
Other Honors and Achievements 

In view of their remarkable achievements, the granting of the 
Nobel Prize came as the natural culmination of a series of scientific 
honors and prizes. They had been awarded many different scientific 
prizes including the Heinrich Weiland Prize, the Pfizer Award, the 
Passano Award, the Lounsbery Award, the Gairdner Award, the 
New York Academy of Sciences Award, the Lita Annenberg Hazen 
Award, the V. D. Mattia award, the distinguished research award of 
the Association of American Medical Colleges, the research achieve- 
ment award of the American Heart Association, the Louisa Gross 
Horvitz Award, the 3-M Life Sciences Award (FASEB), the Wil- 
liam M a n  Award of the American Society of Human Genetics, and 

most recently the Lasker award. Both were elected to the National 
Academy of Sciences in 1980. They have been asked to give many 
prestigious lectures, were given honorary doctorates (University of 
Chicago and Rensselaer Polytechnic Institute), and belong to many 
review committees and editorial boards. Brown is a member of the 
Board of Scientific Advisers of the James Coffin Clinical Fund and is 
a senior consultant to the Lucille P. Markey Trust. Goldstein is a 
member of the Scientific Advisory Board of the Howard Hughes 
Medical Institute and a nonresident fellow of the Salk Institute. The 
Nobel Prize therefore came as no surprise to observers of the never- 
ending stream of Brown and Goldstein's important discoveries. The 
only question was its timing. Considering their past record, the 
scientific community is eagerly awaiting their future work. 

Background and Mass Extinctions: 
The Alternation of Macroevolutionary Regimes 

Comparison of evolutionary patterns among Late Creta- 
ceous marine bivalves and gastropods during times of 
normal, background levels of extinction and during the 
end-Cretaceous mass extinction indicates that mass ex- 
tinctions are neither an intensification of background 
patterns nor an entirely random culling of the biota. 
During background times, traits such as planktotrophic 
larval development, broad geographic range of constitu- 
ent species, and high species richness enhanced survivor- 
ship of species and genera. In contrast, during the end- 
Cretaceous and other mass extinctions these factors were 
ineffectual, but broad geographic deployment of an entire 
lineage, regardless of the ranges of its constituent species, 
enhanced survivorship. Large-scale evolutionary patterns 
are evidently shaped by the alternation of these two 
macroevolutionary regimes, with rare but important mass 
extinctions driving shifts in the composition of the biota 
that have little relation to success during the background 
regime. Lineages or adaptations can be lost during mass 
extinctions for reasons unrelated to their survival values 
for organisms or species during background times, and 
long-term success would require the chance occurrence 
within a single lineage of sets of traits conducive to 
survivorship under both regimes. 

T HE PAST FEW YEARS HAVE SEEN A BURGEONING OF DATA 
and hypotheses on mass extinctions (1,2). Most of this work 
has focused on evidence for or against extraterrestrial impacts 

as forcing mechanisms, particularly at the Cretaceous-Tertiary 
boundary, and the evolutionary role of this and other mass extinc- 
tion events has been relatively neglected. A comparison of extinction 
patterns among bivalves and gastropods of the Gulf and Atlantic 

Coastal Plain region over the last 16 million years (m.y.) of the 
Cretaceous Period with those across the mass extinction boundary, 
corroborated from the literature on other taxa and extinction events, 
indicates that mass extinctions are not simply intensifications of 
processes operating during background times. Current evolutionary 
theory is formulated almost exclusively in terms of pattern and 
process during background times (3 ,4) ,  but if mass and background 
extinctions are qualitatively as well as quantitatively different in their 
effects, the alternation of background and mass extinction regimes 
shapes large-scale evolutionary patterns in the history of life. 

Background extinction. For the shallow-water, bottom-dwelling 
marine organisms that constitute much of the fossil record, three 
factors affecting survivorship of species and higher taxa during times 
of normal background extinction are mode of larval development, 
geographic range (which for some groups is closely tied to larval 
mode), and the number of species within a taxonomic group 
(species richness). Each factor will be tested in turn for its effects on 
background and mass extinction in Late Cretaceous mollusks of the 
Gulf and Atlantic Coastal Plain of North America (5). 

