at sufficient density on the surface of tumor
vascular endothelium but absent from normal
vascular endothelium (15). Promising candi-
date molecules for humans include endoglin
(16), endosialin (17), an endoglin-like mole-
cule (18), a fibronectin isoform (19), an os-
teosarcoma-related antigen (20), CD34 (21),
collagen type VIII (22), the vascular endothe-
lial cell growth factor (VEGF) receptors (23),
and VEGF itself (24). The induction of tumor
infarction by targeting a thrombogen to these
or other tumor endothelial cell markers rep-
resents an intriguing approach to the eradica-
tion of primary solid tumors and vascularized
metastases.
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Geographic Distribution of Endangered Species
in the United States

A. P. Dobson,* J. P. Rodriguez, W. M. Roberts, D. S. Wilcove

Geographic distribution data for endangered species in the United States were used to
locate “hot spots” of threatened biodiversity. The hot spots for different species groups
rarely overlap, except where anthropogenic activities reduce natural habitat in centers
of endemism. Conserving endangered plant species maximizes the incidental pro-
tection of all other species groups. The presence of endangered birds and herptiles,
however, provides a more sensitive indication of overall endangered biodiversity within
any region. The amount of land that needs to be managed to protect currently
endangered and threatened species in the United States is arelatively small proportion

of the land mass.

Previous studies have shown that, on a
continental scale, the distributions of well-
studied taxa can act as surrogates or indica-
tors for the distribution of poorly studied
taxa (I—4). In contrast, studies of the dis-
tribution of “hot spots” of diversity for var-
ious taxa within the British Isles suggest
that there is very little correlation between
the distributions of different taxonomic
groups (5, 6). To date, however, no such
analysis has been done on a continental or
national scale for those species most likely
to vanish in the foreseeable future, that is,
endangered species. If significant correla-
tions occur in the geographic distributions
of different groups of endangered species, it
may be possible to use a few well-studied
groups as indicators for the purposes of de-
lineating protected. areas for other poorly
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known taxa. The extent to which endan-
gered species are concentrated in hot spots
of potential extinctions and the extent to
which hot spots for different groups overlap
will influence the strategies we adopt to
avert species extinctions and the impact of
those strategies on other human activities
(7, 8). If endangered species are highly
concentrated, then fewer areas are likely to
experience conflicts between species pro-
tection and other activities.

In this study, we used a database of
threatened and endangered species in the
United States to examine patterns in the
geographic distribution of imperiled species
(9). The database lists the counties of oc-
currence of all plants and animals protected
under the federal Endangered Species Act
in the 50 states, plus all species, subspecies,
and populations proposed for protection un-
der that statute as of August 1995 (a total of
924 species in 2858 counties). We grouped
the species by state, county, and species
group (amphibians, arachnids, birds, clams,
crustacea, fish, insects, mammals, plants,
reptiles, and snails) and then generated dis-
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tribution maps using a geographic informa-
tion system (10). These maps were designed
to identify areas with unusually large num-
bers of endangered species.

A sorting algorithm based on the prin-
ciple of complementary subsets was used to
evaluate the extent to which endangered
species are clustered into hot spots (11-13).
The algorithm first selected the county with
the greatest number of listed species; all
species found in that county were then
excluded from further consideration while
the algorithm searched for the county with
the greatest number of species that were not
already selected. Ties for number of species
were broken by assignment of top rank to
the county with the smallest area (or sec-
ondarily, the county with the smallest hu-
man population). This process was contin-
ued iteratively until all listed species were
included. The algorithm maximizes the
number of species sampled while minimiz-
ing the area required to do so. It is clearly
erroneous to assume, however, that because
a particular species occurs in a county, a
viable population can be maintained in that
county. In this respect, our analysis under-
estimates the amount of land necessary to
preserve species with large area require-

ments (such as grizzly bears, Ursus arctos
horribilis). On the other hand, it is equally
inaccurate to assume that the entire land
area of a county is occupied by its endan-
gered species. Thus, our analysis should not
be taken as a measurement of how much
land must be protected to conserve endan-
gered species but rather as an approximate
indication of the extent to which endan-
gered species are concentrated geographi-
cally. We then subdivided the data and
repeated the analysis for each species group
to determine whether any particular group
could be used as an overall indicator for
others.

