
tinely plant both native and alien species 
in their gardens and parks, far from the 
native ranges of these plants. Some of the 
most noxious plant invaders, such as the 
water hyacinth (Eichhomi£1 crassipes), are 
probably escaped cultivars. Global cli­
mate change could trigger a new round 
of escapes, if conditions changed in such 
a way that species long occurring as agri­
cultural weeds or maintained by cultiva­
tion outside their natural ranges were 
able to grow in the wild. 

What about Landscape Patterning? 
The record of modem invasions suggests 
that human agency acts to accelerate the 
migration of some species, particularly 
those that are adept hitchhikers or whose 
usefulness has captured our attention. 

But this view fails to take into account 
what many scientists think is the most 
alarming effect of human activity: habitat 
fragmentation. Almost any aerial view of 
the earth reveals a patchwork landscape, 
in which undisturbed habitat exists as 
scattered islands in a sea of cultivated or 
developed land. Habitat destruction and 
fragmentation, by themselves, can drive 
species to extinction. Together with glob­
al climate change, they cou ld lead to 
wholesale extinction, stranding plants in 
inhospitable landscapes without egresses. 
According to the Nature Conservancy, 
half of the endangered plant species in 
the U.S. are restricted to five or fewer 
populations (Schemske et al. 1994). If cli­
mate change renders these remnant sites 
inhospitable, there may not be enough 
plants left to launch migrations across 
largely hostile landscapes. 

Landscape ecologists have developed 
several models that predict how habitat 
alteration might constrain plant migra­
tion. In general, the migratory rate is the 
product of the dispersal rate and the rate 
of population growth at the edge of the 
invasion. But if the plant population is 
spreading through a habita t mosaic, 
there is also a threshold effect: If the pop­
ulation is to expand at all, the fraction of 
the total habitat that is suitable for the 

species must exceed some minimum val­
ue (see Figure 9). Finally, because many 
species persist as meta populations, with 
local extinctions being balanced by col­
onizations, there is also a second sub­
tler threshold: If the species is to persist, 
let alone spread, the number of popula­
tions also must not fa ll below some 
minimum value. Indeed metapopula­
tion dynamics may explain why the ge­
ographic distribution of some plants is 
more restricted than physiological limits 
allow (Schemske et al. 1994). 

These three theoretical rules have very 
down-to-earth implications. By carving 
up landscapes with roads, buildings and 
agricultural land, people reduce the 
availability of suitable habitat, reduce the 
number of populations in a metapopula­
tion, and even depress dispersal rates 
and rates of population growth. In some 
cases, all of these factors will conspire to 
inhibit migration. There are known to be 
cases where the opposite is true-blue 
jays move between habitat islands, and 
such birds may move farther in a frag­
mented environment-but these cases 
are not the rule. Decreases in bird popu­
lations likely will reduce long-distance 
seed dispersal. 

On the whole, habitat fragmentation 
is likely to have the greatest impact on 
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Figure 6. Landscape-ecology models predict how habitat alteration might constrain plant 
migration. If a plant population is spreading through a habitat mosaic, the models show 
there is a threshold effect: Some minimum fraction of the total habitat must be suitable if the 
population is to expand. These images show model predictions of the invasion of an invad­
ing annual plant species whose propagules are spread according to an exponential distribu­
tion with a mean distance of 1 meter and a maximum range of 6 meters. Each map has an 
area of 256 square meters, broken into one-meter sites. The invading species (red) is intro­
duced onto the left side of the map and its asymptotic rate of invasion measured after 20 gen­
erations. In the random landscape (top left) the probability of any site being suitable is 0.4. A 
fractal algorithm was used to generate a patterned map (top right) in which habitat corridors 
for plant migration decrease in size and connectance as the fraction of suitable sites declines 
(but the overall probability remains 0.4). Above, the rate of invasion under each scenario is 
graphed (with bars representing 95 percent confidence intervals from 10 iterations) against 
the fraction of the map occupied by suitable habitat sites. Invasions slow significantly when 
the suitable habitat is less than 65 percent. (Images and data courtesy of Robert Gardner.) 

species whose seeds are dispersed by 
large land animals. Landscapes are in­
creasingly fragmented into parcels small­
er than the home ranges of large verte­
brates, and this refashioning is often 
accompanied by the hunting and local 
extirpation of species or the restriction of 
their movements. In parts of Africa, for 
example, even as introduced mammals 
contribute to the spread of some exotic 
plants, the substantial restriction of ele­
phant populations may have far-reach-
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ing consequences for native trees such as 
Balanites wilsoniana (one of the species 
called torchwood), for which they seem 
to be the exclusive or nearly exclusive 
dispersal agents (Chapman, Chapman 
and Wrangham 1992). 

