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Recent paleobiological research has shown 
that late-Quaternary global warming 
caused individual species distri6utions to 
change along environmental gradients in 
different directions, at different rates, and 
over different periods. Tke individualistic 
responses of the biota created new com- 
munity patterns. Individualistic changes 
can be anticipated in the future and if, as 
predicted, the rate of warming caused by 
the ‘greenhouse effect’ is greater than in 
past events, then the individualistic re- 
sponses mug be even more profound. 

Effects of Global Climate Change on 
the Patterns of Terrestrial Biological 

Communities 

The accumulation of ‘greenhouse’ 
gases in the atmosphere may cause 
rapid warming of Earth’s climate in 
the near future. Understanding the 
response of biological communities 
to this warming is of fundamental 
importance, but obviously we can- 
not conduct experiments at a glo- 
bal scale to predict the nature of 
this response. However, rapid glo- 
bal warming at the end of the 
Pleistocene performed a ‘natural ex- 
periment’ from which we can learn 
about the responses of terrestrial 
organisms to an abrupt global cli- 
mate change. 

Two alternative models define 
the spectrum of possible com- 
munity responses to climate change’. 
One hypothesis - a static com- 
munity model - proposes that large 
groups of species (i.e. ‘communi- 
ties’) shift as tightly linked and 
highly coevolved assemblages. The 
other hypothesis, an individualistic 
or dynamic community model, 
suggests that individual species re- 
spond differentially. 

The biological consequences of 
these two hypotheses are very dif- 
ferent. The static model predicts 
that communities are stable and re- 
main as units through long periods 
of geologic time. This model would 
suggest that communities maintain 
their compositional integrity and 
track environmental changes by 
shifting their geographic distri- 
butions as tightly linked and highly 
coevolved groups of species. 

Conversely, the dynamic model 
suggests that communities are 
loosely organized collections of 
species whose coexistence is de- 
pendent upon a host of physical, 
biological and historical variables. 
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Rather than directing evolution of 
the community as a whole, environ- 
mental changes cause species to 
respond individualistically, to mi- 
grate in different directions and to 
assemble into new species associ- 
ations2. Therefore, species associ- 
ations (‘community’ composition) 
may appear ephemeral in geologic 
time and our modern communities 
may be less than IO 000 years old. 
This model also implies that many 
ecosystems are not highly co- 
evolved. The paleoecological evi- 
dence clearly demonstrates that the 
individualistic model is closer to the 
truth. 

Phytogeographic evidence 
Paleobotanists have long recog- 

nized the individualistic response of 
plants to environmental change, as 
well as the existence of non-analog 
plant communities (contemporary 
co-occurrence in paleocommunities 
of species that are allopatric today) 
in the late Quaternary-5. The large 
number of pollen sites in Europe 
and eastern North America permits 
the production of contour maps of 
pollen percentages - ‘isopoll’ maps 
- for different periods. These maps 
document the past distribution of 
tree populations and powerfully il- 
lustrate the individualistic behavior 
of different species through time”‘O. 
The continental ranges of species 
shift, expand and contract in various 
and chronologically unique patterns. 

Taxa are seen to have been sym- 
patric at some times and allopatric 
at others. Excellent examples are 
the past distributions of beech 
(Fagus) and hemlock (Tsuga) in 
eastern North America. Today these 
two taxa have essentially congruent 
ranges and are important elements 
of the hemlock-white pine-northern 
hardwood forest”. Following the 
maximum Wisconsin glaciation, 
these taxa first appeared in any ap- 
preciable abundance about 12 000 
years ago, but had separate ranges - 
beech on the southeastern Coastal 
Plain and hemlock in the southern 
Appalachians’ (Fig. 1). During the 
next 4000 years, hemlock migrated 

northward up the Appalachians, 
while beech moved north along the 
Coastal Plain. For the next two mil- 
lenia, both taxa moved westward 
through the Great Lakes region, es- 
tablishing their essentially modern 
overlapping ranges and their im- 
portance as forest dominants. Thus, 
the close range congruency of these 
two taxa has existed for only the last 
6000 years. 

