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P A R T  ll THE SIZE OF THE EARTH

Nature and Nature's laws lay hid in night; 
God said, Let Newton be! and all was light.

—Alexander Pope





4 THE MEASURE OF THINGS

IF YOU HAD to select the least convivial scientific field trip o f all time, you 
could certainly do worse than the French Royal Academy o f Sciences’ Pe­
ruvian expedition of 1735. Led by a hydrologist named Pierre Bouguer and 
a soldier-mathematician named Charles Marie de La Condamine, it was a 
party o f scientists and adventurers who traveled to Peru with the purpose 
o f triangulating distances through the Andes.

At the time people had lately become infected with a powerful desire 
to understand the Earth—to determine how old it was, and how massive, 
where it hung in space, and how it had come to b e The French party’s goal 
was to help settle the question o f the circumference o f the planet by mea­
suring the length o f one degree o f meridian (or 1/360 o f the distance 
around the planet) along a line reaching from Yarouqui, near Quito, to just 
beyond Cuenca in what is now Ecuador, a distance o f about two hundred 
miles.*

* Triangulation, their chosen method, was a popular technique based on the geo­
metric fact that if you know the length o f one side o f a triangle and the angles of 
two comers, you can work out all its other dimensions without leaving your chair.
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44 THE SIZE OF THE EARTH

Almost at once things began to go wrong, sometimes spectacularly so. 
In Quito, the visitors somehow provoked the locals and were chased out 
o f town by a mob armed with stones. Soon after, the expedition’s doctor 
was murdered in a misunderstanding over a woman. The botanist became 
deranged. Others died o f fevers and falls. The third most senior member 
of the party, a man named Pierre Godin, ran off with a thirteen-year-old 
girl and could not be induced to return.

At one point the group had to suspend work for eight months while 
La Condamine rode off to Lima to sort out a problem with their permits. 
Eventually he and Bouguer stopped speaking and refused to work to­
gether. Everywhere the dwindling party went it was met with the deepest 
suspicions from officials who found it difficult to believe that a group of 
French scientists would travel halfway around the world to measure the 
world. That made no sense at all. Two and a half centuries later it still 
seems a reasonable question. Why didn’t the French make their measure­
ments in France and save themselves all the bother and discomfort o f their 
Andean adventure?

The answer lies partly with the fact that eighteenth-century scientists, 
the French in particular, seldom did things simply if  an absurdly demand­
ing alternative was available, and partly with a practical problem that had 
first arisen with the English astronomer Edmond Halley many years be­

Suppose, by way of example, that you and I decided we wished to know how far it 
is to the Moon. Using triangulation, the first thing we must do is put some distance 
between us, so let’s say for argument that you stay in Paris and I go to Moscow and 
we both look at the Moon at the same time. Now if you imagine a line connecting 
the three principals of this exercise-that is, you and I and the M oon-it forms a tri­
angle Measure the length of the baseline between you and me and the angles of  
our two comers and the rest can be simply calculated. (Because the interior angles 
of a triangle always add up to 180 degrees, if you know the sum o f two of the an­
gles you can instantly calculate the third; and knowing the precise shape o f a tri­
angle and the length o f one side tells you the lengths of the other sides.) This was 
in fact the method use by a Greek astronomer, Hipparchus of Nicaea, in 150 B.C. to 
work out the Moon’s distance from Earth. At ground level, the principles of trian­
gulation are the same, except that the triangles don’t reach into space but rather are 
laid side to side on a map. In measuring a degree of meridian, the surveyors would 
create a sort of chain of triangles marching across the landscape.
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fore-long before Bouguer and La Condamine dreamed o f going to South 
America, much less had a reason for doing so.

Halley was an exceptional figure In the course o f a long and produc­
tive career, he was a sea captain, a cartographer, a professor of geometry at 
the University o f Oxford, deputy controller o f the Royal Mint, astronomer 
royal, and inventor of the deep-sea diving bell. He wrote authoritatively on 
magnetism, tides, and the motions o f the planets, and fondly on the effects 
o f opium. He invented the weather map and actuarial table, proposed 
methods for working out the age o f the Earth and its distance from the 
Sun, even devised a practical method for keeping fish fresh out o f season. 
The one thing he didn’t do, interestingly enough, was discover the comet 
that bears his name. He merely recognized that the comet he saw in 1682 
was the same one that had been seen by others in 1456, 1531, and 1607 It 
didn’t become Halley’s comet until 1758, some sixteen years after his death.

