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Introduction 
Paleoecological studies of continental environments provide a unique 

perspective on global ecosystems. posing specific research questions 
relevant to global change. Five questions will be discussed here. with 
suggestions about directions that research might take to develop better 
understanding of global changes in the past. and to make more effective 
use of the fossil record for understanding the global system. 

Individualistic Species Behavior 
The palynological record for North America makes it clear that each 

tree species has responded individualistically to past environmental 
changes. Webb (1986, 1987, 1988) has emphasized that each species 
has a unique adaptation to climate. As climatic variables have changed. 
and as they have combined differently from today, new and different 
assemblages of species have developed in different parts of North 
America. Because each species distribution has a particular relation
ship to climate. transfer functions relating pollen to climate can predict 
the locations of refuges during the full-glacial and patterns of north
ward expansion during the Holocene on a continental scale (thousands 
of square kilometers). using output from models of past general circula
tion (GCMs) (Webb et al., 1987). The vegetation patterns did not depend 
on chance events, as suggested earlier by Davis (1976, 1981). but 
instead on climate. Davis (1981) had emphasized that unique species 
traits, such as life history, modes of seed dispersal, and species interac
tions, could influence the speed of response and biogeographic spread 
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of individual species. But biotic factors such as seed dispersal appar
ently influenced only the details of species distributions on a regional 
(hundreds of square kilometers) scale. Biotic factors also caused 
temporal delays of decades to centuries in population growth and the 
invasion of new regions (Davis, 1987; Davis et al., 1986). The slow 
speed of ecosystem-level processes such as soil development may also 
have been an important influence on regional patterns of invasion 
(Pennington, 1986). 

These results mean that future changes in climate will bring into 
being new and different combinations of species, i.e., new communities 
and new biomes. Will the difference be important from a global 
perspective? Will there be differences in ecosystem functions such as 
nutrient cycling, carbon storage, and gas exchange with the atmo
sphere, and in surface roughness and albedo? Can a single-species 
difference over a large region have measurable effects on the global 
system? 

Many ecologists believe that individual species can greatly influence 
ecosystem functions. Examples are a coniferous species such as 
spruce dominating the boreal forest or wolves affecting herbivore den
sity within a mixed forest (Mech, 1981). a nitrogen-fixing plant species 
invading a successional community (Crocker and Major, 1955; Vitousek 
et al., 1987) or crown-of-thorn starfish on coral reefs (Paine, 1966). 
Models tend to corroborate this view (Pastor and Post, 1988). The 
hypothesis that individual species are important can be tested by 
exploiting instances in the fossil record when a sudden addition or 
subtraction of a species occurred. Examples might be the rapid transi
tions in dominance by first one species and then another along the late
glacial-Holocene boundary (Amundson and Wright, 1979). The decline 
of hemlock in the mid-Holocene, which resulted in the removal of a 
coniferous species from mixed coniferous-deciduous forest throughout 
eastern North America (Davis, 1981; Allison et al., 1986), could be used 
as an analog to the near-disappearance of spruce from boreal regions 
9000-6000 yr B.P. Methods for using the paleoecological record to 
measure ecosystem-level impacts include paleolimnology (for sensing 
nutrient exports from terrestrial systems) and paleoclimatology (using 
indicators that detect changes in air mass boundaries, thus sensing the 
pattern of general circulation). The challenge here will be to devise 
methods to measure impacts on a large spatial scale, because the 
argument that individual species responses should be included in 
global models will not be heeded unless there is clear evidence that 
species responses have system-level effects on at least a regional, if not 
a global, scale. 
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Lags in Response 
Species and ecosystem components lag in response to climatic change. 

Each species and each ecosystem component has a different time 
constant of response. The lags are on the order of years and decades, 
although a few instances have been reported where the lags have lasted 
centuries (Kullman, 1981; Botkin et al., 1972; Davis, 1984; Davis et al., 
1986; Pennington, 1986). Given the very rapid time scale of global 
changes expected in the coming century, transient responses will be 
significant. It is therefore essential to understand them. Otherwise we 
will not be able to predict the biological environment of the future. 