In montane regions, studies show 
that intact vegetation zones do not 
move up and down the slopes in 
response to vegetation change, but 
that taxa migrate individually, some 
more than others. In the south- 
western United States, the analysis 
of radiocarbon-dated macrofossils 
from packrat (Neotoma) nests 
clearly shows the individualistic 
altitudinal shifts of plant taxai2,13. 
Similar altitudinal adjustments of 
individual plant taxa have also 
been documented by palynological 
studies in the mountainous regions 
of Africa14. 

As opposed to mapping individ- 
ual taxa through time, Huntley15 car- 
ried out a cluster analysis of pollen 
spectra for IOOO-year intervalf; from 
sites throughout Europe. He then 
mapped the quantitatively derived 
vegetation units. These maps 
clearly show the ephemeral nature 
of vegetation types as they appear, 
disappear, and sometimes re- 
appear at different times and 
places. The clear paleoecological 
message is that plant taxa respond 
differentially to changing climate; 
intact vegetation ‘zones’ do not 
move in response to changing cli- 
mate, but taxa reassemble into dif- 
ferent vegetation types following a 
major climate change. 

Zoogeographic evidence 
Animals also document an indi- 

vidualistic response to Iate-Quat- 
ernary climate changes’,16. For 
example, around 17 000 years ago 
the northern pocket gopher (Fig. 2a) 
inhabited southwestern Wisconsin, 
more than 600 km east of its modern 
distribution, and it persisted in 
western Iowa until at least 14 800 
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Fig. I. Time series of the 5% isopolls for beech (Fagus) and hemlock (Tsugal in eastern North America. The stippled area represents the Laurentide ice 
sheet. Adapted from Ref 7. 

years ago. Late-Wisconsin climate 
changes caused this species to shift 
its range further west. Conversely, 
the same climate changes caused 
the distribution of the least shrew to 
shift eastward (Fig. 2b). The collared 
lemming, widespread south of the 
Laurentide ice sheet during the 
Wisconsin (Fig. 2~1, retreated almost 
1600 km farther north in response to 
climate warming. These differential 
responses are characteristic of 
mammalian faunas throughout most 
of the world, but especially in North 
America, Europe, Asia and Aus- 
tralia16. Birds have shown similar 
range adjustments during the late 
Quaternary17, but the significance of 
these changes is problematic be- 
cause of their extreme mobility. 

Late-Pleistocene terrestrial mol- 
luscan communities have not been 
extensively studied in North Amer- 
ica in recent decades, but the few 
studies that have been conducted 
tend to support the concept of an 
individualistic response to environ- 
mental fluctuations. MillerI docu- 
ments the occurrence of non-analog 
associations, presumably owing to 
individualistic responses, in Pleisto- 
cene molluscan faunas from south- 
western Kansas. 

Fossil Coleoptera (beetle) com- 
munities have received consider- 
able study in both EuropeI and 
North Americazo. Climate change has 
significantly altered the geographic 
ranges of many species. For 
example, Aphodius holdereri, the 
most common large dung beetle in 
Britain during certain parts of the 
late Pleistocene, is now confined to 
the high plateau of Tibet and ad- 
jacent northwestern ChinaIs. Again, 
beetle distributions changed indi- 
vidualistically. As was succinctly 
stated by Morgan (Ref. 20, p. 3621, 
during the late Pleistocene in North 
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America ‘conditions were such that 
individual species (which today are 
often separated by large geographic 
distances) were able to live as part 
of a single assemblage’. Coopei9 has 
documented the same pattern for 
European late-Quaternary beetle 
assemblages. 