The greatest numbers of endangered spe-
cies occur in Hawaii, southern California,
the southeastern coastal states, and south-
ern Appalachia (Fig. 1). When counties are
selected on the basis of complementarity,
the algorithm first selects counties in these
regions (Fig. 2). The complementary order-
ing of counties generates accumulation
curves that can be used to examine the
extent to which endangered species are
clustered in hot spots. The accumulation
curves represent the total area required to
sample all the endangered species in each
taxonomic group when the counties are
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ranked from those with the most endan-
gered species to those with the least (Fig. 3,
A and B). For each group, more than 50%
of endangered species are represented with-
in 0.14 to 2.04% of the land area (14). For
endangered birds, reptiles, and mammals,
the sequential selection of counties on the
basis of the unique species they contain
leads to a steady increase in the number of
populations of each endangered species al-
ready included in the counties sampled (Fig.
3C). The number of populations of most
endangered plant and invertebrate species
does not increase because many of these
species are restricted to single counties. The
data show that 48% of plants and 40% of
arthropods are restricted to single counties.
The average number of counties in which a
listed plant or arthropod species is found is
3.9 and 4.4 counties, respectively. In con-
trast, only 36% of listed bird species are
confined to single counties, whereas the
average number of counties in which a list-
ed bird is found is 62.7 (15). Comparable
figures on the percentage of single-county
species within other groups and the average
number of counties in which a listed species
is found are as follows: mammals, 26%, 32.9
counties per species; fish, 31%, 8.0 counties

Number of birds
0 or no data

¥ B
‘:-.. 5013

Number
of molluscs

0 or no data
1
| H
3
o Y [ 45
Bl ctoi4

Fig. 1. The geographic distribution of four groups of endangered species in the United States. (A) Plants, (B) birds, (C) fish, and (D) molluscs. The maps
illustrate the number of listed species in each county. Alaska and Hawaii are shown in the bottom left-hand corner of the maps (not to scale).
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per species; herptiles (reptiles and amphib-
ians), 14%, 18.8 counties per species; snails,
57%, 2.1 counties per species; and clams,
3%, 12.1 counties per species. )

The utility of using any one group of
endangered species as an indicator for other
groups can be quantified by calculating the
proportion of each other group that occurs
in the subsets of counties that contain all
the species in any individual group (Table
1). An initial examination of this table
suggests that the counties that contain a
complete set of endangered plant species
will contain the greatest numbers of other
endangered species. However, more coun-
ties are required to adequately sample en-
dangered plants than are required for any
other taxa, so we would expect this larger
area to contain more species from other
taxa. An area-independent index of predic-
tive power may be obtained by comparing
the number of species contained in the
complementary counties for each group
with the number of species that would oc-
cur if a set of counties of about the same
total area were selected at random. The
ratio of these two values provides an indi-
cation of how accurately the presence of
endangered species in one group indicates
the presence of endangered species in other
groups. This index suggests that birds and
then herptiles provide the best indicators
for any particular area. In contrast, the pres-
ence of endangered fish or plant species
provides only a weak indication that other
endangered species are present in a given
county.

We also examined the associations be-
tween the density of endangered species in
each state, the intensity of human econom-
ic and agricultural activities, and the cli-

mate, topology, and vegetative cover of the
state. We collated data on a variety of
economic and topographic indicators using
the annual statistical survey of the United
States (16). Although there are complex
and subtle associations between the vari-
ables included in this analysis, our initial
stepwise multiple-linear regression analysis
reveals that the overall density of endan-
gered species is correlated with one anthro-
pogenic and one climatic variable (correla-
tion coefficient 72 = 0.80, P < 0.01): the
value of agricultural output and either av-
erage temperature or rainfall (17). When
the analysis was repeated for each major
taxonomic group, slightly different results
were obtained. In particular, agricultural ac-

l 4

tivity is the key variable for plants (+?
0.61, P < 0.01), mammals (¥* = 0.68, P <
0.01), birds (12 = 0.64, P < 0.01), and
reptiles (2 = 0.46, P < 0.05). Water use
and human population density are also sig-
nificant predictors of the density of endan-
gered reptiles (r* = 0.42, P < 0.01). As did
previous studies of patterns of overall spe-
cies richness (18-20), we found that geo-
graphic variables significantly influence the
distribution of endangered species. For ex-
ample, the diversity of endangered fish in-
creases with the mean temperature and el-
evation of the state (r* = 0.27, P < 0.01).
Climatic variables, such as mean tempera-
ture and rainfall, are the second or third
most important independent variables
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Fig. 2. Complementary set of counties that contains 50% of the listed species for each taxonomic
group. The analysis identified two counties that contain large numbers of endangered species from
three groups and nine counties that contain large numbers of species from two groups (Hawaii not to

scale).