What is the upshot of these pressures 
on plant communities during climate 
change? We know that even during the 
Holocene, when only natural dispersal 
mechanisms were operating, entire plant 
communities did not migrate intact to 

new ranges. Instead the compositions of 
biological commwuties were reshuffled 
by differences in the ability of species to 
re-establish themselves. Given that hu­
man activity accelerates the migration of 
some species and inhibits that of others, 
we can only expect that, in the future, 
tlus reshuffling would result in commu­
nities quite different from those we know 
today. Native species that rely on natural 
dispersal mechanisms would probably 
be slowed by habita t fragmentation. 
Those species that human beings active­
ly disperse, such as timber or endan­
gered species that we deliberately move 
to new sites, would be much less affected 
by fragmentation and might migra te 
faster than in the past. But so migh t 
species that take silent advantage of hu­
man mobility, such as weeds that are car­
ried with harvested crops. 

Regional Problems 
Although climate change is a global 
p rocess, some of its most importan t 
consequences will take place on a re­
gional scale. Looking at plant commu­
nities on this scale, one notices some 
plants such as forest trees that are culti­
vated near the limits of their natural 
ranges and others that are maintained 
in rela tively small, isolated reserves. 
These classes of plants are vulnerable 
to climate change. 

Norway spruce is currently the major 
commercial timber tree in southern Swe­
den, where it grows in naturally regen­
erated forests and in plantations outside 
its natural range. Depending on the pat­
tern of climate change, future warming 
nught alter considerably spruce's role in 
natural fores ts. And it might strand 
p lanta tions even farther outside the 



tree's natural range, threatening their 
productivity. Trees grown in heavily ex­
ploited agricultural landscapes have lit­
tle opportunity for dynamic response to 
changing conditions. Replacing mono­
culture plantation systems with forestry 
systems that permit natural migration 
and regeneration, and that allow varia­
tion in species composition over time, 
will facilitate future species movements 
and might make the spruce a more vi­
able species during warming. 

Given the inexorable loss of habitat to 
human activity, conservationists often at­
tempt to minimize species loss by ar­
ranging the remaining habitat in ways 
that increase its connectivity. Unfortu­
nately many of these arrangements may 
be unlikely to function well through pe­
riods of climate change. For example, as 
a compromise between logging and con­
servation interests, a special system of 
habitat-conservation areas has been de­
signed in the Pacific Northwest for the 
spotted owl. The expectation that this 
network of reserves on federal forest 
land will adequately protect the owl is 
based, however, on landscape-ecology 
models that assume old-growth forests 
in the targeted sites will regenerate at 
known rates (Lamberson et al. 1994). Be­
cause climate change is likely to alter the 
rates and patterns of regeneration of 
Douglas fir forests, it adds enormous un-

1 certainty to these plans, yet it has not 
been factored into the calculations. 

More generally we can think of our en­
tire nature reserve and park system as a 
static network, with little flexibility in the 
face of climate change. Our reserves and 
parks are fixed in place; when the climate 
changes, what will become of the rare and 

1 unique species inhabiting these isolated 
1 sites? Even if other suitable sites exist, will 

these species be able to move to them? 
One way to assess the risk to which 

1 climate change will expose endangered 
1 species is to calculate the average size of 
1 patches occupied by species and the 
1 mean distance between patches before 
1 and after different climate-change sce-
1 narios. Although we cannot say precisely 
1 what the effects of changes in these land-
1 scape features will be, we do know that 

marked reductions in either patch size or 
connectivity can threaten species. It is 

1 disheartening, for example, that the 
patch size and connectivity of old­
growth forests in the Pacific Northwest 
have declined by more than an order of 
magnitude in the past 50 years (Groom 
and Schumaker 1993). This degree of 
landscape modification is certain to have 

severe consequences for plant and ani­
mal migration. 

Global Consequences 
At the global level we confront a difficult 
but potentially very important issue af­
fecting not only plant migration but its 
significance: feedback between climate 
change and the biosphere. Changes in 
vegetation structure can affect the physi­
cal properties of the land surface, such 
as its albedo (the percentage of sunlight it 
reflects), surface roughness and canopy 
conductance to water vapor. Changes in 
vegetation structure and function can 
also influence the exchange of carbon 
dioxide and other radiatively active trace 
gases, such as methane and nitrous ox­
ide, between the atmosphere and the 
biosphere. By these means plants can in­
fluence the percentage of incoming sun­
light absorbed at the surface or the at­
mospheric concentration of greenhouse 
gases, and thus the rate and magnitude 
of climate change. 