In contrast to vegetation, mollusks, 
beetles, birds and mammals, most 
herpetile species in the northern 
hemisphere apparently did not un- 
dergo such dramatic range shifts 
during the late Quaternary. Conse- 
quently, most middle-latitude her- 
petile communities of the United 
States2’ and EuropeZ2 do have mod- 
ern analogs, although non-analog 
associations occur in some sites in 
the southern United States23. The 
reasons for the paucity of non- 
analog herpetile associations are 
unclear, but this is one of the more 
intriguing questions in Iate-Quat- 
ernary vertebrate paleoecology. 

Heterochroneity, climatic equability and 
historical effects 

The interpretation of late- 
Quaternary non-analog assem- 
blages as viable paleocommunities 
is dependent upon the contempor- 
aneity of the fossils found in an 
assemblage. A number of natural 
taphonomic processes can produce 
fossil assemblages with non-analog 
associations of species, by mixing 
of assemblages of different ages 
and environments. Obviously, these 
heterochronic assemblages do not 
have any biological meaning. How- 
ever, despite potential problems 
of temporal mixing in certain situ- 
ations, widespread occurrence of 
non-analog associations in different 
depositional systems, for different 
organisms, and for many Pleisto- 
cene biotas throughout the world, 
makes a strong case for non-analog 

life assemblages. Moreover, the 
lack of non-analog associations in 
Holocene sites24, with taphonomic 
settings similar to those of the 
Pleistocene’, also strongly suggests 
that the mixing problem is slight. 

Until recently, it was difficult to 
date non-analog associations di- 
rectly because specimens such as 
seeds, needles and insect parts 
were too small for conventional 
radiocarbon dating methods. The 
Accelerator Mass Spectrometer 
(AM’S) now allows the direct dating 
of extremely small samples. New 
techniques for isolating and radio- 
carbon dating specific amino acids 
from bone samples25 not only im- 
proves the accuracy of bone dates, 
but also permits the dating of 
objects as small as individual ro- 
dent teeth. Therefore, radiocarbon 
dating can now determine the con- 
temporaneous association of many 
macrofossil assemblages. 

In some cases, AMS analyses have 
shown mixing to be a problem, but 
in other cases they have clearly 
demonstrated contemporaneity of 
non-analog associations. Based on 
AMS dating of various insect taxa, 
Elias and Toolin*” have tentatively 
interpreted a late-Pleistocene ‘no- 
modern-analog’ insect assemblage 
from Colorado as heterochronic, but 
they acknowledge the need for 
further investigations into this prob- 
lem at the site. On the other hand, 
AMS dates on rodent teeth from an 
Arkansas cave deposit have docu- 
mented the contemporaneity and 
sympatry in the late Pleistocene of 
two rodent species that are today 
allopatric27. 

The association in paleocom- 
munities of species that are allo- 
patric today and that appear to be 
ecologically incompatible has been 
explained, in part, by the climate 
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equability mode128. This model as- 
sumes that the geographic distri- 
butions of organisms are controlled 
by seasonal extremes in climate 
rather than by mean annual vari- 
ations. Specifically, the southern 
limit of a northerly distributed taxon 
- such as spruce (ficea) or collared 
lemmings - is controlled by summer 
temperature maxima. If summers 
become cooler, then the southern 
limit of distribution for these taxa 
will expand farther south; but if 
summers become warmer, then 
their southern limit,will be restric- 
ted farther north. Conversely, the 
northern limit of a southerly distrib- 
uted taxon - such as elm (Ulmus) or 
least shrews - is limited by winter 
temperature extremes. Therefore, 
the past co-occurrence of taxa with 
disparate modern distributions (e.g. 
spruce with elm, collared lemmings 
with least shrews, etc.1 may have 
resulted from reduced seasonality: 
a more equable climate. These com- 
munity patterns were disrupted by 
more-continental climates at the 
end of the Pleistocene (about 
IO 000 years ago), when seasonality 
was enhanced by solar radiation 
forcing29. In fact, these changes in 
climate and community patterns 
have been implicated in the late- 
Pleistocene extinction event16. 

A host of physical, biological and 
historical variables other than cli- 
mate may control the distributions 
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of species, and differences in these 
variables probably contribute to the 
individualistic response. 

