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Analyses of fossil mammal faunas from 2945 localities in the United States demonstrate 
that the geographic ranges of individual species shifted at different times, in different 
directions, and at different rates in response to late Quaternary environmental fluctua- 
tions. The geographic pattern of faunal provinces was similar for the late Pleistocene and 
late Holocene, but differing environmental gradients resulted in dissimilar species com- 
position for these biogeographic regions. Modern community patterns emerged only in 
the last few thousand years, and many late Pleistocene communities do not have modern 
analogs. Faunal heterogeneity was greater in the late Pleistocene. 

Understanding the response of terrestrial 
biotic communities to environmental 
change is fundamental to modeling and 
planning for future climate change ( I ) .  The 
fossil record of Quaternary mammals pro- 
vides a basis for understanding the ways 
communities have responded to rapid and 
repeated climatic fluctuations (2). These 
changes had. dramatic effects on the terres- 
trial biota, especially the mammal fauna (3, 
4). During the late Pleistocene, tundra and 
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boreal forest species like collared lemmings, 
muskox, and caribou (5) ranged as far south 
as southern Wisconsin, central Pennsylva- 
nia, central Illinois, and northern Alabama, 
respectively (6). species that typically in: 
habit eastern deciduous forest environ- 
ments today (for example, least shrew and 
eastern chipmunk) extended their distribu- 
tions westward into the area of the Great 
Plains, and grassland species (for example, 
thirteen-lined ground squirrel and plains 
pocket gopher) ranged as far east as Penn- 
sylvania, Tennessee, and Virginia (6). The 
late Pleistocene mammal fauna also con- 
tained a diverse megafauna (such as mas- 
todons, mammoths, camels, horses, and 
ground sloths) that is now extinct. " 

There are two competing models of how 
communities mav have res~onded to these 
environmental changes. 11; the Clement- 
sian model (7) ,  it is assumed that large 
groups of species are in equilibrium and that 
the organization of these groups is deter- 
mined primarily by biological interactions, 
especially competition. This model suggests 
that communities are long-lived geological- 
lv itens to hundreds of thousands of vears) , ~ , , 

and that they can be tracked through time 
and space. Therefore, mammals in modern 
biomes (for example, tundra, boreal forest, 
and deciduous forest) would have moved 
successionallv south and north as late Qua- 
ternary climates cooled and warmed,-re- 
spectively (8). On  the other hand, in the 
Gleasonian model 19) it is assumed that ~, 

species respond in ecological time to envi- 
ronmental change in accordance with their - 
individual tolerance limits, resulting in 
range shifts with varying rates, at different 
times. and in divergent directions. Extend- 
ed i n k  geological {me, this model suggests 

that communities are continually emergent 
with a predictability of composition that 
decreases inversely with time. 

Community Response to 
Environmental Change 

These two models can be tested by exam- 
ining the response of mammal communities 
to late Quaternarv climate fluctuations that - 
occurred rapidly and frequently but with an 
overall trend toward warming (2). During 
the full glacial, mean annual temperatures 
were as much as 5' to 7OC colder than 
today, but by about 14,500 years ago the 
climate began to warm and glacial ice ab- 
lated (10). There was a cold pulse at the 
end of the Pleistocene 1-10.000 to 11.000 
years ago) known as ;he younger Dryas 
(1 1 ). Holocene climates were relatively sta- 
ble, and by 4000 years ago, they were sim- 
ilar to the climate today (2, 10). Under 
these warming conditions, a Clementsian " 

model would predict a simple northward 
shift in life zones. Conversely, a Gleasonian 
model would suggest that individual species 
dispersed diachronically in different direc- 
tions and at various rates. 

To test these patterns of geographic 
range shifts predicted by the two models, we 
compiled an electronic relational database, 
FAUNMAP (12). These data consist, in 
part, of site location, species composition, 
geological and numeric ages, and stratigra- 
phy for 2945 late Quaternary mammal local- 
ities for the 48 contiguous states of the 
United States (Fig. 1A). The database was 
interfaced with a Geogra~hic Information " & 

System (GIS) to construct distribution maps 
for individual species at seven different time 
periods, although only three time periods are 
considered in these analyses [Full Glacial 
(15,000 to 20,000 years ago), Late Glacial 
(10,000 to 15,000 years ago), and Late Ho- 
locene (500 to 4000 years ago)]. 

