
When Climate Twitches, 
Evolution Takes Great Leaps 
Earth's climate system has ridden a slow ro- 
ller coaster for the past 60 million years. It 
warmed gradually until about 53 million years 
ago, reaching a peak that brought crocodiles 
to northern Canada; then it entered a long, 
undulating downgrade toward the ice-age 
world of the past few million years. Because 
the same span of time brought major evolu- 
tionary changes, including the rise of mod- 

The earlier of the two climate excursions 
explains a paleontological puzzle: the sudden 
appearance in North America of mammals 
cast in the mold of modem beasts. As paleon- 
tologist Philip Gingerich of the University of 
Michigan explains it, before the beginning of 
the Eocene epoch 55 million years ago, the 
archaic mammals that then lived in North 
America, in particular those whose fossils oc- 
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Abrupt climate excursions, superimposed on 
these long-term trends, have now been linked 
to rapid periods of mammal evolution. 

The evidence for short, sharp evolutionary 
shocks comes from studies of a pair of mirror- 
image climate shifts at opposite ends of the 
Eocene epoch, 55 million and 33.5 million 
years ago. In both cases, researchers studying 
the record of climate  reserved in sea-floor 
sediments have found that a gradual climate 
change-warming in the first case, cooling in 
the second-suddenly steepened into a short- 
lived pulse of extreme warming or cooling. 
The short time scale of these events and their 
clear coincidence with turning points in the 
evolution of mammals are providing the tight- 
est links yet between global climate change 
and evolution on land. And these climatic 
tremors also raise questions about the work- 
ings of the global climate system itself, leaving 

happen in a hurry. 
Last year, paleoceanographers came up 

with a possible trigger for this evolutionary 
jump (Science, 20 September 1991, p. 1359). 
James Kennett of the University of California, 
Santa Barbara, and Lowell Stott of the Uni- 
versity of Southern California found a sharp 
blip in the ratio ofoxygen isotopes preserved in 
sea-floor sediment off Antarctica. Their inter- 
pretation of the isotope record, which canpro- 
vide a gauge of water temperature, was that 
about 55 million years ago, during the gradual 
warmine that culminated 2 million vears later. - 
the temperature of the deep sea soared from 
about 10°C to 18°C in just 2000 years. And 
those same 2000 years witnessed the extinc- 
tion of more than 40% of the bottom-dwell- 
ing, unicellular animals called foraminifers. 
Kennett and Stott surmised that the ocean's 
circulation, which today has cold water sink- 

researchers to wonder whether such excursions ing at high latitudes and returning to the sur- 
might be the rule, rather than the exception, face at low latitudes, had temporarily reversed, 
whenever climate is undergoing a long flooding the deep sea with warm water for 
term change. about 100,000 years. 

This was strong circumstantial evidence 
that a global climate shift, signaled by the 
sudden ocean warming, had spurred the evo- 
lutionary changes on land. But there was still 
the auestion of timine. The coincidence of - 
the mammal transition and the ocean warm- 
ing was close, but researchers lacked the tools 
to determine whether they were in fact si- 
multaneous. They might still have separated 
by as much as a million years. 

Now, some fancy dental work has provided 
the bridge. Geochemist Paul Koch of the 
Carnegie Institution of Washington's Geo- 
physical Laboratory, paleoceanographer James 
Zachos of the University of Michigan, and 
Gineerich have found a distant echo of the 
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ocean warming preserved in the mammal fos- 
sils themselves. Kennett and Stott's orieinal - 
analysis of ocean sediment showed that, along 
with the shift in oxygen isotopes, the ocean 
warming was accompanied by a sharp but brief 
shift in the isotope composition of the carbon 
in seawater carbonates  a change presumably 
related to the biological productivity of the 
ocean. As the ocean exchaneed carbon with 
the air in the form of carbon dLxide, Koch and 
his colleagues reasoned, that signal would have 
passed through the atmosphere, to land plants 
as they took up the carbon dioxide, and finally 
to the teeth and bones of the animals that ate 
the ~lants. And when Koch and his colleagues - 
measured the carbon isotopes in herbivorous 
mammal teeth found across 4 million years 
spanning the beginning of the Eocene, a geo- 
logically instantaneous spike like the one in 
the ocean showed up at exactly the right mo- 
ment. It appeared just when archaic mammals 
disappeared and the new, modem mammals 
came in with a bang. 