In addition, analyses of beetle 
communities have documented an- 
other important dimension of the 
individualistic concept shaping 
biological communities. Coope’9 
suggested that lag effects have 
created ‘anomalous’ assemblages. 
These are not the same as the non- 
analog assemblages that we have 
previously discussed. The geo- 
graphic distributions of the plant 
and insect taxa that compose these 
anomalous assemblages may over- 
lap today, and thus have modem 
analogs, although their interactions 
may have changed. Also, in contrast 
to a non-analog assemblage, which 
may be in steady state with climate, 
an anomalous assemblage is charac- 
terized by beetles with an environ- 
mental signal incongruent with the 
vegetation. An excellent example 
given by Coope19 is the sudden 
post-glacial warming that allowed a 
diverse suite of temperate insects 
to move rapidly into Britain whilst 
the only trees on the landscape 
were birches (Betula). Particularly 
notable is the beetle Calosoma in- 
quisitor, which today preys almost 
exclusively on caterpillars that de- 
foliate oak (Quercus) trees; this 
beetle species presumably utilized 
birch trees in Britain during the late 
Pleistocene. 

0 

Apparently, beetles responded 
to climate change more rapidly than 
plants and consequently inhabited 
new areas before the vegetation 
had adjusted. This differential re- 
sponse time has two very important 
ramifications for future warming 
events and evolutionary biology. 
First, because of their rapid re- 
sponse rate, beetles might be a sen- 
sitive biological monitor (an ‘early 
warning system’) for global warming. 
Secondly, some beetles may not be 
as highly coevolved and dependent 
upon vegetation patterns as mod- 
ern distributions might suggest. 

Implications 
The individualistic reorganization 

of communities in response to en- 
vironmental changes has important 
implications for understanding the 
biotic response to ‘greenhouse’ 
warming. Probabilities of extinction 
must be of primary concern. At the 
end of the Pleistocene, many large 
terrestrial mammals went extinct 
throughout the world. The proposed 
causes of this extinction are greatly 
debated30, but several hypotheses 
implicate the individualistic reor- 
ganization of biotic communities. 
Graham and LundeliusLb have ar- 
gued that the emergence of new 
vegetation communities at the end 
of the Pleistocene forced her- 
bivorous mammals to select new 
diets. The high rate and magnitude 

Fig. 2. Changes in the late-Quaternary distributions of (al northern plains pocket gopher (Tbomomys ralpoides). (bl least shrew (Cryptotis parval, and 
ICI collared lemming IDicrostonyxspp.l. The solid line represents the southern limit of the glacial maximum during the Wisconsin glaciation. Shaded areas 
are modern distributions of taxa, and filled circles denote late-Pleistocene fossil localities of taxa. Adapted from Ref. 35. with permission. 
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of these vegetation changes7 may 
have heightened competition even 
for the mixed feeders at this time. 
Likewise, Guthrie3’ has suggested 
that the new vegetation mosaics 
may have had lower effective nu- 
tritional value (reduced abundance 
of edible and palatable plant 
species), which would have lowered 
carrying capacity. In addition, 
environmental patchiness may 
have decreased, thus limiting the 
geographic distribution of some 
species and thereby significantly in- 
creasing their probability of extinc- 
tion. In reality, all of these changes, 
and perhaps others, may have had a 
synergistic effect. All of these possi- 
bilities must be considered for fu- 
ture climate change. 

The dynamic community model is 
highly relevant to the design of 
natural reserves. The individualistic 
response to climate change strongly 
underscores the significance of de- 
veloping habitat corridors to link 
natural reserves32-34. Reserves de- 
signed as habitat islands will not 
allow species to track environmen- 
tal change. In such a situation, 
species will either adapt to the new 
environments or become locally ex- 
tinct. The individualistic concept is 
also important in modeling the 
response of whole communities to 
future environmental change. The 
paleobiological record suggests 
that merely shifting the location of 
entire ecosystems is unrealistic. In- 
stead, the ecological requirements 
of individual species must be incor- 
porated into models. 