Positive feedback from the biosphere 
could exacerbate global warming. Mod­
els of earth's climate 6,000 years ago sug­
gest that variations in the earth's orbit 
could not alone have produced the high 
annual average surface temperatures de­
duced from paleoclimate analyses. In­
stead orbital forcing must have been ex­
aggerated by subsequent vegetation 
responses (Foley et al. 1994, TEMPO 
1996). Because boreal forests absorb 
much more solar radiation than tundra 
does, poleward shifts in the location of 
the forest / tundra boundary during a pe­
riod of warming can amplify climate 
changes by as much as 50 percent. 

Moreover, under some circumstances, 
the carbon cycle might act as a second 
feedback loop. If during warming the 
rate of forest dieback on the southern 
edge of a forest range (in the Northern 
Hemisphere) were higher than the rate 
of forest expansion on its northern edge, 
there would be a net release of carbon to 
the atmosphere, exacerbating the green­
house effect responsible for the climate 
change in the first place. What happens 
depends critically on the poleward mi­
gration rate. Calculations by one team 
suggest that transient carbon releases 
owing to this and related mechanisms 
might be substantial enough during pre­
dicted warming that the biosphere might 
no longer be the sink for carbon dioxide 
it is today (Smith and Shugart 1993). 

How, then, do we make sense of the 
complex picture of plant migration de­
scribed in this article? In order to accu-

• probable old growth 

young forest 

D young and mature forest 

D high elevation old forest 

stunted 200+ year forest 

• cut, bare, herbaceous 

• private inholding 

Figure 7. Ecological systems in old-growth 
forests in the Pacific Northwest may be partic­
ularly vulnerable to climate change because 
the size of old-growth patches and their con­
nectivity have both declined dramatically as a 
result of cutting in recent years. These vegeta­
tion maps show a portion of the Olympic 
National Forest (approximately 38 x 46 kilo­
meters) in 1940, 1962 and 1982. Each pixel rep­
resents a 57 x 57-meter patch of vegetation. 
Landscape modifications of this magnitude 
would be expected to have severe conse­
quences for both plant and animal migration 
in a climate-change scenario. (Images courtesy 
of Nathan Schumaker, U.S. Environmental 
Protection Agency.) 
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rately predict future climate change, we 
must develop models that treat the bios­
phere as dynamic rather than static and 
that link changes in vegetation to global 
carbon and nitrogen cycles. The most 
comprehensive models of global vegeta­
tion, dynamic global vegetation models 
or DGVMs, can be used in combination 
with climate and carbon-cycle models to 
assess feedbacks between the biosphere 
and the general atmospheric circulation 
and the oceans (Foley eta[. 1996). 

DGVMs, like static models, include 
representations of photosynthesis, res­
piration, plant growth and decomposi­
tion, but they also include the processes 
of establishment, mortality and compe­
tition needed to simulate the waxing 
and waning of plant communities. Be­
cause they are global in scope, these 
models are necessarily coarse in some 
respects. For example, they typically de­
scribe the biosphere as a set of five to 
ten plant functional types, such as 
broad-leave deciduous trees or needle­
leaved evergreen trees, and they have a 
grid resolution no finer than half a de­
gree, or about 50 kilometers. 

Although several DGVMs have been 
used for preliminary assessment of the 
response of the biosphere to simulated 

1915 

2035 

climate change, they do not fully capture 
biosphere dynamics. In particular, they 
lack any explicit representation of plant 
migration or of the interaction of disper­
sal processes and landscape patterning. 
Instead, they are typically executed in 
one of two "bracketing modes": Either 
dispersal is assumed to be fully effective, 
so that ranges that have become newly 
hospitable are invariably colonized, or 
dispersal is assumed to be always limit­
ing, so that plant types are w1able to shift 
their ranges (Sykes and Prentice 1996). 

Neither of these approximations is sat­
isfactory. The first mode would be a real­
istic approximation only if the climate 
changed very slowly, which is not the 
eventuality of concern. The second mode 
is also unrealistic, because it is more like­
ly that rapid climate change will pro­
mote a few species to dominance than 
that no species will be able to keep up. 
Theoretically, even one vigorous migra­
tor could set in motion the feedback 
loops described earlier. 