For all his achievements, however, Halley’s greatest contribution to 
human knowledge may simply have been to take part in a modest scien­
tific wager with two other worthies o f his day: Robert Hooke, who is per­
haps best remembered now as the first person to describe a cell, and the 
great and stately Sir Christopher Wren, who was actually an astronomer 
first and architect second, though that is not often generally remembered 
now. In 1683, Halley, Hooke, and Wren were dining in London when the 
conversation turned to the motions o f celestial objects. It was known that 
planets were inclined to orbit in a particular kind o f oval known as an el­
lipse—"a very specific and precise curve," to quote Richard Feynman-but it 
wasn’t understood why. Wren generously offered a prize worth forty 
shillings (equivalent to a couple o f weeks’ pay) to whichever o f the men 
could provide a solution.

Hooke, who was well known for taking credit for ideas that weren’t 
necessarily his own, claimed that he had solved the problem already but 
declined now to share it on the interesting and inventive grounds that it 
would rob others o f the satisfaction o f discovering the answer for them­
selves. He would instead "conceal it for some time, that others might know 
how to value it" If  he thought any more on the matter, he left no evidence 
o f it  Halley, however, became consumed with finding the answer, to the
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point that the following year he traveled to Cambridge and boldly called 
upon the university’s Lucasian Professor o f Mathematics, Isaac Newton, in 
the hope that he could help.

Newton was a decidedly odd figure-brilliant beyond measure, but 
solitary, joyless, prickly to the point of paranoia, famously distracted (upon 
swinging his feet out o f bed in the morning he would reportedly some­
times sit for hours, immobilized by the sudden rush of thoughts to his 
head), and capable o f the most riveting strangeness. He built his own lab­
oratory, the first at Cambridge, but then engaged in the most bizarre ex­
periments. Once he inserted a bodkin-a long needle of the sort used for 
sewing leather-into his eye socket and rubbed it around “'betwixt my eye 
and the bone as near to [the] backside of my eye as I could" just to see what 
would happen. What happened, miraculously, was nothing-at least noth­
ing lasting. On another occasion, he stared at the Sun for as long as he 
could bear, to determine what effect it would have upon his vision. Again 
he escaped lasting damage, though he had to spend some days in a dark­
ened room before his eyes forgave him.

Set atop these odd beliefs and quirky traits, however, was the mind of 
a supreme genius-though even when working in conventional channels 
he often showed a tendency to peculiarity. As a student, frustrated by the 
limitations o f conventional mathematics, he invented an entirely new 
form, the calculus, but then told no one about it for twenty-seven years. In 
like manner, he did work in optics that transformed our understanding of 
light and laid the foundation for the science of spectroscopy, and again 
chose not to share the results for three decades.

For all his brilliance, real science accounted for only a part o f his in­
terests. At least half his working life was given over to alchemy and way­
ward religious pursuits. These were not mere dabblings but wholehearted 
devotions. He was a secret adherent of a dangerously heretical sect called 
Arianism, whose principal tenet was the belief that there had been no Holy 
Trinity (slightly ironic since Newton’s college at Cambridge was Trinity). 
He spent endless hours studying the floor plan of the lost Temple of King 
Solomon in Jerusalem (teaching himself Hebrew in the process, the better 
to scan original texts) in the belief that it held mathematical clues to the



THE MEASURE OF THINGS 47

dates o f the second coming of Christ and the end of the world. His at­
tachment to alchemy was no less ardent In 1936, the economist John 
Maynard Keynes bought a trunk of Newton’s papers at auction and dis­
covered with astonishment that they were overwhelmingly preoccupied 
not with optics or planetary motions, but with a single-minded quest to 
turn base metals into precious ones. An analysis o f a strand of Newton’s 
hair in the 1970s found it contained mercury-an element of interest to al­
chemists, hatters, and thermometer-makers but almost no one else-at a 
concentration some forty times the natural level. It is perhaps little wonder 
that he had trouble remembering to rise in the morning.

