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Paleobiology, 21(2), 1995, pp. 125-152 

Economics, volcanoes, and Phanerozoic revolutions 

Geerat J. Vermeij 

Abstract.-Two intervals of the Phanerozoic stand out as times of biosphere-scale revolution in the 
sense that biogeochemical cycles came under increased control by organisms. These are the early 
Paleozoic (extending from just before the Cambrian to the Middle Ordovician, a duration of about 
100 m.y.), characterized by the appearance of predators, burrowers, and mineralized skeletons, and 
by the subsequent diversification of planktonic animals and suspension-feeders; and the later Me- 
sozoic (latest Triassic to mid-Cretaceous, a duration of somewhat more than 100 m.y.), marked by 
a great diversification of predators and burrowers and by the rise of mineralized planktonic protists. 
This paper explores the economic conditions that make such revolutions possible. 

I argue that opportunities for innovation and diversification are enhanced when raw materials 
and energy are supplied at increasing rates, or when organisms gain greater access to these com- 
modities through rising temperatures and higher metabolic rates. Greater per capita availability of 
resources enables populations to grow; lessens or alters ecological constraints on functional im- 
provement; makes possible the evolution of high metabolic rates (large incomes), which in turn 
permit improvement in each of several otherwise incompatible functions; and favors the establish- 
ment and spread of daughter species arising through founder speciation. Reductions in productivity 
reinforce adaptational constraints and may bring about extinctions. 

Massive submarine volcanism, together with its associated phenomena of warming, sea-level rise, 
and widening of warm-weather zones, is proposed to be the chief extrinsic trigger for the Phan- 
erozoic revolutions. The later Mesozoic was characterized by continental rifting, which accompanied 
massive submarine volcanic eruptions that produced large quantities of nutrients and carbon dioxide. 
This activity began in the Late Triassic and peaked in the mid- to Late Cretaceous. The Early Cambrian 
was also a time of rifting and may likewise have been marked by large-scale submarine volcanism. 
Continental and explosive volcanism, weathering, and upwelling are other potential means for 
increasing evolutionary opportunity, but their effects are either local or linked directly or indirectly 
with cooling. Intense chemical weathering in the Early Cambrian, however, may have contributed 
to the early Paleozoic revolution. 

The extrinsic stimulus was greatly amplified through positive feedback by the evolution of higher 
metabolic rates and other means for acquiring, trading, retaining, and recycling resources more 
rapidly and from a wider range of environments. Because these novelties usually require a high 
and predictable supply of resources, their evolution is more likely when extrinsically controlled 
supplies increase rather than when per capita availability is low. 

In the view adopted here, the microevolutionary and microeconomic market forces of competition 
and natural selection operate against a backdrop of macroeconomic supply and demand. Resources 
are under both extrinsic and intrinsic control. Positive and negative feedbacks link processes at the 
micro- and macroeconomic levels. This view complements the genealogical and hierarchical con- 
ception of evolution by emphasizing that the pattern of descent is influenced by resources and by 
market forces operating at all scales of space and time. 

Geerat J. Vermeij. Department of Geology and Center for Population Biology, University of California at 
Davis, Davis, California 95616-8605 

Accepted: November 15, 1994 

Introduction 

Some episodes in the history of life reveal 
evolution of such a dramatic character and 
with such far-reaching consequences for the 
biosphere that they can be justifiably termed 
revolutions. Not only did the number of spe- 
cies rise sharply during these intervals, but 
there were important biochemical and adap- 
tive innovations that triggered a cascade of 
irreversible developments: the establishment 

and expansion of new trophic levels, new 
modes of life, and increased control by or- 
ganisms over the geochemical cycles of es- 
sential nutrients. I would nominate two ep- 
isodes during the Phanerozoic-the early Pa- 
leozoic (Cambrian to Early Ordovician) and 
the later Mesozoic (Jurassic and Creta- 
ceous)-as belonging in this category. The 
purpose of this paper is to explore and char- 
acterize the economic conditions that set these 
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126 GEERAT J. VERMEIJ 

great revolutions in motion, and to propose 
that geological processes provided the pri- 
mary extrinsic control. 

The first of these revolutions began shortly 
before the Proterozoic-Cambrian boundary 
and lasted until Middle Ordovician time. In 
its early phase, which encompasses the so- 
called Cambrian explosion, the early Paleo- 
zoic revolution was marked by the appear- 
ance of predatory benthic animals (Bengtson 
and Zhao 1992; Conway Morris and Bengtson 
1994), the evolution of animals capable of 
burrowing more than a few millimeters into 
sediments (Runnegar 1982) and, above all, by 
the evolution of mineralized as well as or- 
ganic skeletons in many groups of organisms 
(for reviews and discussion see Vermeij 1990; 
Valentine et al. 1991; Conway Morris 1993). 
The widespread use of skeletal materials based 
on calcium, phosphorus, and silica led to an 
increase in the control of these substances by 
bottom-dwelling marine organisms (Fischer 
1984; Maliva et al. 1990; Knoll et al. 1993). 
Precipitation of minerals in the ocean was 
controlled largely by inorganic processes 
during the Proterozoic and by organisms 
thereafter. The disturbance of sediments by 
burrowers rescued carbon and other nutri- 
ents from burial in the sediments, and en- 
abled these substances to be recycled by or- 
ganisms (Thayer 1983; Fischer 1984; Brasier 
1992). After the Early Cambrian innovations 
in geochemical cycling and in morphology 
among benthic organisms, the pelagic realm 
of the ocean was invaded on a large scale by 
protistan and metazoan animals. Although 
some Early Cambrian planktonic animals are 
known, massive expansion began in the Late 
Cambrian and continued into the Ordovician 
(Signor and Vermeij 1994). At the same time, 
suspension-feeding became an increasingly 
important mode of life among benthic marine 
animals. The final Ordovician phase of the 
early Paleozoic revolution was characterized 
by diversification on a large scale among 
groups that had originated during the Cam- 
brian (Sepkoski and Sheehan 1983; Foote 
1992). The duration of the early Paleozoic rev- 
olution is difficult to estimate, but 75 m.y. is 
a reasonable figure. 

The later Mesozoic, beginning near the Tri- 

assic-Jurassic boundary, marked another ep- 
isode of 100-120 m.y. of innovation, diver- 
sification, and change in biogeochemical con- 
trol. In its early phases, the Mesozoic revo- 
lution was characterized by the diversification 
and specialization of marine predators and 
burrowers and by the appearance of miner- 
alized protistan planktonic organisms (Ver- 
meij 1977, 1987; Thayer 1983). The calcium 
and silica cycles were fundamentally altered 
as a larger fraction of carbonates and cherts 
came to be deposited by virtue of organic pro- 
duction beneath the surface of the open ocean 
(Schopf 1980; Fischer 1984; Maliva et al. 1990; 
Knoll et al. 1993). During the Early Creta- 
ceous, these changes were supplemented by 
the diversification of flowering plants and so- 
cial insects on land. In addition, there was a 
general rise in diversity among land plants, 
terrestrial tetrapods, and marine animals at 
the family level (Valentine 1969; Bambach 
1977; Niklas et al. 1983; Sepkoski 1984; Ben- 
ton 1989; Weems 1992). For the marine rec- 
ord, this expansion was particularly evident 
during the approximately 30-m.y. interval 
from the Aptian to the end of the Cenoma- 
nian (Sepkoski 1984, 1993). This increase in 
diversity has not been detected at the family 
level in insects (LaBandeira and Sepkoski 
1993). For that group, however, the family 
level may be an inappropriately coarse scale 
at which to look for trends in diversity, be- 
cause many insect families contain thousands 
to tens of thousands of species. 

These revolutions pose a major challenge 
to our understanding of the timing, causes, 
and environmental context of evolutionary 
innovation and diversification. In economic 
terms, we may ask the following questions. 
Are there unusually favorable initial condi- 
tions that enable subsequent economic growth 
in the biosphere to take place? Are the in- 
novations so rare or so difficult to attain for 
developmental or other reasons that their time 
of appearance is of no special significance? 

Innovation and diversification have not, of 
course, been limited to the two great revo- 
lutions of the Phanerozoic. There were surely 
revolutions at several intervals during the Ar- 
chean and Proterozoic eons, and on a smaller 
scale, innovation and diversification charac- 
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terized many Phanerozoic intervals (see Ver- 
meij 1987; Des Marais et al. 1992; Knoll 1992). 
In fact, some observers would regard the mid- 
Paleozoic (Silurian to early Carboniferous) as 
a third interval of Phanerozoic revolution. 
This interval was marked by the appearance 
and rapid diversification of vascular land 
plants and arthropods, the diversification and 
specialization of marine predators and bur- 
rowers, and the evolution of skeletal defenses 
among many marine animal groups (Niklas 
et al. 1983; Thayer 1983; Signor and Brett 1984; 
Vermeij 1987; Shear 1991). The idea that the 
pattern and extent of chemical weathering on 
land changed during the mid-Paleozoic (Ber- 
ner and Raiswell 1983; Fischer 1984; Knoll 
and James 1987; Berner 1993) may, however, 
not be correct. Evidence from Neoproterozoic 
and Late Ordovician soils indicates that a rel- 
atively productive flora of microbes and later 
of prevascular land plants was present before 
the rise of vascular plants and, therefore, that 
the pattern of weathering characteristic of 
communities dominated by vascular plants 
may already have existed much earlier (Hor- 
odyski and Knauth 1994; Yapp and Poths 
1994). In other words, there may not have 
been fundamental changes in geochemical 
cycles during the mid-Paleozoic. There were 
also significant shorter intervals of diversi- 
fication and adaptation during the Cenozoic 
(especially during the early to middle Eocene, 
early Miocene, and early Pliocene), but again 
these intervals were evidently not marked by 
global alterations in the cycles of essential 
nutrients. By focusing on the most spectac- 
ular intervals of Phanerozoic evolution, we 
may be able to detect phenomena and causal 
chains that are less easily discerned at more 
normal times. 

In this essay, I shall first review and eval- 
uate some previous ideas about the causes and 
context of diversification and large-scale evo- 
lutionary innovation. This review will set the 
stage for an extension and elaboration of an 
economic view of the history of life (Vermeij 
1987, 1993). The thesis developed here is that 
opportunities for exceptional innovation, en- 
emy-related adaptation, and diversification 
are enhanced when raw materials and energy 
are supplied at unusually high rates by geo- 

logical processes and when organisms gain 
increased access to these commodities. Mas- 
sive submarine volcanism, together with as- 
sociated hydrothermal activity, triggered a 
cascade of evolutionary events that led to the 
two prehuman revolutions in the Phanero- 
zoic history of the biosphere. Innovations en- 
abling organisms to retain and recycle nutri- 
ents have amplified this extrinsic control. 

Previous Ideas About 
Diversification and Innovation 

Most attempts to explain the timing of evo- 
lutionary innovation and diversification have 
centered either on factors that are believed 
to regulate the number of living species or 
on the appearance of new inventions that then 
make possible previously unattainable archi- 
tectures and habits. Diversity-regulating fac- 
tors include habitable area, provinciality 
(subdivision of the biosphere into geograph- 
ically distinct biotas), and productivity (the 
rate at which carbon or energy is fixed into 
living tissues). Each of these factors, in turn, 
has been linked to changes in sea level, tec- 
tonic activity, or extinction. Arguments in- 
voking key innovations rely on the lifting of 
previous structural or chemical constraints to 
increase diversity. 