One challenge of upgrading the mod­
els will be to incorporate dispersal 
modes in the plant functional types. As 
we have mentioned, only two of the 
many plant dispersal modes are likely to 
be important in large-scale migrations of 

~ .... ... 
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functional types: wind and vertebrate 
dispersal. Wind dispersal is especially 
common among shade-intolerant species 
such as grasses and many forest trees, 
and these species often are highly 
clumped. Species dispersed by verte­
brate animals-including perhaps 70 
percent of tropical trees-may be either 
shade-tolerant or shade-intolerant but 
are often adapted to fill small gaps or 
patches of disturbed ground, growing as 
scattered individuals in highly diverse 
communities. These correlations might 
be exploited in the redefinition of func­
tional types. 

We still lack the knowledge to predict 
precisely how the interaction of dispersal 
modes and landscape patterning will af­
fect the response to climate change. Giv­
en this predicament, the best approach 
might be to gradually narrow the range 
of possible outcomes by analyzing spe­
cific regions and vegetation types. For ex­
ample, one could analyze the effect of cli­
mate change on Europe, which has 
many tree species with low dispersal 
rates and a highly fragmented land­
scape. This approach, together with that 
of evaluating various scenarios of climate 
change, offers our best hope of avoiding 
surprises in biosphere dynamics. 

Figure 8. Linking climate models such as the one illustrated in Figure 2 with models of dynamic structural change in global vegetation could 
make it possible to predict biological responses to climate change and how these responses might affect the course of climate change. These pre­
liminary simulations come from a DGVM, or dynamic global vegetation model, called IBIS (Foley 1996). In this simulation structural change in 
global vegetation is modeled based on population dynamics but no migration. The vegetation categories are desert (yellow), grassland (green), 
deciduous forest (red), mixed forest (pink) and evergreen forest (blue). The Hadley Centre general-circulation model of the atmosphere was used 
to predict climate change from known and predicted carbon dioxide concentrations from 1860 to 2099. (Preliminary unpublished model output 
courtesy of John Foley, University of Wisconsin; output maps by Alberta Fischer, Potsdam Institute for Climate Impact Research.) 
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It is not too soon to begin. In a recent is­
sue of the journal Nature a team of scien­
tists reported that measurements made 
from weather satellites between 1981 to 
1991 had revealed a noticeable increase 
in the absorption of light by vegetation at 
northern latitudes. Not only has plant 
growth increased, the growing season 
has lengthened. Scientists cannot be sure 
what is causing the bloom, but it is cer­
tainly possible that the satellites have 
spotted one of the first signs of the effects 
of global warming on the biosphere. 

Authors and Acknowledgments 
This paper is the product of a workshop on 
plant migration and climate change held at 
Batemans Bay, Australia, in October 1996. In 
addition to Louis Pitelka the members of the 
Plant Migration Workshop Group are: Robert 
H. Gardner, also at the Appalachian Laborato­
ry; Julian Ash of the Department of Botany 
and Zoology, Australian National Universihj, 
Canberra; Sandra Berry, Habiba Gitay, Ian R. 
Noble and Alison Saunders of the Research 
School of Biological Sciences, Australian Na­
tional Universihj; Richard H. W Bradshaw, 
Southern Swedish Forest Research Center, Al­
narp, Sweden; Linda Bntbaker, College of For­
est Resources, University of Washington 
(Seattle); James S. Clark, Department of Bota­
ny, Duke University; Margaret B. Davis and 
Shinya Sugita, Department of Ecology, Evo­
lution and Behavior, University of Minnesota, 
St. Paul; James M. Dyer, Department of Ge­
ography, Ohio University; Robert Hengeveld, 
Institute for Forestry and Nature Research, 
Wageningen, Netherlands; Geoff Hope, Re­
search School of Pacific and Asian Studies, 
Australian National University; Brian 
Huntletj, Department of Biological Sciences, 
University of Durham, U.K. ; George A. 
King, Environmental Protection Agency 
Environmental Research Laboratory, Corval­
lis, OR; Sandra w vorel, Centre d'Ecologie 
Fonctionnelle et Evolutive, Montpellier, 
France; Richard N. Mack, Department of 
Botany, Washington State University; George 
P. Malanson, Department of Geography, Uni­
versihJ of Iowa; Matthew McGlone, wndcare 
Research NZ, Lincoln, New Zealand; I. Colin 
Prentice, Department of Plant Ecologtj, Lund 
Universihj, Sweden; and Marcel Rejmanek, 
Division of Biological Sciences, University of 
Califomia, Davis. Funds to support the work­
shop were provided by the Electric Power Re­
search Institute, the National Science Founda­
tion and the Australian National University. 