Maps documenting changes in the distri- 
butions of individual mammal species (1 2) 
show that for the last 20,000 years mammals 
responded in a Gleasonian manner to late 
Quaternary climate warming (Fig. 1, B to F). 
Many species dispersed northward during 
this warming episode, but did so at different 
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rates and times. Some s~ecies with northern 
distributions today, liGe the heather vole 
(Fig. lB), reached their present southern- 
most limits in the eastern United States by 
the end of the Pleistocene. Others, like the 
southern red-backed vole (Fig. lC), moved 
north more slowly and remained outside 
their modem ranges through the middle Ho- 
locene and into the late Holocene. The 
nine-banded armadillo, northern pygmy 
mouse, hispid cotton rat, meadow jumping 
mouse, and least weasel are still adjusting 
their distributions (1 3). 

Some species dispersed in opposite direc- 
tions in response to this postglacial warm- 
ing. The least shrew and a suite of other 
species shifted eastward (Fig. ID), whereas 
the northern pocket gopher and others re- 
tracted their distributions farther to the 
west (Fig. 1E). Species like the eastern wood- 

rat, northern pygmy mouse, round-tailed 
muskrat, eastern mole, and woodland vole 
do not appear to exhibit any substantial 
changes in their geographic distributions 
throughout the last 20.000 vears. Southern - . , 
species (for example, eastern woodrat and 
northern pygmy mouse) maintained distribu- 
tions as far north during the late Pleistocene 
as they do today (Fig. IF). They were not 
displaced into southern refugia during cold 
climatic phases as would be predicted by the 
Clementsian model (8). These general pat- 
terns in distributional shifts, like those of late 
Quaternary plant dispersals (14), best fit pre- 
dictions of the Gleasonian model. Modem 
(pre-European contact) community patterns 
appeared only in the last few thousand years 
because they have been assembled by the 
addition and subtraction of individual spe- 
cies throughout the late Quaternary (15). 

Fig. 1. Maps showing the 
geographic distribution of 
all mammal sites in the 
FAUNMAP database (A) 
and shiis in the geo- 
graphic distributions of 
individual species during 
the late Quaternary (B to 
F). For (B) to (F), time in- 
tervals (FG, LG, and LH) 
are defined in (12); mod- 
em mammal species dis- 
tributions are shaded; 
fossil distributions are 
represented by symbols 
[(*I FG, (+I LG, (A) LHI; 
position of the Laurentide 
Ice Sheet (white) is for 
10,000 years ago; bino- 
mial latinized names for all 
mammal species are giv- 
en in (15); and n equals 
the number of localities 
for a specific taxon at a 
given interval of time. (B) 
Distributions of the heath- 
er vole for FG (n = 5) and 
LG (n = 10) times. This 
species and others (col- 
lared lemming, meadow 
jumping mouse, Frank- 
lin's ground squirrel, wa- 
ter shrew, and masked 
shrew) document "rapid" 
northward dispersal. (C) 
Distributions of the south- 
ern red-backed vole for 
FG (n = 2), LG (n = 13), 
and LH (n = 15). This spe- 
cies and others (American 
pika, prairie vde, meadow l 
vole, and southem bog lemming) record 'slow" northward dispersal. (D) Distributions of the least shrew for 
FG (n = 4), LG (n = 1 O), and LH (n = 18). This species and others (eastem chipmunk, short-tailed shrew, 
and marsh rice rat) show eastward shiis. (E) Distributions of the northem pocket gopher for FG (n = 2), LG 
(n = 1 O), and LH (n = 53). This species and others (montane vole, long-tailed vole, black-tailed prairie dog, 
and plains pocket gopher) exemplify westward retraction of geographic range. (F) Distributions of the 
eastem woodrat for FG (n = 1) and LG (n = 10). This species and the northem pygmy mouse exemplify 
southem species not significantly displaced southward during cold phases of the late Pleistocene. 

Provinciality 

To investigate provinciality of late Quater- 
nary mammals, we grouped FAUNMAP 
data to average the biases of taphonomy so 
that they are more or less constant between 
the samples compared (16). The grouped 
data were then analyzed with a two-way 
indicator species, hierarchical, divisive clus- 
tering technique known as TWINSPAN 
(17). The data were analyzed for two time 
intervals, late Wisconsin and late Holocene. 