Table 1. Proportion of endangered species in other groups that are included in complementary county sets containing all the species in a given group. The
second row gives the number of counties in the complementary set for each group; the third row gives the total area of these counties as a percentage of the
U.S. land mass. The next eight rows give the total proportion of all other endangered species contained in the complementary set for any given group
(columns). Power is an index of how well each species group indicates endangered species diversity in other groups; it is calculated by dividing the number
of endangered species from other groups in this complementary county set by the number of such species in an equivalent area of randomly selected
counties. A bootstrapping algorithm accumulated counties at random until their total area matched or just exceeded that of the complementary county set.
For power,, the algorithm selected from all U.S. counties. For power,, the algorithm selected only from counties listed as containing endangered species.
Because the area encompassed by the random county sets typically was greater than that of the complementary county sets, power underestimates the
efficiency of each species group as an indicator for other groups. Power values are means (+ SE) of 200 runs of the bootstrapping algorithm.

Plants Molluscs Arthropods Fish Herptiles Birds Mammals
Species (n) 503 84 57 107 43 72 58
Counties (n) 136 38 37 57 28 19 29
Area (%) 9.61 1.15 2.38 4.76 0.97 1.59 2.08
Plants 1.00 0.16 0.22 0.15 0.14 0.38 0.27
Molluscs 0.39 1.00 0.29 0.44 0.01 0.02 0.06
Arthropods 0.54 0.14 1.00 0.16 0.44 0.12 0.19
Fish 0.55 0.15 0.21 1.00 0.09 0.13 0.21
Herptiles 0.74 0.21 0.49 0.35 1.00 0.35 0.42
Birds 0.94 0.43 0.47 0.38 0.42 1.00 0.53
Mammals 0.76 0.38 0.43 0.40 0.33 0.38 1.00
All others 0.73 0.21 0.31 0.18 0.25 0.31 0.28
Power, 1.63 (0.02) 2.92 (0.08) 2.44 (0.11) 1.24 (0.04) 3.26 (0.17) 4.00 (0.16) 2.61 (0.08)
Power, 1.46 (0.01) 2.67 (0.06) 2.66 (0.59) 1.10(0.02) 2.67 (0.06) 3.29 (0.09) 2.40 (0.08)
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for endangered plants, reptiles, and clams.
Virtually all taxa are characterized by
aggregated geographic distributions of en-
dangered species (21). These hot spots are
probably the product of two interacting fac-
tors: centers of endemism [for example,
clams in southwest Appalachia (22) and
plants in Florida (20)] and anthropogenic
activities (for example, urbanization and
agricultural development). Consequently,
in a few areas of the United States, the
centers of endangered richness for different
groups overlap. Two counties are hot spots
for three groups: San Diego, California
(fish, mammals, and plants), and Santa
Cruz, California (arthropods, herptiles, and
plants). Nine counties are hot spots for two
groups: Hawaii, Honolulu, Kauai, and Maui,
Hawaii (all birds and plants); Los Angeles,
" California (arthropods and birds); San
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Fig. 3. (A and B) The relation between the cumu-
lative area of land sampled and the cumulative
number of listed species that are included. The
sudden increases in the slopes of the curves oc-
cur when the algorithm switches to adding the
next lowest integer number of species to the pool
of species sampled—counties are added by pick-
ing the smallest counties that add this number of
new species to the pool. (C) The average number
of populations of each species in the sequentially
selected counties.

Francisco, California (arthropods and
plants); Highlands, Florida (herptiles and
plants); Monroe, Florida (birds and mam-
mals); and Whitfield, Georgia (fish and
molluscs). Aside from these locations, the
key areas for most groups overlap only
weakly, which suggests that the endangered
species hot spots for one group do not nec-
essarily correspond with those for other
groups. Nevertheless, the analysis confirms
previous studies that suggest birds (2, 23),
and perhaps arthropods (1), act as impor-
tant indicators for the presence of other
endangered species. Unfortunately, the data
available for endangered plants and arthro-
pods are considerably less complete than
those for other taxa (24, 25). Increasing
efforts to obtain information on these taxa is
crucial to obtain a more complete picture of
the geographic distribution of endangered
species in the United States.

Although there are no consistent corre-
lations in the distributions of endangered
species from different taxa, the existence of
hot spots for most groups indicates that a
large proportion of endangered species can
‘be protected on a small proportion of land
(26). If conservation efforts and funds can
be expanded in a few key areas, it should be
possible to conserve endangered species
with great efficiency.
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