Bibliography 
Bierne, B. P 1975. Biological control attempts by 

introductions against pest insects in the field 
in Canada. Canadian Entomologist 107:225-236. 

Bradshaw, R. H. W., and 0. Zackrisson. 1990. A 
two-tho usand-year history o f a northern 

Swedish boreal forest stand. Journal of Vegeta­
tion Science 1:519-528. 

Chapma n, L. J., C. A. Cha pma n and R. W. 
Wrangham. 1992. Balanites wilsoniana: Ele­
phant dependent dispersal. Journal of Tropical 
Ecology 8: 275--283. 

Clark, J. S., C. Fastie, G. Hurtt, S. T. Jackson, C. 
Johnson, G . King, M. Lewis, J. Lynch, S. 
Pacala, I. C. Prentice, E. W. Schupp, T. Webb ill 
and P. Wyckoff. In press. Dispersal theory of­
fers solutions to Reid's Paradox of rapid plant 
migration. BioScience. 

Davis, M. B., M. W. Schwartz and K. Woods. 
1991. Detecting a species limit from pollen in 
sediments. Journal of Biogeography 18:653--668. 

Foley, J. A., I. C. Prentice, N . Ramankutty, S. 
Levis, D. Pollard, S. Sitch and A. Haxeltine. 
1996. An integrated biosphere model of land 
surface processes, terrestrial carbon balance 
and vegetation d ynamics. Global Biogeochemi­
cal Cycles 10:603--628. 

Foley, J. A., J. E. Kutzbach, M. T. Coe and S. Levis. 
1994. Feedbacks between climate and boreal 
forests during the Holocene epoch. Nature 
371:52-54. 

Forcella, F., and S. J. Harvey. 1981. New and exotic 
weeds of Montana, II. Migration and distribution 
of 100 alien weeds in northwestern USA, 
1881- 1980. Helena, Montana: Montana De­
parbnent of Agriculture. 

Groom, M. J., and N . Schumaker. 1993. Evaluat­
ing landscape change: Patten1S of worldwide 
deforestation and local fragmentation. In Biot­
ic Interactions and Global Change, ed . P. M. 
Kareiva, J. G. Kingsolver and R. B. Huey. Sun­
derland, Mass.: Sinauer Associates, pp. 24-44. 

Harrington, G. N., and K. D. Sanderson. 1994. 
Recent contraction of wet sclerophyll forest in 
the wet tropics of Queensland due to invasion 
by rainforest. Pacific Conservation Biology 
1:319- 327. 

Huntley, B., and H. J. B. Birks. 1983. An Atlas of 
Past and Present Pollen Maps fo r Europe: 
0- 13,000 Years Ago. Cambridge, England : 
Cambridge University Press. 

Johnson, W. C., and C. S. Adkisson. 1985. Disper­
sal of beech nuts by blue jays in fragmented 
la ndscapes. American Midland Naturalist 
113:319-324. 

Jolmson, W. C. and T. Webb III. 1989. The role of 
blue jays (Cyanocitta cristata L.) in the post 
glacial dispersal of fagaceous trees in Eastern 
North A merica. Journal of Biogeography 
16:561-571. 

Kot, M., M. A. Lewis and P. van den Driessche. 
1996. Dispersal data and the spread of invad­
ing organisms. EcoiOgiJ 77:2027- 2042. 

Kullman, L. 1996. Norway spruce present in the 
Scandes Mow1tains, Sweden, at 8000 BP: New 
light on Holocene tree spread . Global EcoiOgiJ 
and Biogeography Letters 5:94-101. 

Lam berson, R., B. Noon, C. Voss and K. McKel­
vey. 1994. Reserve d esig n for territoria l 
species: The effects of patch size and spacing 
on the viability of the Northern Spotted Owl. 
Conservation Bio!OgiJ 8:185--195. 

Lavorel, S., R. H. Gardner and R. V. 0 ' Neill. 1995. 
Dispersal of ammal plants in hierarchically 
s tructured landscapes. Landscape Ecology 
10:277- 289. 

Mack, R. N. 1986. Alien plant invasion into the 
Intermountain West: A case history. In EcoiOgiJ 
of Biological Invasions of North America and 
Hawaii, ed . H . A. Mooney and J. A. Drake. 
New York: Springer-Verlag, pp. 191-212. 