The abrupt warming seems to be guilty as 
charged, but exactly how it did its work is far 
from clear. One possibility, says Gingerich, is 
that the accelerated warming simply drove 
evolutionary adaptation fast enough to trans- 
form archaic mammals into recognizably mod- 
em forms. Or, the warming might have made 
cold, high latitudes hospitable enough for spe- 
cies from other continents to take advantage 
of the arctic land bridges that existed at that 
time and invade, wiping out indigenous spe- 
cies-an evolutionary turning point of a dif- 
ferent kind. The problem with that scenario is 
that paleontologists have yet to identify pro- 
genitors of modernNorth American mammals 
on another continent. 

La Grande Coupure 
Despite the missing pieces in this early Eocene 
climate-evolution connection, it's the clearest 
link earth scientists have between a change 
in climate and a watershed in evolution. It 
has a strong rival, however. At the other end 
of the Eocene, researchers have found an- 
other good example of a climate excursion 
that may have goaded evolutionary change. 
Again, the new result may solve a long-stand- 

SCIENCE VOL. 257 18 SEPTEMBER 1992 



ing evolutionary puzzle: a turning point in 
the evolution of mammals in Europe perhaps 
half a million years after the boundary be- 
tween the Eocene and the Oliacene epochs. 
This t rans i t iow momentous that in 1903 
it was dubbed "La Grade Coupme," the great 
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nos, primitive deer and antelopes, and mod- 
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three cooling-related events strengthens the invokesfeedbacks-the tendency ofsomepro- 
contention that they are indeed related to a cesses, once pushed in one direction, to feed 
single, brief, global cold spell. on themselves and drive even further in that 

Given the evidence that abrupt climate direction. The greenhouse effect of atmospheric 
excursions can wipe out the better part of a carbondioxide might lead to feedbacks in both 
continent's mammals and open a new chapter warming andcooling, says the Michigangroup. 
in evolution, it's no surprise that researchers In the short run, note the researchers, the mi- 
are eager to understand what causes them. Cli- croscopic plants of the ocean's surface waters 
matologists have had no trouble coming up can affect carbon dioxide concentrations by 
with possible causes for the , - ?- ,,F: r-- - pumping carbon from the at- 

$ long-term warming and : :  mosphere into the deep sea in 
cooling that form the the form of a rain of organic 

$ background for these sud- debris. If an abrupt change in 
den events. The gradual circulation during a cooling 
warming that peaked 53 drove that pump faster by sup- 

* million years ago, for ex- plying more nutrients to the 
ample, may have resulted plants, for example, the green- 
when volcanoes or hot house effect would weaken 
springs on the ocean floor and climate would cool even 
drove excess carbon diox- further. Only when the slow 
ide into the atmosphere; overturn that links surface 
the long-term cooling of waters with ocean depths-a 
the Eocene and early Oli- much stronger influence over 
gocene may have ensued atmospheric carbon dioxide 
when drlfting continents than the surface waters-took 
changed the pattern of control thousands of years 
ocean currents, which af- later would the global green- 
fect climate by ferrying house stabilize. 
heat around thekorld: Progenitor primate. Tetonius, one of But it will take more than 
ternatively, the uplift of the oldest known primates. the two climate twitches at 
the Himalayas and the Ti- either end of the Eocene to 
betan Plateau could have spurred the cooling 
by redirecting atmospheric circulation. 