Speciation and extinction rates should be relatively high in species 
having nonplanktotrophic development because characteristically 
low rates of larval dispersal will be unable to maintain genetic 
continuity among disjunct populations; isolated populations will 
tend to become extinct or diverge into new species. Both rates 
should be lower in planktotrophs, with greater larval dispersal 
suppressing divergence of populations and imparting colonizing 
ability and broad geographic ranges that enhance species' ability to 
survive local extinctions (6-10). These predictions were verified in 
the fossil record for marine gastropods, in which the earliest parts of 
the shell preserve a record of larval development. In late Cretaceous 
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Table 1. The synergistic effect of geographic range and species richness is lost 
during the end-Cretaceous extinctions. Painvise comparisons yield binomial 
probabilities of 0.24 to 0.55 (see Fig. 2 for definitions). 

Species 
rich- 
ness 

Species geographic range 

Widespread 
(%) 

Restricted 

Rich 
Poor 

(Fig. 1, A and B) ( l l ) ,  early Cenozoic (12), and late Cenozoic (9, 
10) faunas, nonplanktotrophic species exhibit significantly higher 
speciation and extinction rates than planktotrophic species during 
background times. 

Even for taxa in which development types are not known, or are 
homogeneous throughout, geographic range is closely related to 
geologic longevity (12, 13). This relation is statistically significant in 
the Coastal Plain Cretaceous bivalves and gastropods (14). Taxo- 
nomic survivorship analysis (15) reveals significant differences in 
species duration when restricted, intermediate, and broad geograph- 
ic ranges are compared (Fig. 2A). 

One characteristic that reportedly imparts extinction-resistance to 
higher taxa or clades (monophyletic evolutionary lineages) is species 
richness: species-poor clades are more likely to be terminated as a 
result of random extinction of their constituent species than are 
species-rich clades. Extremely volatile clades may be exceptions to 

B a c k g r o u n d  ex t inc t ion  Mass ex t i nc t i on  

A Planktot rophs C Planktotrophic genera 

B Nonplanktot rophs 

1 D Nonplanktotrophic genera 

a - 
Duration (rn.y.1 (I) 

Fig. 1. Effect of larval ecology on taxonomic survivorship of Late Cretaceous 
gastropods during background and mass extinctions. (A and B) Background 
extinctions. During background times species with (A) planktotrophic larval 
development exhibit significantly greater duration than species with (B) 
nonplanktotrophic development (Kolmogorov-Smirnov test, P < 0.01). (B 
and C) Mass extinction. Mode of larval development had no statistically 
significant influence on survivorship of gastropod genera during the end- 
Cretaceous extinction event; 39 percent each of the genera inferred to have 
(C) planktotrophic and (D) nonplanktotrophic larvae survived. Abbrevia- 
tions: M, median; m.y., millions of years (binomial probability, 0.50). For 
sources of data and methods for inferring modes of larval development, see 
(11). 

this generalization, but the species-richness effect is commonly 
observed and is in accord with probabilistic models of background 
extinction at high taxonomic levels (4, 16). 

In Late Cretaceous bivalves and gastropods, geologic durations of 
species-rich genera are significantly greater than those of species- 
poor genera (Fig. 3, A and B). Because a number of genera range 
across the Cretaceous-Tertiary boundary, it might be suspected that 
this result represents an integration of background and mass extinc- 
tions rather than the operation of background processes alone. 
However, the observed pattern is due to differences in survivorship 
among genera endemic to the Coastal Plain region (median dura- 
tions for species-rich and species-poor genera are 23 and 10 m.y., 
respectively). As discussed below, endemic genera suffer such great 
losses during mass extinctions that their evolutionary patterns are a 
good index of pure background processes. In contrast, the wide- 
spread genera, whose durations reflect the integration of back- 
ground and mass extinctions, fail to exhibit a significant difference 
between species-rich and species-poor genera (median durations, 79 
and 73 m.v., res~ectivelv). , ,  L , , 

During background times, there is also a synergistic interaction 
between species richness and the geographic range of the individual 
species constituting a clade. A; might be predicted from the 
preceding results, species-rich genera composed mainly of wide- 
spread species exhibited significantly greater geologic longevities 
than species-poor genera composed mainly of species with restricted 
geographic ranges; the other two alternatives are of intermediate 
duration (Fig. 2B). 

Mass extinctions. In strong contrast to patterns during back- 
ground times, extinction and survival among Coastal Plain mollusks 
during the end-Cretaceous mass extinction was influenced by nei- 
ther larval development nor species richness. Instead, geographic 
range at the clade level, but not at the species level, appears to have 
been among the most favorable traits. 

