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The Fossil Record and Evolution: Comparing Cladistic 
and Paleontologic Evidence for Vertebrate History 

The fossil record offers the only direct evidence of extinct life and thus has figured 
prominently in considerations of evolutionary patterns. But the incomplete nature of 
the fossil record has also been emphasized in arguments that fossils play only a 
secondary role in the recovery of phylogenetic histories based on extant taxa. Although 
these criticisms recently have been countered, there is no general understanding of the 
correspondence between the fossil record and phylogeny. An empirical survey of 
recently published studies suggests no basis for assuming that the stratigraphic 
occurrence of fossils always provides a precise reflection of phylogeny. Nevertheless, 
our survey of a sample of taxa shows a tendency for positive correlation between age 
and clade rank and, hence, a degree of correspondence between phylogenetic pattern 
and the paleontologic record. 

S INCE THE BIRTH OF PALEONTOLOGY 

the fossil record has been interpreted 
as a record of life's history. The pale- 

ontologic record of horses, for example, has 
been claimed to demonstrate the potential of 
fossils in disclosing the branching sequence 
of taxa through time as well as indicating 
major evolutionary trends toward increasing 

specializations (1-3). However, what pat- 
terns do this record reflect and how precisely 
do they capture evolutionary events? For 
instance, fossils have been considered to 
provide so little evidence for relationships 
among living taxa that it has been suggested 
that they be relegated to a secondary role in 
reconstruction of phylogeny (4-6). Such 
criticisms and recommendations are coun- 

Deparunent of Vertebrate Paleontology, Mu. tered in a recent demonstration that fossil 
seum of Natural History, New York, NY 10024. taxa preserve pivotal evidence for ancient 
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Fig. 1. Plots of age ranks as a function of clade ranks for 12 case studies of fishes and nonmammalian 
amniote groups. Clade ranks are rescaled from 0 to 1. Correlations are statistically significant ( S ,  
Spearman rank correlation coe6cient) at P < 0.01 for higher teleosts (8) ,  Synapsida (7), lepidosaur 
( l l ) ,  dinosaurs 2 (13), and pachycephalosaurs (IS), and at P < 0.05 for Reptilia (7), diapsids (lo), and 
dinosaurs 1 (13). Correlations are not statistically significant at these levels for amniotes (9),  Squamata 
(12), hadrosaurs 1 (14), and hadrosaurs 2 (14). 

divergence events among higher amniotes 
and that the sequence of appearance of fossil 
amniote taxa closely matches the branching 
sequence predicted by independent cladistic 
analysis (7). If this were found to be a 
general pattern, it would vindicate fossils as 
a source of phylogenetic information; how- 
ever, no broader scale examination of empir- 
ical cases has been accomplished. 

Cladistic analyses of selected vertebrate 
taxa were compared against the fossil rec- 
ords for those groups (Figs. 1 and 2). Plots 
were based on studies of higher teleosts (8), 
higher amniotes (9), reptiles (7), synapsids 
(7), diapsids (lo), lepidosaurs (1 I), squa- 
mates (12), dinosaurs (13), hadrosaurs 
(14), pachycephalosaurs (15), higher mam- 
mals (16), primates (17), rodents (18), 

higher ungulates (19), artiodactyls (20), 
mminant artiodactyls (21), elephanti- 
formes (22), brontotheres (23), tapiroids 
(24), chalicotheres (25), and equids (26). 
Our purpose was to examine the reliability 
of the fossil record in recovering the se- 
quence of phylogenetic divergence events. 
The cladistic result is not necessarily the 
closer match to the "true" phylogeny; it 
simply provides an independent means of 
assessing the timing of evolutionary events 
in the fossil record. Moreover we assume 
that the cladistic analyses were developed 
independent of stratigraphic relationships, 
although we acknowledge that such strati- 
graphic information may have played an 
implicit role in some character analyses. 
Our comparisons emphasized mammals 

and other amniotes, where cladistic and age 
data are most abundant. 

We constructed bivariate plots of age 
ranks against clade ranks as modified from a 
procedure described by Gauthier et al. (7). 
Clade ranks were assigned with reference to 
the base of the cladogram; that is, the taxon 
branching from the basal node was assigned 
a rank of 1, from the second node from the 
base, a rank of 2, and so forth (Fig. 3).  Taxa 
branching from the same node were as- 
signed equal clade ranks. Age ranks were 
derived from the first known occurrence of 
the taxon in the fossil record. In most cases, 
age data were given as geologic time intervals 
(for example, Early Eocene, Wasatchian Land 
Mammal Age, Late Cretaceous, and so on), 
but in some cases [such as for horses (26)] 
ages of first occurrence are radiometric dates. 