Area has generally been viewed as the most 
important single factor in regulating diver- 
sity. Larger areas tend to support greater 
numbers of species (MacArthur and Wilson 
1967). This effect could explain the observa- 
tion that the diversity of most marine groups 
increased during transgressions (rises in sea 
level) and decreased either when sea level 
fell or during the early anoxic stages of trans- 
gression (Schopf 1974; Sepkoski 1976; Fischer 
and Arthur 1977; Hallock 1987; Hallam 1992; 
Wignall and Hallam 1992). The loss of diver- 
sity would be especially severe when regres- 
sion (falling sea level) leads to the drying up 
of extensive epicontinental seas, especially if 
many species were found only in such seas. 
The area effect may explain species losses dur- 
ing extinction events in the Late Ordovician 
and at other times during the Paleozoic and 
Cretaceous (see e.g., Sheehan 1988). Pleisto- 
cene fluctuations in sea level and in habitable 
seafloor area had little effect on benthic di- 
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versity (Wise and Schopf 1981; Stanley 1984; 
Valentine and Jablonski 1991), perhaps in part 
because there were few epicontinental seas 
of limited extent and because such seas do 
not generally contain endemic species. 
Changes in habitat area may explain some 
temporal patterns in diversity, but other fac- 
tors must account for the largest-scale pat- 
terns. The overall increase in the number of 
marine species, especially during the Ceno- 
zoic, does not match an increase in shallow- 
water bottom area; and the mid-Cretaceous 
rise in marine diversity is paralleled by an 
increase on land, even though total land area 
must in general be inversely correlated with 
that of the sea bottom. 

Another proposed control on diversity is 
the number of biogeographically distinct 
provinces (Valentine 1969; Schopf 1980). With 
steep latitudinal gradients in climate and with 
dispersed continents separating distinct ocean 
basins, biotas are differentiated into discrete 
units. In a climatically more homogeneous 
and geographically less divided ocean or land 
mass, the number of provinces is smaller, and 
there are fewer species globally (Valentine 
1969, 1971a; Valentine and Jablonski 1982; 
Jablonski et al. 1985). If the number of prov- 
inces has risen through time (especially after 
the Cretaceous), as Signor (1990) contends, 
global diversity also would have increased. 
The Early Cambrian was a time of high di- 
versification rate and of many provinces (Sig- 
nor 1990, 1991; Valentine et al. 1991). How- 
ever, the high diversity of the Frasnian (early 
Late Devonian) and of the Jurassic and Early 
to middle Cretaceous was maintained or 
achieved despite a biogeographically poorly 
differentiated ocean (Boucot 1975; Hallam 
1981a,b, 1992). Moreover, Tiffney and Niklas 
(1990) found no correlation between global 
land-plant diversity and number of prov- 
inces. For Neogene mammals of North Amer- 
ica, the diversity of large herbivores is cor- 
related with the number of biogeographic 
subdivisions, but that of small herbivores (es- 
pecially rodents) may be inversely related to 
provinciality (Van Valkenburgh and Janis 
1993). Very large differences in diversity 
among Recent regions of comparable area 

(Vermeij 1978; Latham and Ricklefs 1993; 
Ricklefs and Latham 1993) imply that primary 
control of diversity is exercised by factors oth- 
er than or in addition to biogeographical sub- 
division. 

A variation of this view is that diversity 
and diversification depend on the dynamics 
of barriers to gene flow among populations 
(Cracraft 1985). Climatic or tectonic events 
that lead to the formation of many barriers 
promote allopatric speciation and increase 
provinciality; those that eliminate barriers 
may not reduce diversity but will restrict op- 
portunities for isolation and speciation (Bak- 
ker 1977). If allopatric speciation is the pre- 
dominant mode of speciation, the dynamics 
of barriers to gene flow are clearly important. 
I shall argue later in this paper that speciation 
accompanied by the expansion of populations 
is especially important from an adaptational 
point of view, and that this mode of specia- 
tion is prevalent when productivity is high. 

A relationship between diversity and pro- 
ductivity has long been suspected, but opin- 
ions about its nature vary widely. Valentine 
(1971b) argued that low or stable food sup- 
plies are associated with adaptive specializa- 
tion and with high numbers of species (as in 
the deep sea, for example), and that a high 
or unstable supply of resources is linked with 
adaptive generalization and with low diver- 
sity. In support of this conclusion, Rex et al. 
(1993) found that deep-sea biotas beneath wa- 
ters of high fertility are less diverse than those 
beneath low-fertility surface waters. How- 
ever, potential productivity as measured by 
actual evapotranspiration is a better predictor 
of the number of land birds and plants than 
is area (Wright 1983; Wright et al. 1993). Bam- 
bach (1993) are argued that nutrient avail- 
ability and marine primary productivity in- 
creased during the Phanerozoic, and that this 
increase accompanied both the expansion of 
habitats occupied and a general diversifica- 
tion. The most comprehensive survey of di- 
versity is that of Rosenzweig and Abramski 
(1993), who found that the number of species 
generally rises as productivity (measured as 
energy flux per square meter per year) in- 
creases from low to intermediate levels; di- 
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versity then declines as productivity increas- 
es further. Later in this paper I shall return 
to and reconcile the varying interpretations 
of the connections among diversity, evolu- 
tionary opportunity, and productivity. 

All these ideas imply that the number of 
species is under extrinsic control. This theme 
runs deeply through much of the literature 
on large-scale evolutionary events. Umbgrove 
(1947) perceived a link between pulses of 
mountain-building and glaciation on the one 
hand and the diversification of land plants 
on the other, but he did not expose under- 
lying mechanisms. Axelrod (1981) proposed 
that explosive volcanism causes both extinc- 
tion and speciation, because the aerosols lib- 
erated to the atmosphere during eruptions 
cool the climate and therefore promote eu- 
trophication, which he considered favorable 
for species formation. Exactly how this would 
work was not made clear. Des Marais et al. 
(1992) suggested that the supply of oxygen 
and other elements is determined primarily 
by tectonics, and that the timing of major Pro- 
terozoic evolutionary events had more to do 
with the cycles of mountain-building and 
erosion than with the control of raw materials 
by organisms. Rea et al. (1990) suggested that 
an increase in volcanism and hydrothermal 
activity near the Paleocene-Eocene boundary 
resulted in a sudden global warming, a re- 
duction in productivity, a deep-sea extinction 
event, and rapid intercontinental dispersal 
and subsequent diversification of land mam- 
mals (see also Koch et al. 1992; Zachos et al. 
1993). 

The chief way in which tectonic activity 
has been causally linked to diversification is 
through its effect on sea level. When land 
masses drift apart by tectonic movements, 
crust forms at mid-ocean ridges and displaces 
seawater, which spills on to the continents 
(for recent discussions see Fischer and Arthur 
1977; Schopf 1980; Worsley et al. 1985; Hallam 
1992). Not all rises in sea level are tectonically 
caused; the early Eocene, for example, was a 
time of transgression but not of unusual vol- 
canic activity (Larson 1991b), and Pleistocene 
fluctuations in sea level are related to the ex- 
tent of ice formation near the poles. 

Mass extinctions might provide opportu- 
nities for diversification and innovation. Af- 
ter a crisis, survivors would be more or less 
unconstrained by incumbents and would be 
able to spread and multiply with little resis- 
tance. However, models as well as empirical 
evidence indicate that ecological recovery 
from crises takes thousands to millions of 
years (Carr and Kitchell 1980; Stanley 1990; 
Hallam 1991; Wignall and Hallam 1992; Han- 
sen et al. 1993). Moreover, innovation during 
the Triassic was modest compared to that dur- 
ing the Cambrian, despite the fact that the 
end-Permian crisis was one of the largest ex- 
tinction events of the Phanerozoic (Erwin et 
al. 1987; Kauffman 1989). The Cambrian burst 
did not come immediately after a crisis as Hsu 
et al. (1985) thought. The most spectacular 
phases of the early Paleozoic and Mesozoic 
revolutions came well after crises in the late 
Proterozoic, end-Permian, and Late Triassic. 
Evolutionary opportunity following crises 
may have been quite limited either because 
environments remained hostile or because the 
selective agencies (especially competitors and 
predators) to which organisms respond were 
rare or had a small per capita effect (Vermeij 
1987). Extinction events often result in a 
change of economic players because compet- 
itively dominant or defensively superior in- 
cumbents lose their grip on many ecosystems, 
but extinction by itself is not enough to en- 
sure subsequent innovation and diversifica- 
tion. 

Ecological explanations for the timing of 
Phanerozoic revolutions contrast with hy- 
potheses that link evolutionary bursts with 
the appearance of specific inventions of bio- 
chemistry, mode of development, or symbi- 
otic relationship. The timing of such events 
would be dictated by the fortuitous evolution 
of novelty rather than by ecological circum- 
stances. The evolution of haplodiploid sex, 
for example, may have made possible the di- 
versification of eukaryotes during the Pro- 
terozoic (Knoll 1992). The Devonian diver- 
sification of land plants followed the estab- 
lishment of partnerships between green 
plants and mycorrhizal fungi, and the Car- 
boniferous rise in land-plant diversity fol- 
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lowed the origin of seeds during the latest 
Devonian (see e.g., Niklas et al. 1983). 

Although I do not doubt that innovations 
provide the means for realizing greater di- 
versity in form and habits, two arguments 
lead me to believe that innovation by itself 
cannot guarantee revolution. First and most 
importantly, the perceived link between in- 
novation and diversification is a posteriori. 
For all the examples of an invention being 
followed by a burst of evolution, there are 
many others in which the response is either 
greatly delayed or lacking. In other words, 
the potential that hindsight suggests is in- 
herent in an innovation may not be realized 
immediately and sometimes fails to materi- 
alize altogether. For example, mammals did 
not achieve their present ecological diversity 
until the Eocene, more than 150 m.y. after the 
first mammal evolved in the Late Triassic. The 
anatomical and biochemical modifications that 
enabled some angiosperms to enter the sea 
during the Late Cretaceous could in principle 
have resulted in a burst of evolution as im- 
pressive as that among angiosperms on land, 
but there are fewer than 50 marine angio- 
sperms today as compared to perhaps 250,000 
species on land (see den Hartog 1970). 

The second argument is that key events, 
such as the evolution of skeletons or the ac- 
quisition of means for burrowing, occurred 
in many lineages independently. They may 
therefore be more appropriately viewed as 
responses to underlying causes than as gen- 
erators of subsequent diversity. Inventions are 
necessary but not sufficient ingredients in bi- 
ological revolutions; their success or failure 
depends on economic circumstances. A sim- 
ilar conclusion has been reached for human 
economic history of Braudel (1981) and Mok- 
yr (1990), among many others. 

A successful hypothesis to explain the tim- 
ing of the great turning points in the history 
of life must link mechanisms of evolutionary 
responses to observable circumstances that 
provide evolutionary opportunity. The ap- 
proach I take in this paper links principles of 
economics, ecology, and evolutionary biolo- 
gy with the empirical record of geological 
and biological events and conditions that af- 

fected the economic environment of organ- 
isms and ecosystems. 

Productivity, Populations, and 
Opportunity 

The survival and reproduction of organ- 
isms depends on the ability of individuals to 
acquire and control raw materials, energy, and 
information (Van Valen 1976; Sterrer 1992). 
This ability is affected by the supply of nu- 
trients and energy as well as by the accessi- 
bility of organisms to these commodities. All 
evolution takes place against the economic 
backdrop of supply and demand. The supply 
and control of nutrients, energy, and infor- 
mation affect, and are affected by, the num- 
bers and capabilities of organisms (Van Valen 
1976; Vermeij 1987; Sterrer 1992). The history 
of life, therefore, can be interpreted in eco- 
nomic terms. An increase in supply and con- 
trol permits economic expansion and, there- 
fore, enhances opportunities for adaptation 
and diversification. Stagnation or decline re- 
inforces adaptational gridlock and may trig- 
ger extinctions. 