Gastropod genera were classified as planktotrophic or nonplank- 
totrophic according to the larval shell morphology of their constitu- 
ent species; genera in which both modes of development were 
present were excluded from the analysis. Planktotrophs and non- 
planktotrophs showed identical levels of extinction during the end- 
Cretaceous event (61 percent of 28 and 23 genera, respectively) 
(Fig. 1, C and D). Hansen's analyses of the early Tertiary gastropods 
of the Coastal Plain region (11) demonstrates, however, that the 
larval mode soon regained its prominent role in determining 
evolutionary patterns within the postextinction biota. 

Geographic range at the species level had little influence on the 
survival of genera during the end-Cretaceous extinction. The fre- 
quency distributions of geographic ranges of the component species 
within both victims and survivors of the mass extinction are not 
significantly different (Fig. 2, E and F). Moving up another level in 
the taxonomic hierarchy reveals an unexpected difference in survi- 
vorship, however. Although species-level patterns are not influen- 
tial, clades with species outside the Coastal Plain Province exhibit 
significantly higher survivorship than clades restricted to this bio- 
geographic province. For bivalves (Fig. 2C), 33 percent of the 
extinct genera were restricted to that province, but only 3 percent of 
the genera that survived were endemic; viewed another way, 55 
percent of the widespread genera survived, but only 9 percent of the 
endemics. For gastropods (Fig. 2D), 48 percent of the extinct 
genera were endemic, but only 11 percent of the survivors were 
restricted to the province; thus, 50 percent of the widespread genera 
survived, but only 14 percent of the endemics. This is a selectivity 
manifested at a different hierarchical level from those characteristic 
of background times. 

Again in contrast to background times, species richness did not 
improve a genus's chances of survival, nor did species-poor genera 
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suffer disproportionate extinction (Fig. 3, C and D) .  For bivalves, 
about 40 percent of the victims of the mass extinction were species- 
rich, as were 40 percent of the survivors; thus, 47  percent of the 
species-rich genera and 45 percent of the species-poor genera 
survived. Among the gastropods, about 50 percent of the victims, 
but only about 33 percent of the survivors were species-rich; this 
yields a rather surprising reversal of the background pattern: 29 
percent of the species-rich genera survived, but a significantly 
greater 47  percent of the species-poor genera survived. 

The synergistic effect of species richness and species' geographic 
ranges is also lost during the mass extinction. Species-rich taxa 
containing mainly widespread species show no higher survivorship 
(59 percent) than do species-poor taxa with geographically restrict- 
ed species (56 percent). 

Comparison to other extinctions. Patterns of extinction and 
survival during the end-Cretaceous extinction are discordant with 
the patterns of clade expansion and contraction during the times of 
background extinction preceding and succeeding the event. Not 
only did extinction rates soar during this time interval, but different 
lunds of taxa were vulnerable to extinction. After the mass extinc- 
tion, there was a return to normal background levels and to a 
different constellation of traits favoring taxonomic survivorship. 
Comparative data for other extinctions are sparse, but the available 
studies are consistent with the end-Cretaceous patterns. 

Among Ordovician- Jurassic bivalves (1 7), endemic genera diver- 
sified during background times but underwent preferential extinc- 
tion relative to widespread and cosmopolitan genera during all four 
mass extinctions within the interval: end-Ordovician, late Devonian, 
late Permian, and end-Triassic events. Recovery of the bilvalve fauna 
after these extinctions derived mainly from cosmopolitan survivors. 
During the Pliocene molluscan extinction in the North Atlantic, 
species survivorship was also unrelated to traits that enhanced 
background survivorship (18). Again in common with the end- 
Cretaceous extinction, endemic taxa became disproportionately 
extinct relative to widespread taxa, regardless of species richness 
(19). 

Anstey (20) also detected qualitative differences between back- 
ground and mass extinctions in Paleozoic Bryozoa. Morphologically 
simple genera (interpreted as ecological generalists) had fairly steady 
extinction rates throughout the Paleozoic, but losses among mor- 
phologically complex genera (inferred specialists) are concentrated 
at mass extinctions. When the effects of mass extinctions are 
removed, complex taxa actually had lower background extinction 
rates than simple taxa did. Furthermore, because the complex genera 
tend to be richer in species and more geographically restricted than 
the simple genera (21), this shift in survivorship patterns during 
mass extinctions coincided with the one observed for end-Creta- 
ceous mollusks. 

The ammonites are such a volatile group that it is difficult to 
separate the effects of background and mass extinction over the 
course of their boom-and-bust history. In keeping with the bivalve 
and gastropod pattern, however, ammonite clades consisting offew, 
long-lived taxa tended to survive or be the last to vanish at mass 
extinction boundaries (22); these same clades tended to be geo- 
graphically widespread rather than endemic (23). 