A departure from methods applied else- 
where (7) allows a problem in rank redundancy 
to be addressed. If a cladograrn has several 
diverging branches each with several sub- 
branches, two or more taxa can be of equal 
clade rank but have Merent age ranks based on 
first occurrence. Each of the branches encom- 
passing these taxa might show a high internal 
consistency between clade and age ranks but 
still contribute to the illusion of a weak corre- 
lation overall. Such a result could be an artifact 
of a topology that causes a redundancy in clade 
ranks rather than a discrepancy between the 
fossil record and the cladistic branching se- 
quence. For this reason, age ranks against 
clade ranks were plotted only for those taxa 
branching from a single spine of the cla- 
dogram in a pectinate fashion. All taxa 
branching from a particular node along this 
spine were included. Through culling of taxa, 
side branches were reduced to a single group 
whose age was indicated by the oldest mem- 
ber of the original side branch. Where data 
allowed, two or more pectinate components 
(for example, dinosaurs 1 and 2 in Fig. 1)  of 
a cladogram were analyzed as separate cases. 

Age ranks and clade ranks plotted and 
analywd for association (Figs. 1 and 2) 
show variable effectiveness of the fossil record 
to reproduce a cladistic sequence. Complete 
congruence between the fossil record and the 
cladogram in sequence of ranks and level of 
precision will produce a diagonal line of 
points intersecting the axes at their origin. 
Correlations range from poor [higher pri- 
mates (17), higher arnniotes (9) ,  squamata 
(12), hadrosaurs 2 (14)] to high [synapsids 
(7), pachycephalosaurs (15), elephantiformes 
(22), brontotheres (23), chalicotheres (25), 
and equids (26)l. In some cases, correlations 
were significant at P < 0.05 [(Tapiroids (24)] 
but not compelling (Figs. 1 and 2); rank 
correlations may be statistically significant but 
still show considerable deviation of points 
from a particular trend. 
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Several aspects of these comparisons are mous branching pattern, but are known 
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dogram resolution was poor. Thus certain ever, was more pervasive-namely, one 
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alignment was expressed in 14 of the cases 
and was apparent in virtually all the cases, 
implying a greater potential for resolution 
through cladistic analysis than through first 
appearances in the fossil record. 

Correlations are diminished by poor res- 
olution in either age dates or cladograms, 
and by marked discrepancies between these 
two sources. For example, the equid (26) 
result shows a clade occurring later in the 
fossil record than expected from its cladistic 
position (Fig. 2). Such discrepancies are 
widespread in certain cases [higher primates 
(17), arnniotes (9) ,  hadrosaurs 2 (14)], and 
correlations are accordingly poor. Com- 
pounding sampling problems are age-scal- 
ing factors. More recent fossil records are 
more finely scaled for age occurrence, plac- 
ing a high expectation on the consistency 
between age ranks and clade ranks. Con- 
versely, age dates for groups with long fossil 
histories seem more robust. If intervals be- 
tween age ranks are more extensive, ages of 
first occurrence may be inaccurate by tens of 
millions of years without modifying age 
rankings. Such a pattern may pertain to the 
synapsid record (Fig. 1). 

The relationships examined here also reveal 
that the quality of the fossil record judged from 
other perspectives does not necessarily predict 
its match with independently derived phyloge- 
netic evidence. The documented fossil record 
of primates is generally regarded as one of 
comparatively high quality based on the diver- 
sity and widespread geographic and geochron- 
ologic distribution of primate fossils and the 
amount of attention the group has received 
(27). Yet the primate fossil record poorly re- 
flects higher level cladistic branching patterns 
(17). This is because some taxa (tarsiers and 
cheirogahes, for instance) thought to have 
branched off very early in primate history ap- 
pear late in the record or have no fossil record 
(Fig. 2). 

Despite these discrepancies, there is a 
noteworthy correspondence between the 
fossil record and the independently con- 
structed phylogeny for many vertebrate 
groups. Statistically significant correlations 
(P < 0.05) were found in 18 of the 24 cases 
examined. Correspondence is particularly 
evident in some of the mammalian ungulate 
groups. For example, the impression that 
the fossil record of horses provides an excel- 
lent picture of the history of this group is 
extended to the remarkable match of that 
record with cladistic results. 
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Predisposition to Renal Cell Carcinoma Due to 
Alteration of a Cancer Susceptibility Gene 

A single germ line gene mutation at a tumor susceptibility locus in a rodent model of 
hereditary human renal cancer caused a 70-fold increase in susceptibility to chemical 
carcinogenesis. A carcinogen that targeted both renal epithelial and mesenchyrnal cells 
caused an increase in tumors of epithelial origin in susceptible animals; the number of 
carcinogen-induced mesenchymal tumors was undected by the presence of the 
mutation at the susceptibility locus. -Thus, this mutation defines a genetic locus for 
susceptibility to carcinogen-induced tumors and modulation of carcinogen suscepti- 
bility by this locus exhibits cell-type specificity. 