The argument is as follows. Elements such 
as carbon, phosphorus, nitrogen, silicon, iron, 
potassium, and trace elements form the eco- 
nomic base of life on earth. Primary produc- 
tivity (the rate at which energy and carbon 
from inorganic sources are fixed into living 
tissues) depends on the availability of these 
nutrients and on the energy required to con- 
vert them. It also depends on the per capita 
performance of organisms, i.e., the access that 
individuals have to nutrients and energy. 

Three circumstances potentially limit per 
capita productivity. These are: (1) a low rate 
of supply of nutrients or energy relative to 
demand, (2) a limited capacity to exploit the 
available nutrients and energy (or, in eco- 
nomic terms, a low per capita income), and 
(3) interruptions or reductions in production 
imposed by consumers and other enemies. A 
fourth circumstance limits global productiv- 
ity: environments with suitable nutrients and 
energy that are not occupied by organisms. 

The first circumstance, a limitation of sup- 
ply, can be alleviated only by an increase in 
the rate of supply of critical resources. The 
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energy required for production comes both 
from the sun (as light and heat) and from the 
earth's interior (as heat). The necessary raw 
materials either are delivered from inorganic 
sources or are recycled among organisms by 
the processes of consumption, decomposi- 
tion, and remineralization (DeAngelis 1992). 
Inorganic nutrients become available either 
from outer space or from the earth's crust and 
mantle. The extraterrestrial component may 
be important, but its magnitude is difficult to 
estimate, and the role of outer space as a source 
of nutrients will not be considered further 
here. Nutrients from within the earth enter 
the biosphere through weathering, upwell- 
ing, and volcanic eruptions. Recycling is en- 
hanced when rate of consumption, decom- 
position, and remineralization rise. Because 
most biological activities are strongly tem- 
perature-dependent (see Clarke 1993 for a re- 
view), all these processes are speeded up when 
temperature rises. Recycling is slowed down 
either when the temperature falls or when 
nutrients are lost. This loss can occur either 
because nutrients are buried in sediments or 
because they are stored in the bodies of or- 
ganisms that are strongly resistant to attack 
by consumers and decomposers (see Robin- 
son 1990; DeAngelis 1992). 

The other three circumstances limiting pro- 
ductivity may be overcome by biomechanical 
or biochemical improvements. Such improve- 
ments come in three forms: (1) attributes en- 
abling organisms to exploit resources more 
rapidly, (2) mechanisms permitting the ex- 
ploitation of previously untapped or inacces- 
sible resources, and (3) traits that protect the 
biological machinery of production against 
exploitation by consumers. 

The way in which nutrients affect the bio- 
sphere varies among ecosystems, and de- 
pends on which factors limit primary pro- 
duction. Models suggest that in nitrogen-lim- 
ited ecosystems, such as cool-temperate for- 
ests and terrestrial polar communities, the 
most effective way of bringing about an in- 
crease in primary productivity is to raise the 
temperature (Melillo et al. 1993; Prentice 
1993). This enables the processes of decom- 
position and nitrogen fixation by microbes to 

convert otherwise unavailable nitrogen to us- 
able soil nitrogen more rapidly. A rise in tem- 
perature in deserts and tropical evergreen 
forests, which are generally not limited by 
the availability of nitrogen in the soil, would 
do little more than increase respiration with- 
out stimulating photosynthesis, so that net 
primary productivity would decrease (Mel- 
illo et al. 1993; Prentice 1993). In these eco- 
systems, a rise in the concentration of carbon 
dioxide would increase primary productivity, 
at least among plants using the standard C3 
photosynthetic pathway. For C4 plants, which 
predominate in tropical grasslands and tend 
to be limited by phosphorus, rising levels of 
carbon dioxide would do little to increase pri- 
mary production. For them, an increase in 
phosphorus would presumably stimulate pri- 
mary productivity. Riebessel et al. (1993) have 
shown that primary productivity of phyto- 
plankton can be enhanced by increasing con- 
centrations of carbon dioxide during times of 
bloom, even though photosynthesis in the 
open ocean is normally limited by the avail- 
ability of nitrogen and phosphorus (see also 
Raven 1993). In many pelagic communities, 
the ability of diatoms to take up the major 
nutrients, such as nitrogen and and phos- 
phorus, is limited by the availability of iron 
and zinc, whose concentrations are low in 
areas away from large land masses or from 
sites of upwelling (see e.g., Martin et al. 1990; 
Sullivan et al. 1993; Morel et al. 1994). Which- 
ever nutrient or source of energy is limiting, 
most ecosystems and the organisms compris- 
ing them will benefit from processes and 
events that deliver nutrients and energy more 
rapidly, as long as these processes and events 
do not themselves interfere with the fixation 
of raw materials into living tissues. 

Not only do increases in productivity come 
about in different ways, but the kinds or or- 
ganisms that benefit also vary. Reef-building 
marine animals with photosynthesizing sym- 
bionts in their tissues thrive in low-fertility 
waters where external inputs of nutrients are 
low. High productivity in these situations in 
achieved by rapid turnover within individ- 
uals and among members of the ecosystem; 
it is made possible at least in part by high 
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temperature. Most of the nutrients are con- 
tained in the bodies of well-defended organ- 
isms. A similar situation exists in tropical rain 
forests (see Odum 1969; Pomeroy 1970; 
DeAngelis 1992). The addition of nutrients to 
reefs places the photosynthesizing reef- 
builders at a competitive disadvantage to al- 
gae, suspension-feeders and, at the highest 
nutrient concentrations, phytoplankton 
(Birkeland 1989; Hallock and Schlager 1986; 
Hallock 1987). In other words, an increase in 
productivity arising from greater supply of 
water-borne nutrients will benefit plants as 
well as the suspension-feeders and other con- 
sumers that depend on them, whereas plant- 
animal partnerships and their dependents 
might benefit from more rapid recycling. 

Changes in productivity affect individuals, 
populations, and opportunities for adaptation 
and speciation. When productivity increases, 
the potential exists for individual organisms 
to acquire more resources and for populations 
to grow. These effects apply not only to pri- 
mary producers, but also to consumers and 
decomposers. Greater per capita access to re- 
sources facilitates adaptive change (Vermeij 
1987) because it reduces ecological constraint. 
Most adaptive improvements with respect to 
any single function, such as defense or re- 
production, come with disadvantages (or 
trade-offs) relative to other functions. These 
incompatibilities thus enforce ecological con- 
straints on functional improvement. Such 
limitations are to be expected in populations 
that are stable or in decline, as well as in 
populations that grow only because top-down 
regulation by consumers and other enemies 
has been eased. The only traits likely to be- 
come established under conditions of ecolog- 
ical constraint are those whose benefits come 
without significant costs (for example, defen- 
sive chemicals that insects acquire from food 
plants, as discussed by Kearsley and Witham 
1992). In a world of increasing per capita re- 
sources, prevailing trade-offs are lessened or 
altered, enabling traits or combinations of 
traits to become established that otherwise 
would have been purged from the population 
because of unacceptable functional conflicts. 
Even if individuals with such traits have 
adaptive shortcomings, the benefits may out- 
weigh the costs. 

In population growth occurs only because 
enemies and other top-down controls are re- 
moved, per capita resources do not increase 
and may in fact dwindle. Competition among 
individuals is therefore like to intensify and, 
although some functional incompatibilities 
are eased as selection due to enemies dimin- 
ishes, other constraints on individual perfor- 
mance may become even stronger. This point 
is well illustrated by the human population 
growth in many poor countries, where in- 
creases in the availability of resources (that 
is, per capita incomes) have not kept pace 
with reductions in the rate of mortality. In 
general, therefore, opportunities for adaptive 
improvement in acquiring nutrients and en- 
ergy are enhanced only when ecological con- 
straints are relaxed or altered, which in turn 
is likely only when per capita access increas- 
es. 

The hypothesis that adaptive innovation is 
most likely where access to nutrients and en- 
ergy is least encumbered is consistent with 
the ecological and geographic distribution of 
innovations as observed in the fossil record. 
Analyses of first appearances of high-level 
clades of marine animals reveal that the nov- 
elties associated with these clades occurred 
first in relatively near-shore conditions (Ja- 
blonski et al. 1983; Jablonski and Bottjer 1990, 
1991), especially at tropical low latitudes (Ja- 
blonski 1993). This pattern has often been 
interpreted to reflect greater and more fre- 
quent disturbance in near-shore as compared 
to offshore habitats (see e.g., Jablonski et al. 
1983), or to reflect pervasive biases in the 
preservation of habitats in the rock record 
(Mount and Signor 1992). It is also, however, 
consistent with the view that innovation is 
most apt to occur in shallow waters where 
inputs of nutrients and the availability of en- 
ergy for primary producers are greatest (see 
also Vermeij 1978). 

Another important consequence of higher 
productivity (or greater access to resources) 
is that at least some individuals can sustain 
high metabolic rates (or, in economic terms, 
high incomes). Rapid metabolism enables an 
organism to perform many functions simul- 
taneously and with reduced incompatibility. 
This is because more energy is available to 
divide among competing functions. As long 
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as the supply of resources, or access to them, 
remains high and predictable, high-income 
individuals will secure an advantage in com- 
petition, defense, and information over or- 
ganisms with lower energy requirements. 

The benefits of rapid metabolism often come 
at the expense of lower energetic efficiency, 
but under conditions of economic growth 
these so-called opportunity costs are tolera- 
ble. Cold-blooded vertebrates, for example, 
are more efficient in terms of energy use than 
are warm-blooded (endothermic) birds and 
mammals (Pough 1980). This efficiency pro- 
vides a survival advantage in habitats where 
resource availability is temporarily or chron- 
ically low. Where supplies of food and energy 
are high, however, the greater endurance and 
food-gathering abilities associated with en- 
dothermy provide competitive advantages for 
endotherms over their more efficient ecto- 
thermic counterparts. An analagous situation 
exists among suspension-feeders. Brachipods 
are more efficient than are bivalved molluscs, 
but the latter appear to have a competitive 
advantage in all but the most food-starved 
habitats (Thayer 1986). 

Temperature has additional important ef- 
fects on evolutionary opportunity (Vermeij 
1978, 1987). Energetic costs of calcification and 
of viscosity-related activities, such as swim- 
ming and suspension-feeding by animals and 
water conduction in plant stems, decrease as 
environmental temperature rises, because the 
solubility of calcium carbonate and the dy- 
namic viscosity of water decline (Clarke 1983, 
1993; Denny 1990; Podolsky 1994). High tem- 
peratures make possible a large variety of de- 
fenses and other specializations that are ei- 
ther unattainable or energetically most costly 
when body temperature is low. 

Species that interact with dominants must 
either adapt to them or become restricted to 
situations where interactions are reduced. 
Adaptation involves improvements in com- 
petitive, defensive, and information-related 
traits. This enforces escalation, which leads 
to ecological and evolutionary specialization 
among species (Vermeij 1987, 1994). 