Finally, the paleobiological rec- 
ord is critical for testing the capa- 
bility of computer-driven General 
Circulation Models (GCMs) to pre- 
dict future climate changes. The 
validity of GCM results is tested 
by comparing model predictions of 
past climates with the observed 
paleobiological record (see Ruddi- 
man, this issue). To this end, it is 
imperative to develop electronic 
databases of various paleoclimate 
proxies. The National Oceanic and 
Atmospheric Administration (NOAA) 
and European palynologists have 
begun such projects, and similar 
programs have been initiated for 
North American mammals. The use 
of multiple biological data sets (e.g. 
pollen, mammals, insects) is import- 
ant for cross-checking interpret- 
ations as well as for providing 

broader geographic coverage. For 
example, pollen records are abun- 
dant in eastern North America and 
throughout Europe; but in areas 
lacking pollen sites (e.g. the plains 
and desert regions of the United 
States, Eurasia and interior Aus- 
tralia), small mammals may offer an 
excellent alternative proxy record. 

Predicting community response 
to greenhouse warming becomes 
particularly hazardous as the fore- 
casted temperature increase ex- 
ceeds that of any period of the last 
120 000 years. The paleoecological 
record reveals that non-analog cli- 
mates produce non-analog com- 
munity assemblages, and our ability 
to predict community response to 
climate change diminishes as cli- 
mate parameters move beyond the 
boundaries of existing climates. 
Future climates may lie outside not 
only the existing climate domain, 
but also outside our paleoclimate 
database and outside the climate 
to which existing species are evol- 
utionarily adapted. 

Acknowledgements 
We thank I.A. Holman and S.A. Hall for 

helpful discussions. We also appreciate the 
assistance of R. Toomey and S.A. Hall in 
acquiring certain references. Julianne Snider 
prepared the illustrations of mammal distri- 
butions. We also benefited from the critical 
comments by two anonymous reviewers on 
an earlier draft of this paper. 

References 
I Graham, R.W. f 1986) in Community 
Ecology IDiamond, 1. and Case, T.I., edsl, 
pp, 300-3 13, Harper & Row 
2 Huntley, B. and Webb, T., Ill 119891 
1. Biogeogr. 16. 5- I9 
3 Cushing, E.J. II9651 in 7ne Ouatemary of 
the United States (Wright, H.E., fr and Frey, 
D.C., eds), pp. 403-416, Princeton University 
Press 
4 Davis, M.B. I I9671 in Quaternary 
Paleoecology ICushing, EJ. and Wright, H.E., 
jr, edst, pp. 59-88, Yale University Press 
5 West, R.G. ( 19641 Br. Ecol. Sot. /ubi/ee 
Symp., 1. Ecol. 52 (suppI.), 47-57 
6 Huntley, B. and Birks. H.I.B. II9831 An 
Atlas of Past and Present Pollen Maps for 
Europe: O-13 000 Years Ago, Cambridge 
University Press 
7 Jacobson, G.L., Webb, T., Ill and Grimm, 
EC. II9871 in North America and Adjacent 
Oceans During the Last Deglaciation t The 
Geology of North America Vol. K-3 1 
(Ruddiman, W.F. and Wright, H.E., Jr, edsl. 
pp. 277-288, Geological Society of America 
8 Webb, T.. Ill (1987) Vegetatio 69, 177-187 
9 Webb, T., III ( 19881 in Vegetation History 
(Huntfey. B. and Webb, T., III, edsl. pp. 
385-4 14, Kluwer Academic Publishers 
IO Anderson, P.M., Bartlein, P.J., Brubaker, 
L.B., Gajewski, K. and Ritchie, L.C. II9891 