My analysis of Alekseyev's (24) global compilation of 586 families 
and 1816 genera from marine, terrestrial, and freshwater habitats at 
the end of the Cretaceous shows no significant difference between 
the frequency distribution of genera within families for victims and 
survivors (contrary to Alekseyev's proposition) (Kolmogorov-Smir- 
nov test, 0.20 < P < 0.40). Again, taxonomic structure, albeit at a 
higher level, evidently had little bearing on clade survivorship 
during the end-Cretaceous extinction. 

Macroevolutionary regimes. The fossil record near the end- 
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Fig. 2. Effect of geographic range on taxonomic survivorship of Late 
Cretaceous bivalves and gastropods during background and mass extinc- 
tions. (A) During background times, taxonomic survivorship curves are 
significantly different for species having narrow ranges (<lo00 km), inter- 
mediate ranges (1000 to 2500 km), and broad ranges (>2500 km) 
(Kolmogorov-Smimov test on original frequency distributions of durations 
among categories, P < 0.01 with Bonferroni-type correction). Taxonomic 
survivorship curves reflect the probability of extinction with respect to age 
for a given assemblage of taxa: the steeper the slope, the higher the extinction 
rate (15). (B) Also during background times, geographic ranges of constitu- 
ent species influence duration of genera, in a synergistic interaction with 
species richness. Species-rich clades with predominantly widespread species 
are sigdcantly longer lived than species-poor clades with predominantly 
restricted species (P < 0.05, Kolmogorov-Smirnov test). Species-rich, those 
having three or more species in the last, best known, 6 m.y. of the Late 
Cretaceous strata in the study region; widespread species, clades having 50 
percent species with geographic ranges > 500 km along the Late Cretaceous 
outcrop belt of the Coastal Plain. Other cutoff limits for either trait had little 
effect on the calculations (see Table 1 for mass extinction pattern). During 
mass extinctions (C to F), geographic ranges of constituent species had no 
sipficant effect on clade survival, but geographic range of clades did have a 
significant effect. Frequency distribution of geographic ranges of species 
within genera are not significantly different for survivors (E) and victims (F) 
on the mass extinction (0.50 > P > 0.40, Kolrnogorov-Smimov test). 
However, endemic genera (genera restricted to the Coastal Plain province) 
were overrepresented among victims of the end-Cretaceous mass extinction 
among both bivalves (C) and gastropods (D). For bivalves, 55 percent of the 
widespread genera and only 9 percent of the endemic genera survived (a 
statistically significant difference; binomial probability = 0.00004); for gas- 
tropods, 5 1 percent of the widespread genera and 14 percent of the endemic 
genera survived (binomial probability = 0.0000003). 
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Table 2. Faunal replacements previously regarded as competitive that now 
seem to have been mediated by mass extinctions (28). 

Taxa 
Refer. 
ence 

End-Ordovician brachiopods 
Late Paleozoic mammal-like reptiles 
Post-Paleozoic benthos 
End-Triassic tetrapods 
End-Cretaceous tetrapods 
End-Cretaceous reef-builders 
Mid-Tertiary carnivorous mammals 

Cretaceous and other extinction events suggest that large-scale 
revolutionary patterns are shaped by two macroevolutionary re- 
gimes. Microevolutionary and macroevolutionary processes of the 
background regime are occasionally disrupted, presumably by exter- 
nal abiotic forcing factors (25), and replaced by the mass extinction 
regime. Many traits of individuals and species that had enhanced the 
survival and proliferation of species and clades during background 
times become ineffective during mass extinctions, and other traits 
that were not closely correlated with survivorship differences be- 
come influential. The mass extinction regime is apparently relatively 
short-lived-1 or 2 m.y, at most for the end-Cretaceous event, and 
perhaps considerably less. 