The paleoecological record is an important source of information 
concerning lags in response to climatic change, especially lags that 
lasted several centuries. However, circularity occurs whenever we use 
biological proxy data to determine how the climate changed, while at the 
same time we depend on a subset of biological data to measure biotic 
response. 

New research directions could include a sharper focus on times of 
rapid change. Examples should be chosen where a precise chronology 
can be established, capable of detecting lags on a decadal or annual 
time scale. Documenting the rapid change of climate and the response 
of biota is not enough; incisive questions must be asked: Which 
indicator gives us a chronologically accurate measure of climate? (Are 
there any that do not have lags?) Which are the best indicators of 
ecosystem-level responses, such as soil development, productivity, and 
nutrient cycling? Which biological or chemical indicators reflect direct 
responses to climate? What are the factors responsible for lags? Do 
they have to do with life history characteristics, such as life span? If so, 
it should be possible to make predictions from our knowledge of species 
life history and physiology. Or are lags due to biotic interactions, and 
therefore influenced by community composition? Are responses a 
direct reaction to temperature and moisture, or are they indirect, 
caused by responses within the community or even at the ecosystem 
level? Can time constants of response be predicted if communities and 
ecosystems change in the future? 

Disturbance Regimes as an Aspect of Climate 
Ecologists are currently interested in the role of disturbance in 

controlling community and ecosystem structure and the spatial pat
teming of plant and animal communities over the landscape (Pickett 
and White, 1985). Often the diversity of a community can be related to 
disturbance. Ecologists studying disturbance use a variety of demo
graphic techniques to determine the probabilities of disturbances, ex
pressing this as "return time" of disturbance (Pickett and White, 1985; 
West et al., 1981). 
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Fossil documentation of disturbances has sometimes been marred 
by lack of attention to scale. The paleoecological record of charcoal, for 
example, has confused local and regional sources of charcoal, thus 
preventing comparison of the sedimentary charcoal record with events 
known from historical documents. Because the provenance area for 
pollen was not the same as the provenance area for charcoal, vegetation 
changes recorded in the sediment could not be related accurately to the 
record of fire events, nor vegetation patterns on the landscape to past 
differences in the frequencies of fires (Davis, 1989a). Recent research 
has recognized this problem and developed methods for overcoming it 
(Clark, 1988; Patterson and Backman, 1988). 

Much additional research is needed on the methodology of docu
menting disturbances in the past, especially windstorms, insect out
breaks, and fires, all of which are expected to occur with changed 
probabilities in the future (Rind et al., 1989). Here the sedimentary or 
tree-ring record of the past century, which overlaps with the written 
historical record, is most useful. 

A question that needs to be addressed is the relationship of distur
bance to climatic variability (Rind et al., 1989). How are droughts and 
fires related (Swetnam, 1990)? How are rainfall patterns connected 
with the incidence of lightning-caused fires? This basic research in 
climatology is essential before ecologists can use GCM output to predict 
disturbance regimes in the future. 

A third, related question concerns climatic extremes. Can extreme 
events be considered as disturbances? Might an extraordinarily cold 
year, for example, have as disruptive an effect on certain kinds of 
ecosystems as a major windstorm? If so, could the probability of 
extreme events be considered in the same way as the probability of 
other kinds of disturbance events? Do we have mappable data on the 
return time of unusual weather that could be related to plant distribu
tions and abundance? to landscape patterns? Again, we need basic 
research on the modem environment and its relationship with vegeta-. 
tion patterns before we can begin to interpret the fossil record. 