Three hierarchical levels of clustering 
were performed. At the first level of cluster- 
ing, TWINSPAN split both late Wisconsin 
and late Holocene faunas into eastern and 
western components along the 100°W lon- 
gitude (Figs. 2 and 3) (18). This meridian 
also marks a major biogeographic boundary 
in the modem fauna, separating the grass- 
lands and forests of the east from the deserts 
and forests of the west. At the second level 
of clustering, the faunas are divided primar- 
ily along latitudinal boundaries for the en- 
tire United States in the late Wisconsin. For 
the late Holocene, the latitudinal division 
occurs only in the west, whereas in the 
eastern United States, the faunal division is 
primarily along the forest-prairie border, a 
predominantly east-west moisJure gradient. 
A slight eastern bulge forms the Prairie Pen- 
insula (19) of central Illinois. TWINSPAN . , 

divisions were stopped at the third level. 
The resulting clusters are mapped for both 
the late Holocene (Fig. 2) and late Pleisto- 
cene (Fig. 3). 

Because distributions of most mammal 
species have changed little since the late 
Holocene (12), this map (Fig. 2) is compa- 
rable to modem faunal provinces. Faunas in 
cluster 8, for the late Holocene, occur in 
the northeast (Fig. 2) and contain species 
that today are generally indicative of the 
southern boreal forest and the northern 
mixed coniferous-deciduous forest (20). 
Mammals in the southeastern ~rovince 
(cluster 9) are generally characteristic of a 
mixture of deciduous forest and southern 
coniferous forest. Faunas of clusters 10, 11, 
and 12 occur in regions occupied today by 
tall grass and mixed grass prairies and con- 
tain species that prefer open habitat. The 
late Holocene mammals in the southwest 
(cluster 13) are a mixture of species associ- 
ated with modem a l~ ine  forest and lowland 
deserts. Another biogeographic region 
(cluster 14) in the northern s la ins and the 
northwestern United States is defined pri- 
marily by boreo-montane species. In the 
central northern plains, cluster 15 is weakly 
differentiated from cluster 14, and both can 
be combined to form a single category of 
boreo-montane and grassland species. 

The geographic distribution of the eight 
late Pleistocene clusters is similar to those 
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of the late Holocene, but there are signifi- 
cant differences. In the eastern United 
States. the late Pleistocene faunas are divid- 
ed into northern and southern components. 
Species characteristic of the modem boreal 
forest (yellow-cheeked vole, northern bog 
lemming, and arctic shrew) were intermin- 
gled with species indicative of deciduous 
forest (eastern chipmunk and short-tailed 
shrew) and grassland (thirteen-lined ground 
squirrel) in cluster 9. Many of these species 
do not occur together todav. a common - , . 
situation for late Pleistocene animal and 
plant communities (21, 22). These faunas 
extend farther west along the middle lati- 
tudes from Maryland to central Nebraska 
and western Oklahoma than do any of the 
eastern divisions of the late Holocene (Fig. 
3). This suite of s~ecies likelv thrived in 
open parkland containing some boreal for- 
est species. Farther to the south, Florida 
(cluster 11) is distinct from the rest of the 
southeast, but during the late Holocene, 
Florida's faunas clustered with others from 
the southeast. 

In the plains region, the late Pleistocene 
(Fig. 3) supported a more heterogeneous 
mammal fauna (clusters 9 and 10) than did 
the late Holocene (Fig. 2) and lacked the 
tall grass ~rairie of the late Holocene. The - .  
southern plains and intermontane west fau- 
nas (clusters 12 and 13) are not strongly 
differentiated bv s~ecies com~osition. 

1 1  

Mammals in these faunas generally prefer 
dry, open habitats (pocket gopher, desert 
shrew, and black-tailed jackrabbit). Faunas 
from the northwest and northern plains 
(cluster 14) are characterized by a mixture 
of species indicative of northern grassland 
(northern pocket gopher, Richardson's 
ground squirrel, and sagebrush vole), alpine 
tundra (American ~ i k a ) .  and coniferous for- 

L ,, 

est (yellow-bellied marmot, heather vole, 
and bushv-tailed woodrat). The differentia- 
tion of cluster 15, a single grid cell in north- 
ern Indiana, appears to be driven primarily 
by taphonomic factors (23). 