The evolution of competitively superior 
species marginalizes biologically less sophis- 
ticated organisms and causes the restriction 
of such species to environments where pro- 

ductivity is lower or where access is limited 
by factors such as low temperature and a 
shortage of water (Vermeij 1987). These en- 
vironments provide safety from enemies and 
are thus ecological refuges. Subsequent evo- 
lution in such refuges-the dry land, the pe- 
lagic realm, environments beneath the sur- 
faces of rocks and sediments, fresh waters, 
caves, the deep sea, and the bodies of other 
organisms (Vermeij 1987; Signor and Vermeij 
1994)-may lead to exploitation of previously 
untapped resources and, therefore, result in 
renewed increases in global productivity (see 
also Bambach 1983, 1993). 

Increased productivity should also favor 
certain kinds of speciation and therefore 
stimulates diversification. Genetic isolation 
and divergence are necessary conditions for 
the formation of new species. Valentine and 
Jablonski (1982) make an important distinc- 
tion between two kinds of speciation. In vi- 
cariant speciation, a single population is sub- 
divided either by the imposition of a barrier 
or by the extinction of parts of the original 
population. The surviving fragments may 
then diverge and become distinct daughter 
species. In founder speciation, divergence is 
brought about by the spread and subsequent 
establishment of small founder populations. 
Only this second mode of speciation is likely 
to be significant from the adaptational point 
of view. The remnants of a population subject 
to subdivision by barriers or extinction are 
unlikely to expand. Ecological limitations 
preventing functional improvement there- 
fore remain in force. Founder speciation, on 
the other hand, requires small daughter pop- 
ulations to expand. This is more likely to oc- 
cur when nutrients are plentiful or are in- 
creasing in availability than when there is an 
economic status quo. In other words, the op- 
portunity for founder speciation and for un- 
constrained phenotypic change in daughter 
populations is greater when per capita access 
to energy and nutrients is increasing. Isola- 
tion and divergence do, of course, take place 
even when energy and nutrients are in short 
supply, but they will be mainly by vicariant 
speciation, and the ability of populations to 
respond to new conditions will be sharply 
limited by ecological constraints imposed by 
a lack of economic opportunity. 
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At first glance, this analysis of the link be- 
tween productivity and evolutionary oppor- 
tunity would seem to conflict with previous 
generalizations about diversity. Glazier (1987) 
pointed out that species with high per capita 
use of energy (for example, large-bodied spe- 
cies and endotherms) are greatly outnum- 
bered by those with low energy demands. 
Moreover, Rosenzweig and Abramski (1993) 
found that the number of species reaches a 
maximum at intermediate levels of produc- 
tivity. If high productivity provides greater 
opportunities for adaptation and speciation, 
why should species diversity be highest 
among low-energy clades, and why should it 
decline when productivity rises above some 
intermediate value? 

Rosenzweig and Abramski (1993) tenta- 
tively suggested that the level of productivity 
at which peak diversity is reached is not the 
same for all groups. They pointed out, for 
example, that the diversity of rodents in the 
United States reaches a maximum at lower 
productivities than the diversity of carni- 
vores. Marine mammals and shorebirds reach 
their highest diversities in waters of greatest 
fertility at middle and high latitudes (Huston 
1993; McGowan and Walker 1993; Rosen- 
zweig and Abramski 1993). I suggest that those 
groups reaching peak diversity at the high 
end of the productivity range are competitive 
dominants with high metabolic rates. Groups 
whose maximum diversity is achieved in ar- 
eas of lower productivity are characterized by 
lower per capita demands. With a lower per 
capita demand, species in areas of modest pro- 
ductivity can still maintain large populations, 
whereas species with rapid metabolism can- 
not, unless the relatively unproductive area 
is very large. This argument underscores the 
point that the chief benefits of increased pro- 
ductivity accrue to the competitive, defen- 
sive, and informational dominants, which ex- 
ercise top-down or lateral control on subor- 
dinate species. 

Two related arguments could be raised 
against the hypothesis that increased pro- 
ductivity benefits populations and ecosys- 
tems. First, populations of consumer species 
may respond so rapidly to increases in the 
number of primary producers that there is no 

long-term rise in per capita income or in evo- 
lutionary opportunity. Second, the addition 
of nutrients often destabilizes communities 
by causing large fluctuations in population 
sizes of consumers as well as primary pro- 
ducers (DeAngelis 1992). Outbreaks of grass- 
hoppers in Australia and of crown-of-thorns 
sea stars on Indo-Pacific reefs, for example, 
have been linked to unusually high inputs of 
nutrients following heavy rains. These out- 
breaks cause massive mortality among the 
plants and corals on which these animals feed 
(White 1978; Birkeland 1982). Fluctuations 
may be large enough that some populations 
become extinct, with the result that local di- 
versity declines. 

Although both arguments are valid, they 
apply only under certain restricted circum- 
stances. Numerical responses of consumer 
populations sufficient to keep primary pro- 
ducers at low population levels are charac- 
teristic mainly of communities in which di- 
versity is low and primary producers exhibit 
few defenses against herbivores (Strong 1992). 
Most such communities are aquatic systems 
in which the principal primary producers are 
algae and phytoplankters. In communities 
with more species and in which plant de- 
fenses are well developed, complex trophic 
interactions usually prevent any single spe- 
cies from exercising control over the com- 
munity as a whole (Strong 1992). I therefore 
argue that increased access to resources will 
widen evolutionary opportunity mainly in 
those communities that have achieved a min- 
imum threshold of complexity and defense. 
The destabilizing effect of nutrient addition 
also may apply only in certain cases. If an 
increase in productivity is brief, consumers 
whose populations respond by growing rap- 
idly on a plentiful food resource eventually 
overwhelm that resource (plants in the case 
of Australian grasshoppers, phytoplankton in 
the case of crown-of-thorns larvae) when nu- 
trient input returns to normal rates. I suspect 
it is the pulsed nature of nutrient addition 
that brings on the instability. Long-term in- 
creases in productivity may not have this de- 
stabilizing effect and may make it possible 
for trophic complexity to rise and be sus- 
tained. 
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If an increase in productivity or access to 
resources indicates the lifting of constraints, 
than a decline implies their imposition. There 
is strong empirical evidence in support of the 
hypothesis that episodes of extinction, in- 
cluding most or all of the mass extinctions of 
the Phanerozoic, were associated with a sharp 
reduction in primary productivity (Vermeij 
1978, 1987, 1989b; Sheehan and Hansen 1986; 
Arthur et al. 1987; Allmon 1992; Paul and 
Mitchell 1994). Species with high metabolic 
rates, such as mammals and other endo- 
therms, as well as organisms with few energy 
reserves or resting stages, are especially sus- 
ceptible to economic collapse; whereas or- 
ganisms with low metabolic demands, those 
with resting stages, and animals that acquire 
food by straining sediments, can weather 
short-term interruptions in production and 
are generally less prone to extinction (Mc- 
Alester 1970; Levinton 1974; Van Valen 1975; 
Kitchell et al. 1986; Sheehan and Hansen 1986; 
Vermeij 1987; Rhodes and Thayer 1991). 

The Causes of Revolution 
If the arguments set out in the preceding 

section are correct, then the timing of bio- 
sphere-scale revolutions is dictated by changes 
in the economy of resource supply and de- 
mand. Revolutions are made possible by in- 
creases in energy (especially temperature) 
and, perhaps secondarily, by increases in nu- 
trient supply. This stimulus must be deliv- 
ered in ways that do not interfere with the 
biological mechanisms of production. More- 
over, organisms must be in a position to cap- 
ture and recycle the added resources, because 
without this demand the energy and nutri- 
ents are quickly lost. I shall argue in this sec- 
tion that massive submarine volcanism, with 
its effects of rising temperatures and trans- 
gression, is the most plausible extinsic cause 
of the Phanerozoic revolutions. Weathering 
and upwelling may be important contribut- 
ing causes, especially if they are linked to the 
tectonic activity that yields volcanism. The 
extrinsic controls are greatly amplified by 
feedback mechanisms operating in the bio- 
sphere. 

The Effects and History of Volcanism. -Agri- 
culturalists have known for years that vol- 

canic eruptions cause soil enrichment. Al- 
though glassy volcanic ash does not weather 
quickly or contribute to soil fertility in some 
dry climates (Cook et al. 1981), its chemical 
weathering in warm moist regions rapidly 
releases copious nutrients into soils, rivers, 
and nearby marine environments (Shoji et al. 
1993). Basalts break down more slowly and 
contain much less phosphorus than does vol- 
canic ash, but their iron content (5% to 15% 
by weight) is quite high (Basaltic Volcanic 
Study Project 1981). 

The hydrothermal activity that accompa- 
nies submarine volcanism also injects nutri- 
ents into the sea. Although much of this ma- 
terial is fixed in insoluble metalliferous com- 
pounds and some reacts with basalt (Froelich 
et al. 1982; Cann 1991), very large hydro- 
thermal plumes are known that spew nutri- 
ents to a height of 1 km above the sea bottom 
(Baker et al. 1987). Hydrothermal regions are 
known to support productive communities 
founded on chemosynthesizing bacteria 
(Grassle 1985; Jannasch and Mottl 1985). These 
communities are separated by wide zones of 
relatively unproductive sea bottom, but they 
have many species in common, implying sub- 
stantial transport among them. This transport 
indicates that at least some of the nutrients 
introduced at hydrothermal vents find their 
way to other parts of the marine biosphere, 
and that they could have a significant impact 
if hydrothermal activity were sufficiently in- 
tense. Froelich et al. (1982) argued that hy- 
drothermal vents are at best minor sources of 
phosphorus in the modern ocean. They es- 
timated that at most 7% of the total input of 
phosphorus to the sea comes from hydro- 
thermal sources. This contribution could have 
higher, however, at times when submarine 
volcanic activity and associated seafloor 
spreading rates were higher than they are 
today. In the mid-Cretaceous, for example, 
the rate of seafloor spreading was 40% to 50% 
greater than today (Richter et al. 1992). 

Even more important than the release of 
nutrients may be the role of volcanoes in 
venting carbon dioxide, a greenhouse gas that 
reduces heat loss from the earth's surface, into 
the ocean and atmosphere. Carbon dioxide 
introduced by hydrothermal activity can be 
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released from the ocean to the atmosphere by 
upwelling (Rea et al. 1990; Zachos et al. 1993; 
Murray et al. 1994). Higher atmospheric con- 
centrations of this gas result in global warm- 
ing. For reasons that remain incompletely un- 
derstood, greater overall warmth is associated 
with especially warm conditions at high lat- 
itudes. In the mid-Cretaceous, for example, 
tropical reefs extended some 100 of latitude 
further north than they do today. Early Eo- 
cene tropical forests existed at a paleolatitude 
of at least 45?N, considerably poleward of the 
latitudinal limits of their modern counter- 
parts (Crowley and North 1991). It may be 
that, as the earth's surface heats through in- 
creased tectonic activity, oceanic circulation 
comes to be dominated by the sinking of warm 
saline water formed at low latitudes, instead 
of by the sinking of waters near the poles as 
in the modern ocean. In other words, an in- 
crease in carbon dioxide would not necessar- 
ily imply a uniform warming, but instead may 
particularly affect the middle and high lati- 
tudes because of the greater role that oceans 
play in heat transfer between the tropics and 
the polar regions as compared to the atmo- 
sphere (for further discussion see Rea 1994). 