During these mass extinction events, evolution is channeled in 
directions that could not have been predicted on the basis of 
patterns that prevailed during background times. As indicated by 
the observed selectivity with respect to clade-level deployment, mass 
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Fig. 3. Effect of species richness on taxonomic survivorship of Late 
Cretaceous bivalves and gastropods during background and mass extinc- 
tions. During background times, median geologic durations of species-rich 
bivalve and gastropod genera are greater than those of species-poor genera. 
The basis for this difference lies in the endemic genera, which suffer so 
severely during mass extinctions that their patterns of survivorship are a 
good index of purely background processes (Kolmogorov-Smirnov test, 
P < 0.05); there is no significant difference between species-rich and species- 
poor widespread genera (0.40 > P > 0.20). During the end-Cretaceous 
mass extinction, species-rich bivalve genera are equally represented among 
the victims and survivors (C); 47 percent of species-rich genera and 45 
percent of the species-poor genera survive (binomial probability, 0.60). 
Among the gastropods (D), species-rich genera are disproportionately 
represented among the victims of the mass extinction; 29 percent of species- 
rich genera and 47 percent of species-poor genera survive (binomial 
probability, 0.0018). 

extinction is not a regime of complete randomness, but h s  
selectivity will be indifferent to many adaptations that had been 
valuable during the much more prolonged background regime-a 
process resembling what Raup (26) has called "nonconstructive 
selectivity." Particular traits captured during background times can 
be lost not because they are in themselves maladapuve but because 
they occur m clades that lack the environmental tolerances or 
geographic distribution necessary to survive the mass extinction 
regime. Thus, a broader range of hypotheses must be considered in 
analyzing the histories of higher taxa and major adaptations, 
hypotheses that recognize the potential role of extinction processes 
that will not be congruent durmg mass and background regimes, or 
across levels in the biological hierarchy. 

At the same time, these results imply that mass extinctions play a 
larger role than is generally appreciated in creating opportunities for 
faunal change, removing dominant taxa and thereby enabling other 
groups-previously unimportant but with traits enhancing survivor- 
ship during mass extinctiofls-to undergo adaptive radiations. In 
recent years a number of major faunal replacements have been 
interpreted in this way (Table 2). The most persistent and diverse 
clades may therefore be those in which major new adaptations and 
other traits favored during background times happen to be associat- 
ed with traits that favor survival under the mass extinction regime. 
Such an association may underlie the steady success of post- 
Paleozoic extratropical bivalves and gastropods relative to other 
marine clades. 

Comparative analyses among mass extinctions are needed to test 
this view of macroevolution. Painvise comparisons of survivorship 
patterns across a spectrum of extinction magnitudes can determine 
whether there is a true threshold or a gradual changeover between 
the background and mass extinction regimes. Some similarities in 
biotic patterns certainly exist among the mass extinctions (2), but 
some differences remain, such as the apparent selectivity in favor of 
nonplanktotrophic clades during the end-Permian event (27) and 
the lack of any larval pattern at the end of the Cretaceous. Such 
differences may be due to contrasts in biogeographic and other 
factors immediately before the various extinction events, but each 
particular mass extinction may prove to be an isolated excursion 
away from the background regime. 

The patterns reported here support a hierarchical view of evolu- 
tion, in which selection, drift, and other evolutionary processes 
operate at a variety of focal levels, with consequences both upward 
and downward within a genealogical hierarchy from gene to clade 
(4). Taxonomic survivorship during the end-Cretaceous extinction 
is a function of clade geographic range per se, rather than a direct 
consequence of the environmental tolerance or other features of 
individual organisms (as indicated by the lack of effect of individual 
species' ranges on clade survivorship); clade geographic range 
behaved in this mstance as an emergent property that influenced 
evolutionary fates at other levels. Evolutionary processes at these 
other levels did not cease, but selectivity at a higher focal level 
became more important and had cascading effects through the 
biological hierarchy. However, this selectivity at the clade level 
cannot yet be inferred to indicate an ongoing process of evolution 
by clade selection. An important component of such a process- 
heritability of geographic range at the clade level-has not been 
demonstrated. 

Rather than simply accelerating or emphasizing trends already 
manifest during background times, the end-Cretaceous mass extinc- 
tion was characterized by qualitative as well as quantitative changes 
in patterns of extinction and survival. The few comparable data 
available from other mass extinctions suggest that these events, too, 
imposed survivorship patterns having little correspondence with 
those of background times. Because the traits that enhance survival 
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during mass extinctions (for example, broad geographic range at the 
clade level) tend to be poorly correlated with traits that enhance 
survival and diversification during background times, mass extinc- 
tions will not promote the long-term adaptation ofthe biota. In fact, 
mass extinctions can break the hegemony of species-rich clades 
honed by millions of years of selection and thereby permit radiation 
of taxa little favored during the interval preceding the extinction 
event. The alternation of these macroevolutionary regimes disrupts 
any smooth extrapolation of microevolutionary or macroevolution- 
ary processes across the sweep of geological time; a complete theory 
of evolution must incorporate the different sets of selective and 
random processes that characterize the background and mass extinc- 
tion regimes. 

- - 
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