Quite what Halley expected to get from him when he made his unan­
nounced visit in August 1684 we can only guess. But thanks to the later ac­
count of a Newton confidant Abraham DeMoivre, we do have a record of 
one of science’s most historic encounters:

In 1684 Dr Halley came to visit at Cambridge [and] after they had 
some time together the Dr asked him what he thought the curve 
would be that would be described by the Planets supposing the 
force o f attraction toward the Sun to be reciprocal to the square o f 
their distance from it

This was a reference to a piece of mathematics known as the inverse 
square law, which Halley was convinced lay at the heart o f the explanation, 
though he wasn’t sure exactly how.

Sr Isaac replied immediately that it would be an [ellipse]. The Doc­
tor, struck with joy amazement asked him how he knew it 
‘Why,’ saith he, ‘I have calculated i t ’ whereupon Dr Halley asked 
him for his calculation without farther delay, Sr Isaac looked 
among his papers but could not find it

This was astounding-like someone saying he had found a cure for 
cancer but couldn’t remember where he had put the formula. Pressed by 
Halley, Newton agreed to redo the calculations and produce a paper. He
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did as promised, but then did much more. He retired for two years o f in­
tensive reflection and scribbling, and at length produced his masterwork: 
the Philosophiae N aturalis Principia M athem atica or M athem atical Princi­
ples o f  Natural Philosophy, better known as the Principia.

Once in a great while, a few times in history, a human mind produces 
an observation so acute and unexpected that people can’t quite decide 
which is the more amazing-the fact or the thinking of it Principia was one 
of those moments. It made Newton instantly famous. For the rest o f his 
life he would be draped with plaudits and honors, becoming, among much 
else, the first person in Britain knighted for scientific achievement Even 
the great German mathematician Gottfried von Leibniz, with whom New­
ton had a long, bitter fight over priority for the invention o f the calculus, 
thought his contributions to mathematics equal to all the accumulated 
work that had preceded him. "Nearer the gods no mortal may approach,' 
wrote Halley in a sentiment that was endlessly echoed by his contempo­
raries and by many others since.

Although the Principia has been called "one o f the most inaccessible 
books ever written" [Newton intentionally made it difficult so that he 
wouldn’t be pestered by mathematical "smatterers," as he called them), it 
was a beacon to those who could follow it  It not only explained mathe­
matically the orbits o f heavenly bodies, but also identified the attractive 
force that got them moving in the first place-gravity. Suddenly every mo­
tion in the universe made sense.

At Principia’s heart were Newton’s three laws of motion [which state, 
very baldly, that a thing moves in the direction in which it is pushed; that 
it will keep moving in a straight line until some other force acts to slow or 
deflect it; and that every action has an opposite and equal reaction) and his 
universal law o f gravitation. This states that every object in the universe ex­
erts a tug on every other. It may not seem like it, but as you sit here now 
you are pulling everything around you-walls, ceiling, lamp, pet cat-to- 
ward you with your own little [indeed, very little) gravitational field. And 
these things are also pulling on you. It was Newton who realized that the 
pull o f any two objects is, to quote Feynman again, "proportional to the 
mass of each and varies inversely as the square of the distance between 
them." Put another way, if you double the distance between two objects,
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the attraction between them becomes four times weaker. This can be ex­
pressed with the formula

F =  Gmm' 
r 2

which is o f course way beyond anything that most o f us could make prac­
tical use of, but at least we can appreciate that it is elegantly compact A 
couple o f brief multiplications, a simple division, and, bingo, you know 
your gravitational position wherever you go. It was the first really univer­
sal law of nature ever propounded by a human mind, which is why New­
ton is regarded with such universal esteem.

Prindpia’s production was not without drama. To Halley’s horror, just 
as work was nearing completion Newton and Hooke fell into dispute over 
the priority for the inverse square law and Newton refused to release the 
crucial third volume, without which the first two made little sense. Only 
with some frantic shuttle diplomacy and the most liberal applications o f 
flattery did Halley manage finally to extract the concluding volume from 
the erratic professor.