The argument that high concentrations of 
carbon dioxide in the atmosphere are linked 
to conditions promoting evolutionary oppor- 
tunity is inconsistent with the commonly held 
view that levels of carbon dioxide have de- 
clined since the Devonian. Holland (1984) and 
Berner (1993) concluded that, because vas- 
cular land plants did not become abundant 
until the Devonian, uptake of carbon dioxide 
by terrestrial primary producers would have 
been small during the early Paleozoic. The 
decline of carbon dioxide would mean that 
evolutionary opportunity from the Devonian 
onward would have been less than that pre- 
vailing in the pre-Devonian Paleozoic. As 
pointed out in the introduction, however, 
photosynthesis on land may have been lo- 
cally important well before the Devonian by 
virtue of the presence of nonvascular plants 
and, perhaps, microbes (see especially Yapp 
and Poths 1994). I suggest that early Paleozoic 
levels of carbon dioxide in the atmosphere 
were not generally higher than those during 
and after the Devonian. 

Just how important this greenhouse effect 
is remains a matter of debate. Caldeira and 
Rampino (1990) constructed models of the 
global carbon cycle in order to place upper 
limits on the warming that could have taken 
place as the result of the end-Cretaceous Dec- 
can Traps volcanism. Using a liberal estimate 
of original rock volume of 11 x 106 km3 and 
a high estimate for the carbon dioxide content 
of the original flood basalt (0.5%), together 
with an eruption duration of 0.5 m.y., Cald- 
eira and Rampino (1990) calculated a maxi- 
mum increase of 2?C in temperature. More 
modest increases of 1.3?C to 1.8?C were ob- 
tained when the more reasonable carbon di- 
oxide content of 0.2% was used. Unfortu- 
nately, no calculations are available for the 
width of the tropical zone or for the distri- 
bution of temperature on the globally warm- 
er earth's surface. Because global warming 
generally is magnified at higher latitudes 
(Crowley 1991a,b; Crowley and North 1991; 
Dowsett et al. 1992), the effect of volcanically 
induced warming on the width of warm- 
weather zones may be even more important 
than is the global average rise in temperature. 

Given that the Deccan Traps event was one 
of the largest terrestrial volcanic episodes, and 
that the potential warming might be offset by 
the cooling effects of volcanic aerosols in the 
stratosphere, skeptics might justifiably ques- 
tion the role of volcanism in providing evo- 
lutionary opportunity on a global scale. In 
fact, great eruptions have generally been 
thought to have coincided with, and to have 
caused, mass extinctions (see e.g., Axelrod 
1981; Loper and McCartney 1988; Vogt 1989; 
Garzanti 1993). Continental flood-basalt 
eruptions associated with the formation of 
the Deccan Traps in India and plateaus in the 
Indian Ocean, and of the Siberian Traps (8 x 
106 km3) in Russia, began close to the end of 
the Mesozoic and Paleozoic eras respectively, 
and have been causally linked by some au- 
thors to the end-Cretaceous and end-Permian 
mass extinctions (Axelrod 1981; Officer and 
Drake 1983, 1985; McLean 1985; Courtillot et 
al. 1986; Officer et al. 1987; Renne and Basu 
1991; Campbell et al. 1992; Rampino and 
Caldeira 1993). The end-Triassic extinction 
event(s) closely coincided with flood-basalt 
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eruptions in Africa and eastern North Amer- 
ica (see e.g., Rampino and Stothers 1988), and 
the formation of the Caribbean and Colom- 
bian plateaus about 91 Ma occurred at a minor 
extinction peak at the end of the Cenomanian 
epoch of the Cretaceous (see e.g., Sepkoski 
1990, 1993; Ingram et al. 1994). The deep-sea 
extinction event at 57 Ma (end-Paleocene) oc- 
curred at the onset of flood-basalt eruptions 
in the North Atlantic (see e.g., Kennett and 
Stott 1991; Hovan and Rea 1992; Coffin and 
Eldholm 1993). There may be a connection 
between the minor extinctions of the late Eo- 
cene (35 Ma) and middle Miocene (17-15 Ma) 
and the flood-basalt eruptions of the Ethio- 
pian region and Columbia Plateau, respec- 
tively (see e.g., Hooper 1990; Sigurdsson 1990; 
Coffin and Endholm 1993). 

Scenarios linking volcanism with extinc- 
tion rely partly on the idea that large erup- 
tions cause surface temperatures to decline 
by virtue of the absorption of solar radiation 
by aerosols of sulfur and other products in- 
jected into the stratosphere (see e.g., Sigurds- 
son 1990). Other potential consequences of 
large-scale volcanism-obscuring of the sun, 
acid rain, global fires, a reduction in the ozone 
layer, and an increase in ultraviolet radiation 
(Rampino et al. 1979; Axlerod 1981; Officer 
and Drake 1983; 1985; McLean 1985; Officer 
et al. 1987; Handler 1989; Campbell et al. 1992; 
Rampino and Self 1992; Vogelmann et al. 
1992)-have all been linked by some authors 
directly or indirectly to extinction. 

Many very large eruptions, however, did 
not coincide with mass extinctions. Of the 
eleven temporally distinct continental flood- 
basalt events of the last 250 m.y. listed by 
Rampino and Stothers (1988), at least three 
did not closely match any of the major or 
minor extinction peaks recognized by Raup 
and Sepkoski (1984) or Sepkoski (1990, 1993). 
The Serra Geral and Etendeka flood basalts, 
which formed in a single igneous province 
in what are now South America and southern 
Africa, had an estimated original volume of 
1.5 x 106 km3 (Renne et al. 1992). No extinc- 
tion event is known for the part of the Early 
Cretaceous (133 Ma) when eruption began. 
The flood-basalts of the Rajmahal Traps in 
India and the contemporaneous eruptions on 

the Kerguelen and Broken Ridge plateaus in 
the Indian Ocean about 110 Ma did not co- 
incide with extinction, nor did the Antarctic 
flood basalts formed 170 Ma (for dates see 
Rampino and Stothers 1988; Coffin and Eld- 
holm 1993). A volcanic eruption in the mid- 
dle Late Ordovician (Caradocian, 454 Ma), 
which may have released 1140 km3 of ash over 
what are now North America and Europe, 
also cannot be linked to extinction (Huff et 
al. 1992). Erwin and Vogel (1992) concluded 
that violent eruptions during the Neogene 
and Pleistocene did not bring about extinc- 
tion, even though events such as the Toba 
eruption during the Pleistocene (75 Ka) might 
have cooled the earth's surface by as much as 
3?C to 4?C (Sigurdsson 1990). Finally, the 
greatest of all known Phanerozoic volcanic 
events, resulting in the formation of the On- 
tong Java Plateau and other oceanic plateaus 
in the Indian and Pacific oceans beginning 
in the early Aptian epoch of the Early Cre- 
taceous (124 Ma) and producing a rock vol- 
ume of at least 51-55 x 106 km3 (Larson 
1991a,b; Richards et al. 1991; Tarduno et al. 
1991; Coffin and Eldholm 1992, 1993) did not 
trigger a mass extinction (Tarduno et al. 1991; 
Campbell et al. 1992). There was a minor peak 
of extinction at the end of the Aptian (Sep- 
koski 1990, 1993). 

Two arguments lead me to propose that 
submarine volcanism initiated and sustained 
the great Phanerozoic revolutions. First, most 
of the documented submarine events pro- 
duced far larger rock volumes and, therefore, 
much larger amounts of the greenhouse gas 
carbon dioxide, than did even the largest con- 
tinental flood-basalt eruptions. The Ontong 
Java event of the Early Cretaceous produced 
a rock volume at least five times larger than 
that liberally estimated for the partially con- 
tinental Deccan Traps event, and six to seven 
times larger than the end-Permian to Early 
Triassic Siberian Traps volcanism. The sub- 
marine volcanism that formed the Kerguelen 
and Broken Ridge plateaus about 110 Ma 
yielded an estimated rock volume of 24 x 106 
km3, two to three times that of the Deccan 
Traps and three times that of the Siberian 
Traps (see Coffin and Eldholm 1993). The vol- 
umes associated with other Mesozoic sub- 
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marine events are either smaller or remain 
unknown. Volcanism producing the North 
Pacific Shatsky Rise near the Jurassic-Creta- 
ceous boundary (145 Ma) yielded perhaps 2 
x 106 km3 of rock (Sager and Han 1993). The 
Carnian formation of the Wrangellia Plateau 
had a large but unknown volume (see e.g., 
Richards et al. 1991). The second argument is 
that the cooling resulting from ejection of 
aerosols to the stratosphere is characteristic 
of explosive eruptions and probably of large 
continental flood-basalt eruptions (Sigurds- 
son 1990), but not of submarine volcanism. 
Thus, the potential warming produced by the 
liberation of large quantities of carbon di- 
oxide would not have been counteracted by 
aerosol-induced cooling in the case of very 
large submarine volcanic eruptions. The huge 
volumes of rock erupted under the sea point 
to much larger climatic effects than those pos- 
tulated by Caldeira and Rampino (1990) for 
continental events of the magnitude of the 
end-Cretaceous Deccan volcanism. Even if the 
amount of carbon dioxide released into the 
atmosphere and ocean by the Ontong Java 
event were only three times that produced 
by the Deccan episode, a warming of 4?C to 
5?C in the global average surface temperature 
is likely (see also Arthur et al. 1985; Crowley 
1991a,b; Larson 1991b). The mid-Cretaceous 
generally was a time when equatorial tem- 
peratures were at or slightly above present- 
day values and when warm conditions ex- 
tended to higher latitudes than today (Crow- 
ley and North 1991; Sellwood et al. 1994). 

Submarine volcanism in the Mesozoic may 
have begun as early as the Late Triassic, and 
was directly linked with the breakup of the 
supercontinent Pangea. Rifting apparently 
began in the Carnian (230 Ma) in at least three 
widely separated locations (Veevers 1989). 
Richards et al. (1991) speculated that massive 
submarine volcanism during the Carnian 
formed the Wrangellia Plateau off western 
North America. The flood basalts of the Karoo 
Basin in Africa and the Newark Basin in North 
America heralded the breakup of these con- 
tinents. I suspect that it had a marine com- 
ponent. The dispersion of fragments of Pan- 
gea was well under way by the Middle Ju- 
rassic (175 Ma) (Veevers 1989). There were 

subsequent submarine eruptions that formed 
the Shatsky Rise near the Jurassic-Cretaceous 
boundary (145 Ma) and the Serra Geral and 
Etendeka igneous province during the Early 
Cretaceous (133 Ma), the latter episode her- 
alding the opening of the South Atlantic 
Ocean (Renne et al. 1992; Sager and Han 1993). 
These events were followed by the massive 
submarine eruptions of the Aptian (124-121 
Ma) in the Indian and Pacific oceans, the Al- 
bian (110 Ma) in the Indian Ocean, the late 
Cenomanian (91 Ma) on the Caribbean and 
Colombian plateaus, and the late Maastrictian 
(66 Ma) in the Indian Ocean (see Larson 1991a; 
Richards et al. 1991; Tarduno et al. 1991; Cof- 
fin and Eldholm 1993; Ingram et al. 1994). The 
rate of formation of oceanic crust increased 
by 50% to 75% between 100 and 80 Ma, and 
peaked again around 65 Ma near the end of 
the Cretaceous (Larson 1991a). 

Did submarine volcanism also characterize 
the initiation of the early Paleozoic revolu- 
tion? Brasier (1992) mentioned submarine 
volcanism as taking place near the beginning 
of the Cambrian, but offered no specific evi- 
dence other than the frequent occurrence of 
widespread beds of volcanic ash. Continental 
rifting probably began somewhat earlier, 
about 550 Ma, during the late Vendian (Pow- 
ell et al. 1993). 