Previous attempts to identify late Pleis- 
tocene mammal ljrovinces (24, 25) have 
relied on the distributions of a few mammal 
genera, rather than inclusion of most mam- 
malian species within a region. These ear- 
lier maps exhibit some general similarities 
with our distributions, but there are inter- 
esting differences. For example, our maps 
show greater regional differentiation, espe- 
cially in the western United States and 
central Great Plains. The Camelops prov- 
ince of earlier maps (25) incorporated the 
entire western United States. Our analvses 
subdivided the Camelops province inti at 
least four regions (clusters 12, 13, and 14, 
and parts of clusters 9 and 10). East of the 
Mississippi River, our map combines the 
Symbos-Cervalces and Odocoikw-Pitymys 

provinces into one province (clusters 8 and 
9, with some of cluster 10). Florida makes 
up most of cluster 11, which corresponds 
with the Chlamythere-Glyptodont prov- 
ince. Our late Pleistocene map lacks data 
for most of the Gulf Coastal Plain, which is 
also included in the Chlamythere-Glyp- 
todont province. This map does not have a 
Dicrostonyx-Ovibos province because of the 
absence of faunas for the glaciated regions 
of the north in our grouped data. 

Environmental Heterogeneity 

Environmental or faunal heterogeneity is 
strongly dependent on scale (26) and can 
be measured by either overall dissimilarity 
of faunal composition over arbitrarily de- 
fined distances or by the rate of change of 
similarity of composition with distance. We 
measured faunal heterogeneity as overall 
dissimilarity of composition. We also as- 
sume that faunal heterogeneity is a reflec- 
tion of environmental heterogeneity. Dif- 
ferent taphonomic pathways may lead to 
greater heterogeneity for fossil faunas (27), 

but taphonomy does not appear to account 
for most of the differences between the late 
Pleistocene and late Holocene data sets be- 
cause many of the faunas share similar ta- 
phonomic pathways. Furthermore, grouping 
of data helped average taphonomic biases. 

Reductions in the heterogeneity or 
~atchiness of the environment at the end of 
the Pleistocene may have caused the evo- 
lution of new biomes and mammal commu- 
nities (21, 24, 28, 29), and perhaps even 
extinctions (29). Decreasing heterogeneity 
would suggest that the Holocene would 

Level 2 

have larger coarse-grained patches of simi- 
lar conditions in com~arison to the more 
fine-grained environments of the late Pleis- 
tocene. Under this model, faunal similarity 
across a landscape should be higher in the 
Holocene than in the Pleistocene. 

To test the hypothesis that late Pleisto- 
cene faunal and environmental heterogene- 
ity was greater than that of the Holocene, 
we calculated Dice faunal similarity indices 
(DFSIs) (30) and the distances between , .  , 
grid cell centers for all pairs of grid cells for 
the late Pleistocene (Fig. 4A) and late Ho- 