But neither the warming spike that ushered 
in the Eocene nor the pulse of cooling that 
followed it has any obvious trigger such as an 
asteroid impact. Zachos and company, how- 
ever, see clues in the similarities between the 
events. Both were short-lived, lasting only 
about 100,000 years. Both were embedded in 
long-term temperature trends having the same 
direction as the short-term events. And both 
seem to have been accompanied by changes in 
ocean circulation and carbon cycling. 

All those parallels lead Zachos and his col- 
leagues to suggest two separate mechanisms 
that may work together to produce short-lived 
climate excursions during a time of gradual 
change. One is a tendency, proposed earlier by 
other researchers, for a gradually changing cli- 
mate to jump from one relatively stable state to 
another. In one example, gradual cooling might 
lead to the sudden onset of an ice age when the 
temperature reached acritical threshold below 
which snow no longer melts away each sum- 
mer and begins to accumulate rapidly from 
year to year. During gradual warming, ocean 
circulation might create another threshold; at 

firm up these speculations. To get a better 
reading on what causes these climate excur- 
sions, and how important they have been in 
the history of life, paleoclimatologists and pa- 
leontologists will be teaming up to test other 
seemingly gradual climate transitionlextinc- 
tion pairs for possible abruptness. Closer to 
home, climate researchers are wondering: If 
gradual climate change lasting millions ofyears 
was enough to derail the climate system tem- 
porarily, what is in store during the uniquely 
rapid greenhouse warming predicted for the 
next century? 

-Richard A. Kerr 
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An Intimate 
Look at 
Nitrogen's 
Bio-Partner 
Nitrogen is a star of biological chemistry- 
a vital player in nucleic acids such as DNA 
and in the proteins responsible for every 
organism's structure and function. It can be a 
reluctant performer, though: Atmospheric ni- 
trogen, its two atoms joined by a strong triple 
bond, ordinarily won't link up with other 
elements except under extreme duress, such 
as the high temperatures and pressures cre- 
ated in a lightning bolt or in industrial syn- 
theses. Indeed, nitrogen might never have 
won much of a part on the biological stage 
without help from a powerful costar, an en- 
zyme called nitrogenase, which can break 
the strong bonds of atmospheric nitrogen and 
"fix" nitrogen into ammonia (a precursor of 
other nitrogen-containing compounds), even 
at room temperature and pressure. But for de- 
cades the enzyme that performs this feat has 
remained in the shadows. the details of its 
structure and workings a mystery-until now. 

In this issue of Science, protein crystallog- 
rapher Doug Rees of the California Institute 
of Technology and his colleagues chase away 
some of those shadows. O n  pages 1653 and 
1677, they offer a close look, based on years 
of painstaking x-ray crystallography, at the 
nitrogenase complex's two components: an 
iron-containing protein and a larger, molyb- 
denum- and iron-rich partner (the so-called 
MoFe protein). The resulting portrait is de- 
tailed enough to allow the researchers to 
speculate about how the enzyme plays part of 
its role-how it uses adenosine triphosphate 
(ATP), the chief energy currency of the cell, 
to power the nitrogen-fixing process. 
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The entire picture isn't in focus yet-a 
fact that was underscored at last month's 
American Chemical Society meeting in 
Washington, D.C. There, Purdue University 
crystallographer Jeffrey T. Bolin, who has 
been racing Rees' group to unravel the struc- 
ture of nitrogenase, presented unpublished 
data about the structure of the metal-con- 
taining centers of the MoFe p ro te inaa ta  
that bear out much of Rees' model but con- 
tradict some parts of it. But chemists and 
geneticists are already eyeing the new struc- 
ture as a guide to designing synthetic cata- 
lysts that could mimic the activity of the 
natural enzyme, which is found only in cer- 
tain bacteria that live in the soil and on the 
roots of a few tropical plants and legumes 
such as peas and alfalfa. To  Harvard Univer- 
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