A potential problem with this scenario is 
that collisions between continents during the 
Cretaecous caused the subduction of huge 
amounts of carbon and potentially of other 
essential nutrients. Selverstone and Gutzler 
(1993) calculated that collision in the Alpine 
region, which began 125 Ma during the mid- 
Cretaceous, caused the subduction of perhaps 
1017 g of carbon. Additional carbon was lost 
in the Himalayan regions as India collided 
with Asia. This loss of carbon, Selverstone 
and Gutzler argued, could accounted for the 
general cooling that took place in stepwise 
fashion during the Cenozoic. I would re- 
spond by asserting that the loss of carbon did 
not result from subduction beginning 125 Ma, 
but from the formation of the Triassic dolo- 
mites that were ultimately subducted. In oth- 
er words, subduction of carbonates into the 
mantle was only the latest step in a sequence 
that began when carbon and possibly other 
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nutrients were removed from the biogeo- 
chemical cycle by burial in sediments. This 
burial, at least in the Alpine region, preceded 
the Mesozoic episodes of submarine volca- 
nism and biological revolution. Moreover, 
Kerrick and Caldeira (1994) point out that 
metamorphism of subducted dolomites would 
have released carbon dioxide, at least some 
of which is recycled to the atmosphere. They 
also argue that widespread volcanism would 
partially or wholly have offset the carbon loss 
resulting from the subduction associated with 
collisions between continents. 

If submarine volcanism provided the right 
conditions for revolution, then intervals of 
the Phanerozoic when evolutionary events 
were less dramatic should show no evidence 
of submarine volcanic activity or associated 
phenomena. The history of volcanism is still 
not well known, but the available evidence 
supports this hypothesis. The late Paleozoic 
and most of the Triassic were evolutionarily 
rather quiescent intervals, which were char- 
acterized by subduction and continental col- 
lision rather than rifting. The flood-basalt 
eruption of the Siberian Traps at the end of 
the Permian is one of the few such eruptions 
that were not associated with the rifting of 
continents (Hooper 1990; Coffin and Eldholm 
1992; Hill et al. 1992). No large submarine 
volcanic episodes have yet been recognized 
from this interval. 

The Cenozoic record indicates episodes of 
evolutionary escalation among species and of 
rifting and undersea volcanism, but these 
were less dramatic than during the Mesozoic. 
The end-Paleocene to earliest Eocene volca- 
nism in the North Atlantic was perhaps the 
largest Cenozoic submarine eruption. Al- 
though it coincided with the end-Paleocene 
deep-sea extinction event, it may also have 
set the stage for subsequent early Eocene 
warming (see also Rea et al. 1990; Berggren 
and Prothero 1992; Koch et al. 1992; Zachos 
et al. 1993) and for the accompanying diver- 
sification. 

Transgressions and Productivity. -One poten- 
tially important consequence of submarine 
volcanism is a rise in sea level. Transgressions 
may themselves lead to increased productiv- 
ity in the sea as well as on land (Vermeij 1987). 

The shallow seas that spread over the conti- 
nients as sea level rose were probably char- 
acterized by sluggish circulation, fertile sur- 
face waters, and high rates of planktonic and 
benthic photosynthesis. Runoff from the ad- 
jacent land adds nutrients, which remain 
trapped in the stagnant and relatively shal- 
low seas rather than be transported to the 
open ocean (Fischer and Arthur 1977; Fischer 
1981; Worsley et al. 1985; Hallock 1987; Gar- 
zanti 1993). The open ocean therefore re- 
mains relatively infertile, the more so because 
the vigorous mixing necessary to bring nu- 
trients from deep waters to the surface is slow. 
Perhaps most importantly, high stands of sea 
level are associated with broad warm-weather 
zones and with widespread moist climates 
(Crowley and North 1991). All these condi- 
tions make transgressions and high sea levels 
favorable for high productivity on land, in 
eutrophic shallow seas, and on reefs in the 
oligotrophic open ocean. 

The two prehuman Phanerozoic revolu- 
tions were initiated when sea level rose and 
continued during times of exceptional trans- 
gression. The beginning of the Cambrian was 
marked by a period of transgression, which 
coincided with widespread phosphorite de- 
position (Cook and Shergold 1984; Brasier 
1992; Cook 1992). This transgression contin- 
ued, with brief interruptions and with inter- 
mittent phosporite deposition, well into the 
Ordovician (Brasier 1992; HIallam 1992). Sim- 
ilarly, the Jurassic and Cretaceous witnessed 
a general if uneven sea-level rise, which was 
especially dramatic in the mid and early Late 
Cretaceous (Hallam 1992). From the Aptian 
to the Turonian epochs of the Cretaceous, sea 
level rose 125 m, with the result that the ocean 
covered 77% of the earth's surface (Thierstein 
1989; Crowley 1991b; Larson 1991b). 

Other less dramatic episodes of diversifi- 
cation and adaptation, such as those of the 
Middle Ordovician, Devonian, early Eocene, 
early Miocene, and early to middle Pliocene, 
also coincided with transgressions (Vermeij 
1987). These intervals are all recognized as 
times when warm-weather belts were broad 
and when productivity was high (see e.g., 
Crowley 1991a; Crowley and North 1991; 
Dowsett et al. 1992). 
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The late Paleozoic and most of the Triassic 
were evolutionarily quiet periods. Sea level 
generally fell during this interval (Crowley 
and North 1991; Hallam 1992). 

These facts imply that transgressions and 
the various physical and biological phenom- 
ena associated with them contributed to 
Phanerozoic revolutions. The early Paleozoic 
and later Mesozoic transgressions may have 
come at times when inputs of nutrients and 
energy from tectonic sources were unusually 
high. 

A complication in this picture is the infer- 
ence that high fertility occasionally charac- 
terized large parts of the open ocean during 
transgressions. Extensive black shales rich in 
organic carbon formed from time to time be- 
neath seas and oceans. They are usually 
thought to imply anoxic conditions, but Ber- 
trand and Lallier-Vergnes (1993) have shown 
for a Jurassic sequence that not all anoxic de- 
posits are rich in carbon, and that variations 
in the carbon content of such deposits prob- 
ably indicate variations in primary produc- 
tivity in surface waters. The presence of black 
shales therefore indicates high fertility in the 
open ocean. Over the open ocean, such events 
were probably brief (for further discussion 
see Jenkyns 1980; Leggett 1980; de Graciansky 
et al. 1984; Arthur et al. 1985; Thierstein 1989; 
Kemp and Baldauf 1993) and represent times 
of significant loss of carbon and perhaps oth- 
er nutrients from marine organisms to the 
sediment. At the same time, however, carbon- 
rich sediments may also imply high inputs of 
carbon. Very widespread carbon-rich sedi- 
ments of the Early Cretaceous were laid down 
at the time of the Ontong-Java marine vol- 
canism (Bralower et al. 1994). 

Weathering. -The weathering of land mass- 
es is responsible for transporting nutrients to 
the sea. McLennan (1993) estimates that about 
12.6 x 1015 g of suspended sediments reached 
the sea each year before rising by a factor of 
0.6 in the human-dominated biosphere. An 
additional 0.5-0.9 x 1015 g falls as wind-borne 
dust (Rea 1994). Phytoplankton productivity 
and the survival of larvae that feed on phy- 
toplankton are often enhanced by pulses of 
nutrient runoff from adjacent land masses 
(Marsh 1977; Birkeland 1982) and are gen- 

erally correlated with the concentration of 
land-derived minerals (Walsh 1988; Barber 
and Chavez 1991). The most intense chemical 
weathering, which is microbially mediated in 
soils, occurs when mountainous lands are 
subjected to warm, moist conditions. Physical 
erosion by water and wind is most severe in 
glacial regimes and in dry windy places. 

The history of chemical weathering has 
been inferred from strontium isotope ratios 
in marine sediments. The most intense chem- 
ical weathering of continental granitic rocks, 
as inferred from peaks in the 87Sr/86Sr ratio, 
occurred near the beginning of the Cambrian 
(550 Ma) and in the late Cenozoic (the last 2 
m.y.), with a secondary peak at 400 Ma in the 
Devonian (Tardy et al. 1989; Capo and De- 
Paolo 1990; Edmond 1992; Raymo and Rud- 
diman 1992; Richter et al. 1992). These peaks 
correspond to times when sedimentation rates 
were also high (Davies et al. 1977; Tardy et 
al. 1989). Minimal chemical weathering oc- 
curred during the Ordovician (455 Ma) and 
Late Triassic (200 Ma). These conclusions must 
be accepted with caution, however, because 
strontium-isotopic ratios are affected by vari- 
ations,in the isotopic composition and rate of 
production of hydrothermal fluids in the sea, 
as well as by rates of chemical erosion on land 
(Raymo and Ruddiman 1992; Froelich 1993). 

Although nutrient input from the land may 
influence evolutionary opportunity, weath- 
ering probably does not exercise primary con- 
trol. Chemical weathering produces the con- 
centration of carbon dioxide in the atmo- 
sphere (Berner and Raiswell 1983; Des Marais 
et al. 1992; Raymo and Ruddiman 1992) and, 
therefore, may lead to the deterioration of 
thermally favorable conditions. Enrichment 
from dust is greatest during cool times such 
as the glacial Late Pliocene and Pleistocene, 
and least during such warm intervals as the 
early Eocene, middle Miocene, and early Plio- 
cene (Rea 1994). The intensity of weathering 
may be determined largely by tectonic activ- 
ity. Insofar as volcanism and its attendant 
abundance of atmospheric carbon dioxide en- 
hance weathering, the nutrient enhancement 
resulting from the breakdown and transport 
of minerals on land should amplify the ther- 
mal stimulatory effect of volcanism on evo- 
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lutionary opportunity. The early Paleozoic 
revolution in particular may have been fu- 
eled by the high rates of chemical weathering 
and sedimentation that have been docu- 
mented for the early Cambrian. 

Upwelling.-Nutrients and carbon dioxide 
that accumulate in deep water as the result 
of hydrothermal activity or of the descent of 
dead organisms and fecal pellets from the sur- 
face can be transported to the photic zone of 
primary production through upwelling. This 
process requires vigorous vertical mixing in 
the water column. Such mixing is driven by 
thermal convection, surface winds displacing 
surface water that is then replaced by water 
from below, and diversion of ocean currents 
by topographic features of the sea bottom 
(Sheldon 1981; Riggs 1984; Vogt 1989). Nu- 
trients also well up near glaciers and icebergs 
(Apollonio 1973; Sancetta 1992). In the mod- 
ern ocean, upwelling is associated with cool 
surface waters, high planktonic productivity, 
and large standing stocks of algae, suspen- 
sion-feeders, and their consumers (Walsh 
1988; Duggins et al. 1989). Regions of up- 
welling have served as geographical refuges 
from extinction during the Neogene (Vermeij 
1978, 1989b). Upwelling is usually thought to 
have been widespread when the temperature 
gradiant between the equator and the poles 
was steep and when sea level fell, because 
circulation under such circumstances would 
be especially vigorous (Fisher and Arthur 
1977; Hallock and Schlager 1986; Hallock 
1987; Barron and Baldauf 1989). However, 
most of the organic-rich sediments inferred 
to have been deposited in areas of upwelling 
are known from times when sea level was 
high, warm-climate belts were broad, and cir- 
culation should have been sluggish. These 
intervals include the Late Devonian, Creta- 
ceous, and Neogene (Parrish 1987; Bralower 
et al. 1994). Whether the numerous organic- 
rich deposits of the Cambrian, Ordovician, 
and Jurassic were formed under conditions 
of upwelling is less clear (Parrish 1987). 