Level 3 

Fig. 2. Map of TWINSPAN clusters for late Holocene faunas. Levels represent steps in divisions shown 
in the division tree. Cluster numbers are those assigned by the TWINSPAN program. Indicator species 
for clusters are as follows: cluster 8: moose, American marten, common porcupine, and red squirrel; 
cluster 9: eastern gray squirrel, common opossum, marsh rice rat, swamp rabbit, and eastern woodrat; 
cluster 10: short-tailed shrew, Franklin's ground squirrel, thirteen-lined ground squirrel, prairie vole, 
meadow vole, southern bog lemming, meadow jumping mouse, eastem chipmunk, and woodchuck; 
cluster 1 1 : hispid cotton rat and black-tailed jackrabbit; cluster 12: hispid pocket mouse, hispid cotton 
rat, and plains pocket gopher. Clusters 10, 1 1, and 12 can be grouped into a single category charac- 
teristic of tall grass and mixed grass prairies (plains pocket gopher, least shrew, prairie vole, hispid 
pocket mouse, northern grasshopper mouse, Franklin's ground squirrel, thirteen-lined ground squirrel, 
and southern bog lemming); cluster 13: mule deer, bighom sheep, Botta's pocket gopher, mountain 
cottontail, prairie dog, and kangaroo rat; cluster 14: yellow-bellied marmot, montane vole, mule deer, 
bighom sheep, and snowshoe hare; cluster 15: prairie vole, Richardson's ground squirrel, meadow vole, 
meadow jumping mouse, and thirteen-lined ground squirrel. 
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Fig. 3. Map of TWINSPAN clusters for late Pleis- 
tocene faunas. Levels represent steps in divisions 
shown in the division tree. Cluster numbers are 
those assigned by the TWINSPAN program. Indi- 
cator species for clusters are as follows: cluster 8: 
deer is the only indicator species (all other species 
in this cluster also occur in cluster 9); cluster 9: 
short-tailed shrew, southern bog lemming, north- 
em bog lemming, thirteen-lined ground squirrel, 
eastern chipmunk, southern red-backed vole, 
heather vole, yellow-cheeked vole, masked 
shrew, arctic shrew, northern pygmy shrew, water 
shrew, meadow jumping mouse, and eastern 
chipmunk; cluster 10: pronghorn, masked shrew, 
northern grasshopper mouse, harvest mouse, - 
black-tailed jackrabbit, southern bog lemming, 
and plains pocket gopher; cluster 11: common 
opossum, common raccoon, eastem gray squir- 
rel, common gray fox, flat-headed peccary, and 
tapir; cluster 12: There are no strong indicator 
species unique to this group (see text); cluster 13: 
Shasta ground sloth, camel, badger, pronghorn, 
desert woodrat, pocket gopher, and yellow-bel- 
lied marmot; cluster 14: northern pocket gopher, 
bushy-tailed woodrat, sagebrush vole, and Amer- 
ican pika; cluster 15: caribou, stag-moose, wood- 
land muskox, and giant short-faced bear. 

Level 1 

Level 2 I u 

Level 2 Level 3 

locene (Fig. 4B). Although there is wide 
variability, both generally show a decrease 
in DFSIs with distance, which is expected 
and has been documented by similar studies 
for different time periods and organisms 
(31). Results for both late Pleistocene and 
late Holocene faunas have nonlinear 
trends, and the DFSIs become relatively 
constant after a distance of about 2000 km. 

To further explore these relations, we 
grouped the data in "bins" of 250-km inter- 
vals (32). The mean DFSIs decrease with 
distance (bin number), and the rate of 
change (slope) is slightly greater for the late 
Holocene data set and flattens after 3000 km 
(bin 12) (Fig. 5). The rate of change for 
Pleistocene faunas decreases after 2250 km 

(bin 9) and then increases slightly between 
3000 and 4000 km (bins 12 and 16). These 
trends are consistent with those observed in 
the plot of the DFSIs versus distance be- 
tween grid cell centers (Fig. 4, A and B). 
However, the grouped data show that for 
distances up to 3000 km (bin 12), the late 
Pleistocene DFSIs are consistently and sig- 
nificantly (no overlap of the 95% confi- 
dence intervals) lower than those of the late 
Holocene. The higher DFSI values for the 
late Holocene faunas indicate that they were 
more alike over short distances than were 

The possibility that some of the ob- 
served differences might be the result of 
chance was tested by a series of Monte 
Carlo faunas created from the species pools 
for the late Holocene and late Pleistocene 
data sets (33). There is no decrease in the 
DFSI values with distance for either of the 
late Pleistocene or late Holocene Monte 
Carlo faunas (Fig. 5). The DFSIs for the 
Monte Carlo faunas vary around 0.33 and 
increase slightly with distance. Also, unlike 
the DFSIs for the actual data, there is over- 
lap of the 95% confidence limits for all late 
Pleistocene and late Holocene Monte Carlo 
fauna bins. These analyses indicate that the 
actual faunal data are significantly different 
from those due to chance, which supports 

the late Pleistocene faunas. This pattern sug- 
gests .that late Holocene faunas, and by in- 
ference environments, were more homoge- 
neous than those of the late Pleistocene. 

Fig. 5. Mean DFSls and 95% con- 
fidence intervals for actual faunal 
data and Monte Carlo faunal data 
against bin distance (one bin = 250 
km). For the first five bins (1 250 km), 
late Holocene DFSls are above the 
Monte Carlo values and overlap 
with the Monte Carlo values only at 
bin 6 (1500 km). In contrast, for the 
late Pleistocene, only for bins 1 and 
2 (250 to 500 km) are the DFSls 
above the Monte Carlo values, and 
they overlap with them in bins 2 and 
3 (500 to 750 km). The 95% confi- 
dence intervals for both the late 
Pleistocene and late Holocene do 
not overlap until bin 13 (3250 km). 