Halley’s traumas were not yet quite over. The Royal Society had prom­
ised to publish the work, but now pulled out citing financial embarrass­
m ent The year before the society had backed a costly flop called The 
History o f  Fishes, and they now suspected that the market for a book on 
mathematical principles would be less than clamorous. Halley, whose 
means were not great paid for the book’s publication out o f his own 
pocket Newton, as was his custom, contributed nothing. To make matters 
worse, Halley at this time had just accepted a position as the society’s clerk, 
and he was informed that the society could no longer afford to provide 
him with a promised salary of £50 per annum. He was to be paid instead 
in copies o f  The History o f  Fishes.

Newton’s laws explained so many things-the slosh and roll o f ocean tides, 
the motions of planets, why cannonballs trace a particular trajectory before 
thudding back to Earth, why we aren’t flung into space as the planet spins
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beneath us at hundreds o f miles an hour*-that it took a while for all their 
implications to seep in. But one revelation became almost immediately 
controversial.

This was the suggestion that the Earth is not quite round. According 
to Newton’s theory, the centrifugal force of the Earth’s spin should result 
in a slight flattening at the poles and a bulging at the equator, which would 
make the planet slightly oblate. That meant that the length of a degree 
wouldn’t be the same in Italy as it was in Scotland. Specifically, the length 
would shorten as you moved away from the poles. This was not good 
news for those people whose measurements of the Earth were based on 
the assumption that the Earth was a perfect sphere, which was everyone.

For half a century people had been trying to work out the size of the 
Earth, mostly by making very exacting measurements. One o f the first 
such attempts was by an English mathematician named Richard Norwood. 
As a young man Norwood had traveled to Bermuda with a diving bell 
modeled on Halley’s device, intending to make a fortune scooping pearls 
from the seabed. The scheme failed because there were no pearls and any­
way Norwood’s bell didn’t work, but Norwood was not one to waste an ex­
perience. In the early seventeenth century Bermuda was well known 
among ships’ captains for being hard to locate. The problem was that the 
ocean was big, Bermuda small, and the navigational tools for dealing with 
this disparity hopelessly inadequate. There wasn’t even yet an agreed 
length for a nautical mile. Over the breadth o f an ocean the smallest mis­
calculations would become magnified so that ships often missed Bermuda­
sized targets by dismaying margins. Norwood, whose first love was 
trigonometry and thus angles, decided to bring a little mathematical rigor 
to navigation and to that end he determined to calculate the length of a de­
gree.

Starting with his back against the Tower of London, Norwood spent 
two devoted years marching 208 miles north to York, repeatedly stretching

* How fast you are spinning depends on where you are. The speed of the Earth’s 
spin varies from a little over 1,000 miles an hour at the equator to zero at the 
poles.
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and measuring a length of chain as he went, all the while making the most 
meticulous adjustments for the rise and fall of the land and the meander- 
ings of the road. The final step was to measure the angle o f the Sun at York 
at the same time of day and on the same day of the year as he had made 
his first measurement in London. From this, he reasoned he could deter­
mine the length of one degree of the Earth’s meridian and thus calculate 
the distance around the whole. It was an almost ludicrously ambitious un- 
dertaking-a mistake of the slightest fraction of a degree would throw the 
whole thing out by miles-but in fact, as Norwood proudly declaimed, he 
was accurate to "within a scantling"-or, more precisely, to within about six 
hundred yards. In metric terms, his figure worked out at 110.72 kilometers 
per degree of arc

In 1637, Norwood’s masterwork of navigation, The Seam an’s Practice, 
was published and found an immediate following. It went through seven­
teen editions and was still in print twenty-five years after his death. Nor­
wood returned to Bermuda with his family, becoming a successful planter 
and devoting his leisure hours to his first love, trigonometry. He survived 
there for thirty-eight years and it would be pleasing to report that he 
passed this span in happiness and adulation. In fact, he didn’t  On the 
crossing from England, his two young sons were placed in a cabin with 
the Reverend Nathaniel White, and somehow so successfully traumatized 
the young vicar that he devoted much o f the rest o f his career to persecut­
ing Norwood in any small way he could think of