T H E  DEVELOPMENT OF GENETIC 
markers to identify individuals pre- 
disposed to tumor development after 

occupational or environmental exposure to 
potential carcinogens will require an under- 
standing of how specific genes determine 
susceptibility for the induction of cancer by 
chemical carcinogens. Knowledge of the 
proportion of susceptible individuals in the 
population and the relative cancer suscepti- 
bility of normal and predisposed groups will 
make it possible to estimate human risk from 
carcinogen exposure. In addition, it may be 
possible to limit the exposure of these suscep- 
tible individuals to potential carcinogens. 

Tumor suppressor genes represent one 
class of cancer susceptibility genes in hu- 
mans (1). Inheritance of a mutation in one 
allele of a tumor suppressor gene predispos- 
es individuals to develop tumors after sus- 
taining an additional spontaneous mutation 
in the remaining normal allele of that gene 
(2). It follows from this work that inheri- 

Chemical Industry Insutute of Toxicology, P . 0  Box 
12137, Research Tr~angle Park, NC 27709. 

tance of a mutation in a susceptibility gene 
would also predispose to the induction of 
tumors by chemical carcinogens. 

In human renal cell carcinoma (RCC), 
loss of heterozygosity of chromosome 3 
occurs frequently (3), and inheritance of an 
alteration at this putative tumor suppressor 
locus in von Hippel-Lindau disease predis- 
poses to the development of RCC (4). In 
rats, a single gene mutation [described by 
Eker and Mossige ( 4 1  predisposes to mul- 
tiple bilateral RCCs with an autosomal 
dominant pattern of inheritance, and ani- 
mals carrying the Eker mutation serve as a 
model for hereditary RCC (6). Rats that are 
heterozygous for the gene defect develop 
spontaneous RCCs between 4 and 12 
months of age (7), whereas rats that are 
homozygous for the wild-type allele rarely 
develop spontaneous RCC ( < 0.5%) (8). 
When homozygous, the mutation is lethal 
prenatally at 9 to 10 days of gestation (7, 9) .  

The hereditary tumors that develop in the 
Eker rat model have many similarities to 
their human counterparts: they have similar 
histology, are bilateral, overexpress trans- 

forming growth factor (TGF-a), and do not 
exhibit a high frequency of ras oncogene 
activation ( 1 0 ) .  ~ 6 s s  of sequences o n  rat 
chromosomes 4 ( q l l  through qter), 5 
(monosomy), and 6 (q24) occur in these 
tumors and tumor-derived cell lines, sug- 
gesting that the location of the susceptibility 
gene may 'reside on one of these chromo- 
somes (1-1). Animals carrying the Eker mu- 
tation develop hemangiosarcomas in the 
spleen (males and females) and uterine leio- 
myosarcomas as second primary tumors lat- 
er in life (12). Vascular neoplasms (heman- 
gioblastomas) and second primary tumors 
are also associated with RCC in human von 
Hippel-Lindau disease (13). 

In rats carrying the Eker mutation, it is 
possible to test for carcinogen susceptibility 
(as measured by increased kidney tumor 
multiplicity) and cell type specificity in two 
distinct cell populations, renal tubular epi- 
thelial cells and renal mesenchymal cells. The 
carcinogen dimethylnitrosatnine (DMN) in- 
duces both renal cell adenomas and carcino- 
mas (renal cortical tumors = RCT), arising 
from tubular epithelial cells, and renal mes- 
enchymal tumors (RMT), arising from stro- 
mal cells of the kidney (14). F1 offspring of 
heterozygous rats carrying the Eker muta- 
tion (15) were exposed to a single carcino- 
genic dose of DMN (30 mg per kilogram of 
body weight) at 16  weeks of age (16). The 
mutation segregates as a single-locus auto- 
somal dominant; therefore, one-half to two- 
thirds of the carrier F1 rats would be expect- 
ed to carrv the Eker mutation. At 12 mdnths 
of age, tumors were quantitated by light 
microscopy in each kidney of the carrier F1 
rats and in kidneys of a control group of 
wild-type rats exposed under 'identical con- 
ditions (1 6). 

Carrier F1 rats ex~osed to the chemical 
carcinogen showed a large increase in tumor 
number (Table 1 and Fig. 1). The number 
of spontaneous RCTs ranged from 1 to 14 
tumors per animal in the unexposed carrier 
F1 males. In the DMN-exposed carrier F1 
males, more than half had > 16 tumors per 
animal, with one DMN-exposed animal hav- 
ing 90 RCTs. In  wild-type males, the same 
dose of DMN was marginally carcinogenic 
(Table 1 and Fig. 1). Thus, after the back- 
ground incidence of spontaneous tumors 
was subtracted (male F1 offspring of gene 
carriers developed an average of 2.8 RCTs 
per animal), a 70-fold increase in tumor 
susceptibility (23 versus 0.33) could be at- 
tributed to the presence of the Eker muta- 
tion in the carrier F1 animals (17). The 
combined effect of the mutation and carcin- 
ogen exposure was a three to four orders of 
magnitude increase in tumors relative to the 
spontaneous tumor frequency in wild-type 
rats (25.6 versus 0.005). 
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