As for research directions using the fossil record, one can control for 
disturbance by contrasting the fossil record in sheltered sites with 
records from exposed sites, thus isolating the effects of climate from the 
effects of climate plus disturbance. In some instances, the effects of 
disturbance are probably larger than the effect of climate alone (Grimm, 
1983). But there can also be instances where high disturbance fre
quency has resulted in a low-diversity community made up of species 
with broad climatic tolerances. In this case the "cast-iron" flora or 
fauna may show little response to climate (Davis and Botkin, 1985). 
This phenomenon must be investigated in every ecosystem where 
disturbances are being studied. 
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Disturbance can affect the response time of ecosystems to climate 
change by eliminating resident long-lived individuals, clearing space for 
invading organisms which may be better adapted to a new, changed 
climatic regime (Davis, 1984; Overpeck et al., 1990). Disturbance can 
also trigger a large response by propelling an entire community past a 
threshold. For example, the change from a more xeric oak scrub 
vegetation to maple-elm forest ("Big Woods") in south central Minnesota 
during the Little Ice Age occurred suddenly over a large area on the 
leeward side of a large river that served as a fire break. As the climate 
changed in the 16th century A.D., the fire frequency fell below a certain 
threshold and maple and basswood expanded, producing a forest so 
nonflammable that the actual frequency of fire fell to a low level. In this 
instance the disturbance regime coupled with climate caused a large 
change in vegetation, whereas the climate change alone would have 
caused only a small vegetation response (Grimm, 1983, 1984). Nonlinear 
responses of this kind must be studied in modem communities. Other
wise the fossil record of the response could be confused with evidence 
for a sudden step-change in climate. 

Human Land Use 
A fourth point is that human impacts on landscapes, such as forest 

clearance, plowing, and selective use of particular forest species, can 
have greater local effects than climatic change. At the time agriculture 
began in northern Europe, sediment deposition at many lakes changed 
from organic mud to silt -as great a change as had occurred 5000 years 
earlier with the steep temperature rise at the transition from Younger 
Dryas to Holocene. Marked changes occurred in the species composi
tion of the forest: first a decline of elm, then a steady decline in species 
of the high forest, changes which continued into the historic period. 
Much of the paleoecological literature concerns itself with distinguishing 
forest changes caused by climate from those caused by human exploi
tation of the landscape for fodder and fuel and clearance of forest for 
agriculture (Iversen, 1973; Pennington, 1965, 1978). These examples 
show that direct human impacts on local ecosystems, even from relatively 
primitive cultures, can be so large that they overshadow or are difficult 
to distingl ~sh from the local effects of the global climate system. 

Multiple Factors 
A fmal observation from the paleoecological record is that multiple 

factors affect biota in ways not easily predicted from the effects of single 
factors considered alone. Experimental evidence for this is difficult to 
obtain, because experiments in which many factors of the environment 
are changed are hard to perform, either in the laboratory or in the field. 
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The effects of elevated C02 , for example, have been studied in small 
chambers large enough for one or several plants. The study of an entire 
ecosystem, including soils and nutrient cycles, is a much more difficult 
project (Strain and Cure, 1985). When the effects of changing C02 and 
climate are considered together, experimental design becomes almost 
impossibly difficult. Thus the past, when many environmental factors 
changed simultaneously, provides us with uniquely valuable (albeit 
poorly controlled) experiments. Paleoecologists, however, have been 
slow to exploit these instances to arrive at a better understanding of 
ecosystem response. 

The change from the full-glacial to the Holocene, for example, is a 
time when the climate was warming rapidly and when the C02 content 
of the atmosphere was rising rapidly from less than 200 ppm to 270 
ppm (Paterson and Hammer, 1987). Although we have known for some 
years that C02 levels during the full-glacial were unusually low, terres
trial paleoecologists have not considered this factor in interpreting the 
fossil record. Nor has the sudden increase in productivity of terrestrial 
vegetation during the late-glacial been attributed to the rising C02 . In
stead the change has been attributed the climate alone (Ruddiman and 
Wright, 1987; Huntley and Webb, 1988). 

Experimental studies show that elevated concentrations of C02 have 
dramatic effects on plants, increasing plant growth, reducing water 
stress, and changing the chemistry of plant tissues, thus affecting 
competitive interactions and plant/ animal interactions (Strain and 
Cure, 1985; Fajer et al., 1989). On the basis of these observations, one 
might expect that lowered C02 concentrations, such as occurred during 
glacial periods, might have lowered plant growth rates and increased 
susceptibility to moisture stress, with stronger effects on some species 
than on others. 