Norwood’s two daughters brought their father additional pain by mak­
ing poor marriages. One o f the husbands, possibly incited by the vicar, con­
tinually laid small charges against Norwood in court, causing him much 
exasperation and necessitating repeated trips across Bermuda to defend 
himself Finally in the 1650s witch trials came to Bermuda and Norwood 
spent his final years in severe unease that his papers on trigonometry, with 
their arcane symbols, would be taken as communications with the devil 
and that he would be treated to a dreadful executioa So little is known of 
Norwood that it may in fact be that he deserved his unhappy declining 
years. What is certainly true is that he got them.

Meanwhile, the momentum for determining the Earth’s circumference
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passed to France. There, the astronomer Jean Picard devised an impres­
sively complicated method of triangulation involving quadrants, pendu­
lum clocks, zenith sectors, and telescopes (for observing the motions of the 
moons of Jupiter]. After two years o f trundling and triangulating his way 
across France, in 1669 he announced a more accurate measure of 110.46 
kilometers for one degree of arc This was a great source of pride for the 
French, but it was predicated on the assumption that the Earth was a per­
fect sphere-which Newton now said it was not

To complicate matters, after Picard’s death the father-and-son team of Gio­
vanni and Jacques Cassini repeated Picard’s experiments over a larger area 
and came up with results that suggested that the Earth was fatter not at the 
equator but at the poles-that Newton, in other words, was exactly wrong. 
It was this that prompted the Academy of Sciences to dispatch Bouguer 
and La Condamine to South America to take new measurements.

They chose the Andes because they needed to measure near the equa­
tor, to determine if  there really was a difference in sphericity there, and be­
cause they reasoned that mountains would give them good sightlines. In 
feet, the mountains o f Peru were so constantly lost in cloud that the team 
often had to wait weeks for an hour’s clear surveying. On top o f that they 
had selected one o f the most nearly impossible terrains on Earth. Peru­
vians refer to their landscape as muy aceidentado-"m uch  accidented'-and 
this it most certainly is. The French had not only to scale some o f the 
world’s most challenging mountains-mountains that defeated even their 
mules-but to reach the mountains they had to ford wild rivers, hack their 
way through jungles, and cross miles o f high, stony desert, nearly all o f it 
uncharted and far from any source o f supplies. But Bouguer and La Con­
damine were nothing if  not tenacious, and they stuck to the task for nine 
and a half long, grim, sun-blistered years. Shortly before concluding the 
project they received word that a second French team, taking measure­
ments in northern Scandinavia (and facing notable discomforts of their 
own, from squelching bogs to dangerous ice floes], had found that a de­
gree was in fact longer near the poles, as Newton had promised. The Earth
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was forty-three kilometers stouter when measured equatorially than when 
measured from top to bottom around the poles.

Bouguer and La Condamine thus had spent nearly a decade working 
toward a result they didn’t wish to find only to learn now that they weren’t 
even the first to find it  Listlessly/ they completed their survey/ which con­
firmed that the first French team was correct Then, still not speaking, they 
returned to the coast and took separate ships home.

Something else conjectured by Newton in the Principia was that a plumb 
bob hung near a mountain would incline very slightly toward the moun­
tain, affected by the mountain’s gravitational mass as well as by the Earth’s. 
This was more than a curious fact If you measured the deflection accu­
rately and worked out the mass o f the mountain, you could calculate the 
universal gravitational constant-that is, the basic value o f gravity, known 
as G-and along with it the mass o f the Earth.

Bouguer and La Condamine had tried this on Peru’s Mount Chimbo­
razo, but had been defeated by both the technical difficulties and their own 
squabbling, and so the notion lay dormant for another thirty years until 
resurrected in England by Nevil Maskelyne, the astronomer royal In Dava 
Sobel’s popular book Longitude, Maskelyne is presented as a ninny and vil­
lain for failing to appreciate the brilliance o f the clockmaker John Harri­
son, and this may be so, but we are indebted to him in other ways not 
mentioned in her book, not least for his successful scheme to weigh the 
Earth. Maskelyne realized that the nub of the problem lay with finding a 
mountain of sufficiently regular shape to judge its mass.