1. Biogeogr. 16, 573-596 
II Vankat, I.L. II9791 The Natural 
Vegetation of North America: An 
Introduction, lohn Wiley & Sons 
12 Spaulding, W.G., Leopold, E.B. and Van 
Devender, T. 119831 in The Late Pleistocene 
ILate Quaternary Environments of the 
United States, Vol. I ) IPorter, S.C., ed.), pp. 
259-293, University of Minnesota Press 
I3 Thompson, R.S. (19881 in Vegetation 
History (Huntley, B. and Webb, T., III, edsl. 
pp. 4 15-458, Kluwer Academic Publishers 
I4 Livingstone, D.A. II9751 Annu. Rev. Ecol. 
Syst. 6, 249-280 
I5 Huntley, B. II9881 in Vegetation History 
(Huntfey, 8. and Webb, T.. Ill, edsl, pp. 
341-383, Kluwer Academic Publishers 
I6 Graham, R.W. and Lundelius, E.L., Ir 
(I9841 in Quatemary Extinctions IMartin, 
P.S. and Klein, R.G., edsl. pp. 223-249. 
University of Arizona Press 
I7 Lundelius. E.L., fr et al. ( 1983) in The 
Late Pleistocene (Late Quaternary 
Environments of the United States, Vol. I I 
(Porter, S.C., ed.), pp. 31 l-353, University of 
Minnesota Press 
I8 Miller, B.B. 11976) in Guidebook. 24th 
Annual Meeting Midwest Friends of the 
Pleistocene: Stratigraphy and Fauna1 
Sequence - Meade County, Kansas, pp 
73-85, Kansas Geological Survey 
I9 Coope. G.R. (I9861 in Organization of 
Communities - Past and Present (Gee, I.H.R. 
and Giller, P.S., edsl, pp. 421-438, Blackwell 
20 Morgan, A.V. ( 1987) in North America and 
Adjacent Oceans During the Last 
Deglaciation (The Geology of North 
America, Vol. K-31 Iluddiman, W.F. and 
Wright, H.E., jr, edsf, pp. 353-370, 
Geological Society of America 
21 Fay, L.P f 19881 Ann. Carnegie Mus. 57, 
189-220 
22 Holman, J.A., Stuart, A.]. and Clayden, J.D. 
( I9901 1. Vert Paleontol. IO, 86-94 
23 Holman. I.A. II9761 Herpetologica 32. 
290-294 
24 Semken, H.A., lr 119831 in The Holocene 
(Late Quaternary Environments of the 
United States, Vol. 21 (Wright. H.E., jr, ed I, 
pp. 182-207, University of Minnesota Press 
25 Stafford, T.W.. Jr, Duhamel, R.C , Haynes. 
C.V. and Brendel, K. I 19821 Life Sci 3 I ~ 
93 l-938 
26 Elias, S.A. and Toolin, L.J. t 19901 Oust 
Res. 33, 122-126 
27 Stafford, T.W., Jr and Semken, H.A.. jr 
Curr. Res. Pleistocene (in press) 
28 Hibbard, C.W. (I9601 Annu. Rep. Mich 
Acad. Sci., Arts, Left. 62, 5--30 
29 Kutzbach. I.E. and Guetter. P.1. (19861 
1. Atmos. Sci. 43, 1726-l 759 
30 Martin, P.S. and Klein R.G. II9841 
Quaternary Extinctions, University of 
Arizona Press 
31 Guthrie, R.D. II9841 in Quaternary 
Extinctions (Martin. P.S. and Klein, R.G.. 
edsf, pp. 259-298, University of Arizona 
Press 
32 Peters, R.L. and Darling, I.D.S. t I985 I 
Bioscience 35, 707-717 
33 Graham, R.W. i 19871 Conserv. Biol 2. 
39 l-394 
34 Hunter, M.L.. Ir. jacobson, G.L., fr and 
Webb, T., Ill 119871 Conserv. Biol. 2, 375-385 
35 Graham, R.W. in Consequences of the 
Greenhouse Effect for Biological Diversity, 
(Peters, R. and Lovejoy, T., edsl. Yale 
University Press lin press1 