Distance (km) Late Holocene real 
..[). Late Plelstocene Monte Carlo --* Late Holocene Monte Carl0 

0.0 I I I I I I I I I  
0 2 4 6 8 10 12 14 16 18 

Fig. 4. Bivariate plots of DFSI against geographic 
distance for grouped late Pleistocene (A) and late 
Holocene (B) faunal data. 250-km bin 
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the contention that late Pleistocene envi- 
ronments were responsible for maintaining 
more heterogeneous mammal faunas. 

Conclusions 

Species that make up mammal communities 
in the contiguous United States have re- 
sponded to late Quaternary environmental 
fluctuations in  a Gleasonian manner. Al- 
though these changes in mammal commu- 
nities were caused by the direct effects of 
climate, other factors like habitat reorgani- 
zation, biological interactions, and stochas- 
tic events must also have played a role. 
Species dispersed diachronically, in diver- 
gent directions, and at variable rates. Mam- 
mal communities are continually, and un- 
predictably, emergent. Therefore, many late 
Pleistocene communities do  not  have mod- 
ern analogs. Although late Pleistocene com- 
munities differed from Holocene ones, they 
were organized into similar biogeographic 
patterns (faunal provinces). These similari- 
ties reflect east-west moisture and north- 
south temperature gradients. However, dis- 
similarities in species composition for these 
provinces indicate different gradients for 
these two time periods as well as continual 
change in fluctuating environments. Late 
Pleistocene faunas tended to be more vari- 
able in compqsition. Some of this variability 
may he attributed to taphonomic factors but 
results largely from greater environmental 
heterogeneity. It is, therefore, important to  
consider individualistic shifts in species dis- 
tributions, nonanalog composition of com- 
munities, and changes in environmental 
heterogeneity in  modeling the responses of 
mammal communities to past and f ~ ~ t u r e  
climatic and environmental changes. Mod- 
els for future change must rely increasingly 
o n  individual species and their require- 
ments, rather than species associations. 
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bursarius), pocket gopher (Thomomys spp.), prairie 
dog (Cynomys spp.), prair~e vole [Microtus (Pe- 
domys) ochrogaster], pronghorn (Antilocapra ameri- 
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amnicola), round-tailed muskrat (Neofiber alleni), 
sagebrush vole (Lemmiscus curtatus), *Shasta 
ground sloth (Nothrotheriops shastensis), short- 
tailed shrew (Blarina spp.), snowshoe hare (Lepus 
amencanus), southern bog emm~ng (Synaptomys 
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181; G. L. Jacobson Jr., T. Webb Ill, E. C. Grimm, in 
(4) ,  pp. 277-288. 

15. R. W. Graham, in Megafauna and Man: Discoveryof 
America's Heartland, L. D. Agenbroad, J. I. Mead, L. 
W. Nelson, Eds. (The Mammoth Site of Hot Sprngs, 
South Dakota, 199O), pp. 54-60; D. K. Grayson, 
The Desert's Past-A Natural Prehistory of the Great 
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onyx-Ovibos province occupied a narrow area along 
the glacial ice front in the northwestern United 
States. Most of the western United States is grouped 
into a single Cameiops province. 

26. S. A. Levin, Ecology 73, 1943 (1992); H. R. Delcourt 
and P. A. Delcourt, Landscape Ecoi. 2, 23 (1988). 

27. H. A. Semken Jr, and R. W. Graham, Acta Zooi. 
Cracov., in press. 

28. R. S. Rhodes 1 1 ,  ili. State Mus. Rept. Invest. 40, 1 

(1984); R. D. Guthrie, in (211, pp. 259-298. 
29. R. D. Guthrie, in Paleoecology of Beringia, D. M. 

Hopkins, J. V. Matthews Jr., C. E. Schweger, and S. 
B. Young, Eds. (Academic Press, NewYork, 1979), 
pp. 307-326; in (21), pp. 259-314. 