Mana be, S., and R. T. Wetherall. 1987. Large scale 
changes in soil wetness induced by a n in­
crease in carbon dioxide. journal of Atmospher­
ic Science 44:1211- 1235. 

Nicholls, N ., G. V. Gruz.a, J. )ouzel, T. R. Karl, L. A. 
Ogallo and D. E. Parker. 1996. Observed climate 
variability and d1<mge. In Climate Change 1995: 
The Science of Climate Change, ed. J. T. Houghton, 
L. G. Meira Fill1o, B. A. Callander, N. Harris, A. 
Kattenberg and K. Maskell. Cambridge: Cam­
bridge University Press, pp. 133--192. 

Parker, C. 1977. Prediction of new weed proble111S, 
especially in the developing world. In Origins of 
Pest, Parasite, Disense, and Weed Problems, ed. J. M. 
Cherrett and G. R. Sagar. Oxford: Blackwell 
Scientific Publications, pp. 249-264. 

Prentice, I. C., W. Cramer, S. P Harrison, R. Lee­
mans, R. A. Monserud and A. M. Solomon. 
1992. A global biome model based on plan t 
physiology and dominance, soil properties, 
and dimate. journal of Biogeography 19:117- 134. 

Russell-Smith, J., and D. M. J. S. Bowman. 1992. 
Conservation of monsoon rainforest isolates 
in the Northern Territory, Australia. Biological 
Conservation 59:51--64. 

Schemske, D. W., B. C. Husband, M. H . Ruck­
elshaus, C. Gooclwillie, I. M. Parker and J. G. 
Bishop. 1994. Evaluating approaches to the con­
servation of rare and endangered plants. Ecolog~j 
75:584--606. 

Schimel, DavidS. 1995. Terrestrial ecosysten1S and 
the carbon cycle. Global Change Bio!OgJJ 1:77-91. 

Smith, T. M., and H. H. Shugart. 1993. The tran­
sient respOI1Se of terrestrial carbon storage to a 
perturbed clin1ate. Nature 361:523--526. 

Stein, B. A., and S. R. Flack. 1996. America's Least 
Wanted: Alien Species Inwsions of U.S. Ecosystems. 
Arlington, VIrginia: The Nature Coz1Servancy. 

Stone, C. P. 1985. Alien anin1als in Hawai' i's na­
tive ecosystems: Towards controlling the ad­
verse effects o f introduced vertebra tes. In 
Hawai'i's Terrestrial Ecosystems, Preservation and 
Management, ed. C. P Stone and J. M. Scott. 
Honolulu: University of Hawai' i, pp. 251- 297. 

Sykes, M. T., and I. C. Prentice. 1996. Climate 
change, tree species distributions and forest 
dynamics: A case study in the mixed conifer I 
hardwoods zone of northern Europe. Climatic 
Change 34:161- 177. 

TEMPO(J. E. Kutzbad1, P J. Bartlein,J. A. Foley,S. P 
Harrison, S. W. Hostetler, Z. Liu, l. C. Prentice 
and T. Webb Ill). 1996. ll1e potential role of veg­
etation feedback in the climate sensitivity of 
high-latitude regim1S: A case study at 600') years 
B.P Global Biogeochemical Cycles 10:727- 736. 

Vitousek, PM., C. M. D'Antonio, L. L. Loope and 
R. Westbrooks. 1996. Biological invasions as 
global environmental change. American Scien­
tist 84:468--478. 

Watts, W. A., J. R. M. Allen and B. Huntley. 1996. 
Vegeta tion history and clima te of the last 
glacial at Laghi di Monticchio, southern Italy. 
QuatemanJ Science Reviews 15:113--132. 

Webb, S. L. 1986. Potential role of passenger pi­
geons and o ther vertebra tes in the rapid 
Holocene migrations of nut trees. Quaternary 
Research 26:367- 375. 

Webb, T., III, G. L. Jacobson, Jr., and E. C. Grinm1. 
1987. Plate 1. Isopoll Maps. In North America 
and Adjacent Oceans During the Lnst Deglacia­
tion, ed. W. F. Ruddin1an and H. E. Wright, Jr. 
Boulder, Colo.: Geological Society of America. 

Woods, K. D., and M. B. Davis. 1989. Paleoecolo­
gy of range limits: Beech in the Upper Penin­
sula of Michigan . EcoiOgJJ 70:681--{)96. 

1997 September-October 473 