Upwelling is an important means of redis- 
tributing resources, but it does not exercise 
primary control over evolutionary opportu- 
nity. Experiments in the equatorial Pacific 
show that upwelling is important not only in 

transporting bottom nutrients to surface wa- 
ters, but also in transferring carbon dioxide 
from the ocean to the atmosphere (Murray et 
al. 1994). Vertical mixing may be very wide- 
spread, but if the concentrations of nutrients 
and dissolved carbon dioxide are low in deep 
water, it will be ineffective in stimulating pri- 
mary production in the photic zone or in 
bringing about a change in climate. Upwell- 
ing may have been a critically important 
means for bringing about biosphere-level 
change during the Cretaceous and at other 
times not because mixing was especially vig- 
orous, but because the deep waters that rose 
to the surface were unusually rich in nutri- 
ents and carbon dioxide. In short, upwelling 
is the means, not the message. Its importance 
should be greatest when the interrelated pro- 
cesses of surface primary production and sub- 
marine volcanism are intense. 

If vigorous mixing brings up anoxic bottom 
water, upwelling would have a deleterious 
rather than a stimulatory effect on surface 
productivity. This circumstance might exist 
if surface productivity were high, oxygen 
consumption below the photic zone were high 
(especially in warm deep water), and vertical 
mixing occurred as infrequent events (see e.g., 
Wilde and Berry 1984; Vogt 1989). The fact 
that some extinctions are marked in the sed- 
imentary record by widespread organic-rich 
sediments has led many authors to suggest 
that the catastrophic upwelling of anoxic wa- 
ters to the photic zone caused widespread dis- 
ruption among primary producers (see e.g., 
Wilde and Berry 1984; Hallock 1987; Vogt 
1989; Bralower et al. 1994). I believe that the 
coincidence between extinction and oxygen- 
deficient sediments reflects a reduction in pri- 
mary production at the surface rather than a 
catastrophic upwelling episode of anoxic wa- 
ter followed by a collapse in production. Up- 
welling may occasionally have interfered with 
primary producers, distributing and recy- 
cling resources to the upper ocean and at- 
mosphere. 

Control, Feedback, and Productivity. -The ac- 
tivities of organisms, especially those with 
high metabolic demands (high incomes), can 
enhance productivity substantially and, 
therefore, amplify the stimulating effects of 
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increases in the availability of energy and 
inorganic nutrients. For example, burrowing 
in sediments rescues nutrients that would 
otherwise be buried out of reach of organisms 
(Yingst and Rhoads 1980; Thayer 1983; Fi- 
scher 1984; Bertness 1985; Worsley et al. 1985). 
Herbivory and predation short-circuit the 
slower loop from primary producers to de- 
composers to primary producers (Fischer 1984; 
DeAngelis 1992). Scavenging or decomposi- 
tion by larger fungi and high-energy animals 
also enhances the rate of recycling. Intimate 
associations between organisms with differ- 
ent trophic roles have a similar effect. 

One extremely important but generally 
overlooked way in which amplification oc- 
curs is by the creation of new kinds of re- 
sources for which organisms must complete. 
Locomotion and the evolution of means to 
recognize enemies or the members of one's 
own species were effective responses to pre- 
dation and competition, and they in turn made 
possible the evolution of internal fertiliza- 
tion. As a result, competition for the wholly 
new resource of mates was made possible, 
leading to the evolution of a staggering va- 
riety of sexually related characteristics. Ad- 
ditional resources make for competition on 
many fronts and require even greater so- 
phistication of adaptation for locating, ac- 
quiring, and defending resources. In short, 
such effects create new modes of life, lead to 
the invasion of previously unoccupied en- 
vironments and, therefore, enhance oppor- 
tunities for further adaptation and diversifi- 
cation. 

The amplification of productivity and, 
therefore, of opportunity is an example of 
positive feedback or of what economists call 
increasing returns (Arthur 1989). Most of this 
enhancement is made possible by evolution- 
ary breakthroughs. These are either innova- 
tions within clades-biomechanical or bio- 
chemical inventions-or new relationships 
in the form of intimate associations between 
members of different clades. Thus, the three 
ways that economists have identified as lead- 
ing to economic expansion (Mokyr 1990)- 
higher income (faster metabolism), trade 
(partnerships and interactions), and techno- 
logical innovation (new chemical pathways 

or mechanical structures)-each have their 
counterparts in the economic world of or- 
ganisms. 

It could be argued that technological in- 
novations that expand the control exercised 
by organisms over resources could occur at 
any time irrespective of the supply of energy 
and raw materials. This would indeed be so 
if greater control could be achieved with low 
material or energetic expenditures, or if in- 
novations increased the efficiency of resource 
use. However, as discussed earlier, most in- 
novations that led to greater control over re- 
sources are contingent on a relatively high 
income and are often associated with reduced 
efficiency. The increasing returns that arise 
from competition-enhancing or defense-en- 
hancing innovations are, therefore, more 
likely to take hold when extrinsic supplies of 
energy and nutrients have risen first. 

As pointed out in the introduction, the 
Phanerozoic revolutions are unusual epi- 
sodes in the history of the biosphere because 
they reflect the positive feedback on produc- 
tivity made possible by increasing control by 
organisms over resource supply. Thus, the 
evolution of predation and deep burrowing 
in sediments in the Early Cambrian can be 
interpreted as an increase in the rate of re- 
cycling of nutrients and an expansion of the 
range of environments from which resources 
can be reclaimed. Mineralization can be in- 
terpreted as an effective means of defense 
against the new predators (Vermeij 1990). 
Burrowing may represent another response 
to the evolution of bottom-dwelling preda- 
tors (Vermeij 1987). 

Many of these same responses with their 
attendant positive feedbacks occurred during 
the later Mesozoic. In addition, the evolution 
of flowering plants increased the rates of re- 
cycling on land. Earlier vascular plants were 
characterized by high levels of lignin and 
other effective but inert and energetically ex- 
pensive defenses (Robinson 1990). Flowering 
plants generally rely on defenses that can be 
moved from place to place within the plant 
or that can be manufactured and eliminated 
as circumstances warrant. The concentration 
of lignins and resins is much lower, and 
growth rates are generally much higher (Rob- 
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inson 1990). Decomposition and herbivory 
may occur at higher rates on flowering-plant 
vegetation than they did on the slower-grow- 
ing plant dominants of the late Paleozoic and 
earlier Mesozoic. The evolution of social in- 
sects in the Early Cretaceous further in- 
creased rates of decomposition on land (Rob- 
inson 1990). In the ocean, the evolution of 
mineralized planktonic photosynthesizers 
(coccolithophores, foraminifers, and diatoms) 
brought with it greater control of the bio- 
geochemical cycles of calcium and silicon. I 
do not know whether mineralization provid- 
ed advantages to these photosynthesizing or- 
ganisms against consumers, but this remains 
a possibility. 

General Discussion 
The explanation offered here for the timing 

of the largest Phanerozoic episodes of inno- 
vation, diversification, and biogeochemical 
regulation can be summarized in the form of 
four hypotheses. (1) Increased productivity 
provides enhanced evolutionary opportuni- 
ties for functional improvement and for di- 
versification, and makes possible modes of 
life that require large amounts of energy. (2) 
Long-term increases in productivity occur 
when temperature and nutrient supplies rise 
and when organisms gain greater access to 
resources. (3) Submarine volcanism and the 
accompanying phenomena of warming, hy- 
drothermal activity, rising sea levels, and 
broadening of warm-weather zones led to 
higher productivity and triggered the later 
Mesozoic and perhaps the early Paleozoic 
revolutions. (4) This extrinsic stimulus was 
greatly amplified through positive feedback 
by the evolution of higher metabolic rates 
and other means by which new resources were 
created and the extraction and recycling of 
resources became more effective. 

All attempts to seek causal connections be- 
tween historical events are subject to the crit- 
icism that coincidence or proximity in time 
suggests correlation, but does not demon- 
strate causality. Thus, the fact that processes 
and events with the potential to increase pro- 
ductivity took place in the early stages of the 
two prehuman Phanerozoic revolutions does 
not necessarily imply that the were respon- 

sible for these far-reaching biological changes. 
In the historical record, moreover, even the 
coincidence in timing is open to question giv- 
en the uncertainties in the dating of the geo- 
logical events and their purported biological 
responses. I believe that the power of the ex- 
planation offered here is that the geological 
events and processes are linked to evolution- 
ary processes by a logical chain of principles 
from ecology, population biology, economics, 
geology, and paleontology. 

Is it reasonable to expect that biogeochem- 
ical revolutions have a common cause? The 
answer to this question depends on deep- 
seated views about how the world works. I 
maintain a certain hope that patterns of cau- 
sality exist and that they are independent of 
time. In other words, I believe there is pre- 
dictability underlying all the unique partic- 
ulars of times, events, places, and partici- 
pants. If it is legitimate to seek common caus- 
es or circumstances for extinctions, as I be- 
lieve it is, then I see no reason why a similar 
optimism should not also apply to revolu- 
tions. 

Relation to the Supercycle Theory. -The two 
prehuman Phanerozoic revolutions coincide 
with the rifting phases of that have been de- 
scribed as tectonic-climatic supercycles. Dur- 
ing the early phases, a supercontinent begins 
to fracture and the fragments drift apart. In 
consequence, sea levels rise, carbon dioxide 
and other mantle-derived materials are added 
to the crust, oceans, and atmosphere, and 
warm climatic zones expand (Fischer 1981, 
1984, 1985; Worsley et al. 1985; Nance et al. 
1986; Veevers 1989, 1990). 

With only two supercycles reasonably well 
characterized, I believe it is premature to in- 
fer an oscillatory or cyclical pattern of climate 
and tectonic activity in earth history. For the 
thesis of this paper, however, the important 
point is that great evolutionary opportunities 
seem to be concentrated at times when very 
large land masses being to break up and drift 
apart. 

Long-Term Trends. -Several claims have 
been made about long-term trends at the level 
of individual organisms and ecosystems. I 
have argued that there has been increasing 
sophistication in competition-related and de- 
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fense-related attributes of organisms within 
specific environments through time as the re- 
sult of a discontinuous process of escalation 
between species and their enemies (Vermeij 
1987). Bambach (1993) has marshalled evi- 
dence in favor of the view that marine pri- 
mary productivity has increased through the 
Phanerozoic. Reversals in both purported 
trends have been brief and, in the long run, 
inconsequential. Thus, the gains made when 
evolutionary opportunity was greatest have 
generally not been undone subsequently 
when continental fragments coalesced, sea 
levels fell, warm belts shrank, and levels of 
carbon dioxide in the atmosphere declined. 
The pace of innovation may have slackened- 
indeed, the innovative phase wanes long be- 
fore the diversification phase does-but the 
novel high-energy modes of life and new 
clades for the most part persist. Even the mass 
extinctions that cropped the diversity of life 
from time to time (Sepkoski 1990) only briefly 
and insignificantly interrupted the long-term 
trends (Vermeij 1987; Jackson and McKinney 
1990). This may in part be attributable to the 
fact that the average rate of species formation 
has exceeded the average rate of extinction 
during most intervals of the Phanerozoic, and 
that species numbers have on the whole in- 
creased through time (see also Cracraft 1985; 
Hoffman 1989; Vermeij 1989a; Signor 1990). 

Human economic history shows a similar 
retention of gains despite fluctuations in re- 
source availability and economic opportuni- 
ty. The conditions that make innovation pos- 
sible are, therefore, much less common and 
probably of much shorter duration than are 
the conditions under which the new econom- 
ic system and its participants are maintained. 