Given the direct effects of lowered C02, it seems hardly surprising 
that vegetation during the full-glacial was sparse, with xeric communi
ties widespread. Because species differ in their response to C02 

concentration (Strain and Cure, 1985). differences between these com
munities and modern ones should have been expected, whether or not 
there were unusual combinations of climatic variables (Davis, 1989b; 
Wright, 1987). Certainly climatic response functions based on modern
day relationships of vegetation to climate should not be applied to 
periods in the past when C02 concentrations were different. More ex
perimental data on the effects of lower-than-ambient C02 would be 
helpful in elucidating plant responses; paleoecologists should be aware 
of the extensive literature that already exists on direct C02 effects 
(Woodward, 1987). 

The fossil record provides us with a number of research opportuni
ties to investigate changes in multiple environmental factors. During 
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the last interglacial, C02 concentrations were higher than ambient and 
temperatures were also warmer (CLIMAP, 1984; Barnola et al., 1987). 
This time interval seems to provide a natural experiment on the com
bined effects of elevated C02 and warmer climate. We have known for 
some time that interglacial plant communities differed from today; 
perhaps the combination of changed environmental factors was re
sponsible. A second opportunity is provided by the period of rapidly 
rising sea level during the late-glacial, where there is a chance to 
observe the effects of multiple factors on rocky intertidal communities, 
salt marshes, and coral reefs. The paucity of fossil deposits from this 
period demonstrates the limited spatial extent of these communities at 
a time of rapid sea-level change. Diminished aerial extent must have 
had a significant impact on the flora and fauna of tidal marshes and 
coral reefs (Potts. 1983). Any future rapid rise of sea level will affect 
biotic diversity as well as the gas fluxes from the ecosystems. 

Conclusions 
The fossil record provides time series of sufficient length to demon

strate the long-term effects of environmental changes on organisms. It 
constitutes our best evidence that the global environment does change 
the distributions and abundances of organisms. It demonstrates the 
linkages of the various components of the global system and their 
response to forcing during glacial-interglacial cycles. 

This discussion has focused narrowly on four insights on global 
change that could only have come from paleorecords. As such they are 
insights not readily apparent to ecologists who only study modem 
systems. The necessity for considering the responses of individual 
species must not be forgotten in the rush to develop global models that 
approximate the functional responses of known vegetation types. Glo
bal models are badly needed to explore interactions of a dynamic 
biosphere with the atmosphere and oceans. However the answers could 
be wrong if the biosphere is assumed to be composed only of biomes 
similar to those that exist today. More complex models, capable of 
predicting the actual nature of future vegetation, can provide better 
answers. The paleorecord is unambiguous in its demonstration that 
climatic change has often produced vegetation different in structure as 
well as species composition. 

Transient responses, some of which persist for centuries, are more 
important on the time scale of future change than they are in discus
sions of the past. Time lags force discussions of future change to focus 
on rates of change, rather than total amounts of change. Transients 
must be better understood to predict the future on a time scale meaningful 
for human society. 
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Disturbance regimes and their effects on biotic communities have 
been much more thoroughly studied by ecologists than biotic response 
to climate. The contribution of paleoecology is the demonstration that 
disturbance is only one aspect of climate; climatic change cannot be 
discussed without considering changes in disturbance regimes. If 
changes in disturbance regimes have stronger effects than changes in 
temperature or rainfall, predictions will be facilitated. Atmospheric 
models are challenged to predict disturbance probabilities rather than 
climatic averages (Rind et al .. 1989; Overpeck et al., 1989). 

As we enter the 21st century, the burgeoning human population will 
occupy more space, cut more fuel, and seek more land for agriculture. 
In the tropics, the rate of destruction of forest resulting from these 
demands already overshadows the future effects of greenhouse warm
ing. Changes in land use occur more rapidly than climate change and 
have large effects on biodiversity. Land use has an especially lethal 
effect when combined with changes in climate as refuges may become 
unsuitable for the species they were intended to save, while migration 
from one isolated refuge to another is difficult. 

A final point concerns the potential of the fossil record for demon
strating the effects of combinations of factors on ecological systems. 
Paleoecologists have much to learn from earth system science, which 
emphasizes understanding the changes in the atmosphere that accom
panied glaciation. Reconstruction of the past can reach a new level of 
sophistication, as the effects of multiple environmental factors are 
considered in the interpretation of fossil evidence. 
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