30. G. R. Shi, Paiaeogeogr. Palaeoclimatoi. Paiaeoecoi. 
105, 199 ( I  993)). 

31. K. W. Fessaet ai., Geology 7, 15 (1979); J. J. Fynn, 
in Vertebrates, Phylogeny, and Philosophy, K. M. 
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km (for example, distance between cell centers 0 to 
250 km and 250 to 500 km). This allowed for horizon- 
tally and vertically adjacent grid cells (center distance, 
150 km) and diagonally adjacent grid cells (center 
distance -21 2 km) to be combined. Means, standard 
deviations, and 95% confidence intervals of DFSls 
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DnaK and other members of the 70-kilodalton heat-shock protein (hsp70) family promote 
protein folding, interaction, and translocation, both constitutively and in response to 
stress, by binding to unfoided polypeptide segments. These proteins have two functional 
units: a substrate-binding portion binds the polypeptide, and an adenosine triphos- 
phatase portion facilitates substrate exchange. The crystal structure of a peptide com- 
plex with thesubstrate-binding unit of DnaK has now been determined at 2.0 A resolution. 
The structure consists of a P-sandwich subdomain followed by a-helical segments. The 
peptide is bound to DnaK in an extended conformation through a channel defined by 
loops from the P sandwich. An a-helical domain stabilizes the complex, but does not 
contact the peptide directly. This domain is rotated in the molecules of a second crystal 
lattice, which suggests a model of conformation-dependent substrate binding that 
features a latch mechanism for maintaining long lifetime complexes. 

Molecular chaperones of the 70-kD heat 
shock protein (hsp70) family are present 
in the cells of all organisms, and in eu- 
karyotes they occur in all major cellular 
compartments. They are natned for their 
selective expression in response to meta- 
bolic stress, but they are also expressed 
normally and participate in various cellu- 
lar processes, including the folding of nas- 
cent polypeptides, assetnbly and disassem- 
bly of tnultitneric protein structures, tnem- 
brane translocation of secreted proteins, 
and protein degradation (1). Current un- 
derstanding of hsp70 function follows 

frotn the initial suggestion by Pelhatn (2) 
that they bind to aggregation-prone ex- 
posed hydrophobic surfaces that may be 
induced by stress and from Rothman's ex- 
tension (3)  that both the response to stress 
and other functions such as translocation 
and nascent chain folding involve the anti- 
folding activity of polypeptide binding to 
prevent aggregation. DnaK, originally 
identified for its DNA replication by bac- 
teriophage A in Escherichia coli (4)  is the 
bacterial hsp70 chaperone with both con- 
stitutive and stress-induced functions (5). 
It shares about 40 to 50 percent sequence 

were calculated for each bin. 
33. The following steps were followed separately to con- 

struct Monte Caro faunas for the ate Pleistocene and 
late Holocene. The underlying probability distribu- 
tions of fauna sizes and taxon occurrences were de- 
termined from the actual data. These probability dis- 
tributions were used to build "random" grid-cell fau- 
nas. These grid-cell faunas were randomly assigned 
to cells matching those present in the same time 
period. This procedure resulted in a set of Monte 
Caro faunas comparable to the real faunas of the late 
Pleistocene and ate Holocene. 
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identity with its eukaryotic homologs. 
Polypeptide substrate binding and re- 

lease by hsp70s is facilitated by adenosine 
triphosphate (ATP) binding. DnaK and 
other hsp70s have relatively strong binding 
affinity for ATP but are slow adenosine 
triphosphatase (ATPases) (6). Binding of 
ATP to DnaK leads to the release of sub- 
strates and possible rebinding of others (7- 
12). With the hydrolysis of ATP, DnaK is 
switched back into the ADP-bound form, 
which exchanges substrates slowly. The 
ATPase and substrate-binding activities of 
DnaK and other hsp70s are divided into 
two separable functional units: the NH2- 
terminal half (-44 kD) has ATPase activ- 
ity but no peptide affinity, and the COOH- 
terminal half (-27 kD) binds polypeptide 
substrates (13-15). Genetic data and in 
vitro studies suggest that DnaK acts togeth- 
er with two other heat-shock proteins, DnaJ 
and GrpE (5, 10). GrpE is a nucleotide- 
exchange factor that binds sub-stoichiotnet- 
rically to the ATPase unit (16, 17), and 
DnaJ binds both to denatured and to cer- 
tain native proteins and probably to the 
substrate-binding unit (18, 19). 

The crystal structure of the ATPase unit 
of bovine hsc70, the constitutively present 
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