Outstanding Questions and Tests. -Many 
questions remain unanswered. Perhaps the 
most important is whether nutrient supply or 
energy supply is the critical economic stim- 
ulus. On the one hand it could be argued that, 
because primary producers harness only a tiny 
fraction of incoming solar radiation, the 
availability of energy does not constrain evo- 
lution. Terrestrial plants can take up no more 
than 20% of full sunlight (Horn 1971), and 
transfer of energy between trophic levels oc- 
curs with efficiencies that are often below 10% 
(DeAngelis 1992). However, higher temper- 

atures up to a critical threshold of 30?C to 40?C 
(depending on the species) do permit a great- 
er range of functions and speed up the con- 
sumption and redistribution of nutrients. Be- 
cause locomotor speed and the demand for 
food typically rise with temperature, encoun- 
ter rates between consumers and their re- 
sources also increase, promoting trade and its 
attendant economic wealth. An increase in 
global temperature or a widening of warm 
zones resulting from a rise in carbon dioxide 
concentrations from volcanic sources would 
provide opportunities for the evolution of 
high metabolic activity and increase access of 
organisms to available resources. Enhance- 
ment of nutrient supplies alone is probably 
not sufficient. The cold circum-Antarctic ocean 
supports some of the most fertile waters 
known, but most species there are physiolog- 
ically and evolutionarily constrained by win- 
ter darkness (Clarke 1983, 1993) and to some 
extent also by low temperatures. I therefore 
suspect that warming associated with sub- 
marine volcanism and related phenomena is 
even more important as an economic stimulus 
than is an increase in nutrient supply. 

Another question is whether the thermal 
stimulus and nutrient enrichment from sub- 
marine volcanism and transgression are suf- 
ficient in magnitude and duration to have 
propelled the biosphere into revolution. Are 
there critical increments or time scales over 
which productivity must rise in order to es- 
tablish and sustain the new higher-energy 
modes of life that created the positive feed- 
back to still higher productivity? 

Answers to these questions will require 
ecosystem-level modeling of nutrient and en- 
ergy inputs, feedback mechanisms among 
trophic levels, temperature effects on ecosys- 
tem function, and nutrient cycling on very 
long time scales. Up until now, such efforts 
have been done at time scales of a decade or 
less (see e.g., DeAngelis 1992; Melillo et al. 
1993). It is also important to extend popula- 
tion-genetic modeling. For example, what is 
the minimum duration (expressed either as 
absolute time or as number of generations) 
necessary for the completion of speciation and 
for the establishment of significant function- 
al improvements in a world of expanding 
populations and resources? 
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There is ample opportunity to test aspects 
of the general hypothesis of evolutionary op- 
portunity proposed here. Future efforts should 
concentrate on increasing the precision of 
dates and durations of physical events as well 
as biological responses. If the hypotheses in 
this paper are correct, submarine volcanism 
and increases in productivity and per capita 
access should be demonstrable not only for 
the two Phanerozoic revolutions, and also for 
the earlier Proterozoic revolutions docu- 
mented by Knoll (1992) and Des Marais et al. 
(1992) and for the less dramatic Phanerozoic 
episodes of the mid-Paleozoic and Cenozoic. 
A record of submarine volcanism, chemical 
and physical weathering, and upwelling, to- 
gether with a better quantitative understand- 
ing of their physical and biological conse- 
quences, will provide data that will either 
support or refute the claims in this paper. 

Because productivity is the link between 
extrinsic causes and evolutionary opportu- 
nity, efforts must be made to find reliable 
measures or indicators of primary productiv- 
ity in the fossil record. Although analyses of 
carbon isotopes are promising (see e.g., Ar- 
thur et al. 1985, 1987), I believe that paleo- 
bioassays based on the sizes and abundances 
of epibiont communities on shell-bearing 
marine animals should be developed from 
studies of Recent ecosystems in order to es- 
timate marine productivity in benthic com- 
munities of the past. With such estimates, cor- 
relation between increases in productivity and 
episodes of biogeochemical and enemy-relat- 
ed innovation can be placed on a firmer foot- 
ing than is now possible. 

The validity of the claim that extrinsic caus- 
es rather than the coincidental invention of 
novelties are ultimately responsible for the 
great evolutionary bursts can also be tested 
by comparing the time of appearance of prob- 
able key innovations in biochemical path- 
ways, organic architecture, and symbiosis with 
known physical events and with purported 
evolutionary consequences. I predict that, al- 
though innovations may arise at any time, 
those that make possible greater access to and 
more rapid use of resources will be found to 
appear and to spread at times when resource 
supply and temperature increase. 

Similarly, the role of crises in setting the 

stage for subsequent innovation can be tested 
by plotting the appearance of extinction 
events and of evolutionary breakthroughs in 
chemistry, symbiosis, or developmental pat- 
tern. I predict that evolutionary break- 
throughs will correspond to times of resource 
expansion rather than to time intervals im- 
mediately following crises, because environ- 
ments during the latter intervals either are 
still hostile or are characterized by reduced 
intensities of competition and predation (eco- 
nomic activity). 

The Human Revolution. -The rise of the hu- 
man species would be justifiably regarded as 
a third Phanerozoic revolution. Not only are 
our activities changing biogeochemical cycles 
on a global scale, but our species has a vastly 
higher per capita use of energy and materials 
than has any other. It is therefore legitimate 
to ask whether our origin and rise to domi- 
nance during the Pliocene can be attributed 
to circumstances similar to those hypothe- 
sized to be responsible for earlier revolutions. 

The early to middle Pliocene was a time of 
significant transgression, broadening of warm 
belts, and tectonically induced geographical 
change (see Crowley 1991a; Dowsett et al. 
1992). Whether these changes are accompa- 
nied by submarine volcanism and by high 
concentrations of carbon dioxide in the at- 
mosphere is unclear, but the preglacial Plio- 
cene seems to have been characterized by high 
productivity. Kennett and Thunell (1975) 
claimed that the frequency of deep-sea ash 
beds and, therefore, the frequency of volcanic 
eruptions, was especially high during the last 
2 m.y., and had a secondary peak during the 
early Pliocene. Rates of sedimentation and of 
chemical weathering were also high during 
this interval (Davies et al. 1977; Capo and 
DePaolo 1990; Edmond 1992; Raymo and 
Ruddiman 1992). However, it is perhaps even 
more likely that the high frequency of ash 
beds is the consequence of strong winds, 
which would carry airborne nutrients like 
iron to open oceans where an increase in pro- 
ductivity would then be likely (see e.g., Si- 
gurdsson 1990; Berger and Wefer 1991). 

Once humans achieved technological so- 
phistication, the biosphere-scale changes that 
ensued were almost entirely caused by hu- 
man agency. This was achieved in large mea- 
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sure by the greater access to energy and to an 
ever increasing variety of natural resources 
of food, industrial materials, minerals, metals, 
fibers, fertilizer, medicines, and so on. At no 
time in the history of life have increasing 
returns and positive feedbacks played so dra- 
matic a role in stimulating productivity as 
they do in the expanding economies of tech- 
nologically advanced human societies (see 
e.g., Arthur 1989; Mokyr 1990). 

Implications for Macroevolution. -The view- 
point elaborated in this paper is that the tim- 
ing of great biological events, whether they 
be extinctions or revolutions, is set by extrin- 
sic circumstances, which trigger a cascade of 
consequences that are controlled by ecolog- 
ical and evolutionary processes intrinsic to 
organisms. In this view, the everyday lives 
of individuals as well as the comings and go- 
ings of evolutionary branches are dictated by 
economic conditions. The microevolutionary 
and microeconomic market forces of compe- 
tition, natural selection, and adaptation op- 
erate against a backdrop of macroeconomic 
supply and demand. The latter is under both 
extrinsic and intrinsic control, and there is a 
tight two-way causal link between processes 
at the microeconomic and macroeconomic 
scale. 

It may be that, as control by organisms over 
supply increases, the relative importance of 
extrinsic factors wanes. This may explain why 
observers familiar with evolutionary events 
of the Proterozoic and early Phanerozoic have 
tended to emphasize extrinsic factors (see e.g., 
Boucot 1975; Des Marais et al. 1992; Knoll 
1992), whereas those who work on later 
Phanerozoic history have more often invoked 
intrinsic factors (Vermeij 1977; Robinson 
1990). 

There may be a parallel in human economic 
history. Whereas early phases in our tech- 
nological development may have been under 
strong extrinsic control, the dramatic tech- 
nological innovations of the Industrial Rev- 
olution and especially the period after 1850 
may, as Mokyr (1990) argues, be largely at- 
tributable to powerful positive feedback ini- 
tiated by a few key inventions and by sci- 
entific research. 

My conception of evolutionary opportu- 

nity differs from that of others in the role 
accorded to competition. In his metaphor of 
the wedge, Darwin (1872) assumed that, be- 
cause competition for resources is an impor- 
tant agency of selection, an intensification of 
competition would result in stronger selec- 
tion and, therefore, in more rapid evolution. 
This inference is correct as long as selection 
changes the adaptational status quo, that is, 
if a heritably based response to competition 
is possible. With more intense competition, 
however, most selection prunes extreme phe- 
notypes and therefore effectively reinforces 
the status quo and prevents evolution. In or- 
der for competition, predation, or any other 
agency of selection to cause evolution, selec- 
tion must be directional; an adaptive response 
must be possible. This can happen only when 
functional incompatibilities that yield the ad- 
aptational status quo are relaxed, which is 
most likely when individuals in the popu- 
lation gain greater access to resources. Com- 
petition in the broad sense may be necessary 
for the evolution of functional improvement, 
but it becomes sufficient only when individ- 
uals or populations can respond to change. 
The increased availability of, and access to, 
resources means that the vessel in which the 
wedge fits is becoming larger. 

The economic view of evolution I have out- 
lined in this paper has implications for the 
way in which macroevolutionary processes of 
diversification and extinction are viewed. In 
the macroevolutionary framework erected by 
Stanley (1975, 1979), Gould (1982, 1985), and 
others, processes affecting the appearance and 
disappearance of species and more inclusive 
clades must be understood in terms of col- 
lective properties, that is, of attributes that 
characterize groups rather than individuals. 
The fates of clades, in other words, are to a 
significant extent decoupled from (or inde- 
pendent of) the fates of individual organisms, 
so that the traditional concepts of natural se- 
lection and adaptation that apply to the evo- 
lution of individuals cannot be invoked. The 
rise and fall of clades obey principles differ- 
ent from those governing the success and fail- 
ure of organisms. 

Such an approach is analogous to the ar- 
gument that the rise and fall of nations can 
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be understood by working out the genealogy 
(phylogeny) and pattern of replacement of 
rulers. A political history of nations (or of 
clades) provides a sufficient account of his- 
tory. 

I believe that, important as it is to trace 
patterns of descent and replacement and to 
identify the traits that affect the fates of clades, 
such a macroevolutionary world view is in- 
complete. Organisms and clades, like citizens 
and nations, are affected by, and must re- 
spond to, an environment that presents chal- 
lenges and opportunities. Individual organ- 
isms respond to events whose frequency is 
within the time scale of individual lifespans; 
clades respond to less frequent changes. The 
economic perspective provides a satisfying 
integration of microevolutionary and mac- 
roevolutionary principles by emphasizing the 
fact that history is at all times and at all spatial 
and temporal scales influenced by resources 
and by the market forces that apply to them. 
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