At his urging, the Royal Society agreed to engage a reliable figure to 
tour the British Isles to see if such a mountain could be found. Maskelyne 
knew just such a person-the astronomer and surveyor Charles Mason. 
Maskelyne and Mason had become friends eleven years earlier while en­
gaged in a project to measure an astronomical event o f great importance: 
the passage of the planet Venus across the face of the Sun. The tireless Ed­
mond Halley had suggested years before that if you measured one of these 
passages from selected points on the Earth, you could use the principles of
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triangulation to work out the distance to the Sun, and from that calibrate 
the distances to all the other bodies in the solar system

Unfortunately, transits o f Venus, as they are known, are an irregular 
occurrence. They come in pairs eight years apart, but then are absent for a 
century or more, and there were none in Halley's lifetime.* But the idea 
simmered and when the next transit came due in 1761, nearly two decades 
after Halley’s death, the scientific world was ready-indeed, more ready 
than it had been for an astronomical event before.

With the instinct for ordeal that characterized the age, scientists set off 
for more than a hundred locations around the globe-to Siberia, China, 
South Africa, Indonesia, and the woods o f Wisconsin, among many others. 
France dispatched thirty-two observers, Britain eighteen more, and still oth­
ers set out from Sweden, Russia, Italy, Germany, Ireland, and elsewhere.

It was history’s first cooperative international scientific venture, and al­
most everywhere it ran into problems. Many observers were waylaid by 
war, sickness, or shipwreck. Others made their destinations but opened 
their crates to find equipment broken or warped by tropical heat Once 
again the French seemed fated to provide the most memorably unlucky 
participants. Jean Chappe spent months traveling to Siberia by coach, boat 
and sleigh, nursing his delicate instruments over every perilous bump, 
only to find the last vital stretch blocked by swollen rivers, the result o f un­
usually heavy spring rains, which the locals were swift to blame on him 
after they saw him pointing strange instruments at the sky. Chappe man­
aged to escape with his life, but with no useful measurements.

Unluckier still was Guillaume Le Gentil, whose experiences are won­
derfully summarized by Timothy Ferris in Coming o f  Age in the M ilky Way. 
Le Gentil set off from France a year ahead o f time to observe the transit 
from India, but various setbacks left him still at sea on the day o f the tran­
sit-just about the worst place to be since steady measurements were im­
possible on a pitching ship.

Undaunted, Le Gentil continued on to India to await the next transit

* The next transit will be on June 8, 2004, with a second in 2012. There were none 
in the twentieth century.
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in 1769. With eight years to prepare, he erected a first-rate viewing station, 
tested and retested his instruments, and had everything in a state o f per­
fect readiness. On the morning o f the second transit June 4, 1769, he 
awoke to a fine day, but just as Venus began its pass, a cloud slid in front 
o f the Sun and remained there for almost exactly the duration of the tran­
sit: three hours, fourteen minutes, and seven seconds.

Stoically, Le Gentil packed up his instruments and set off for the near­
est port but en route he contracted dysentery and was laid up for nearly a 
year. Still weakened, he finally made it onto a ship. It was nearly wrecked 
in a hurricane off the African coast When at last he reached home, eleven 
and a half years after setting off, and having achieved nothing, he discov­
ered that his relatives had had him declared dead in his absence and had 
enthusiastically plundered his estate.

In comparison, the disappointments experienced by Britain’s eighteen scat­
tered observers were mild. Mason found himself paired with a young sur­
veyor named Jeremiah Dixon and apparently they got along well for they 
formed a lasting partnership. Their instructions were to travel to Sumatra 
and chart the transit there, but after just one night at sea their ship was at­
tacked by a French frigate. (Although scientists were in an internationally 
cooperative mood, nations weren’t]  Mason and Dixon sent a note to the 
Royal Society observing that it seemed awfully dangerous on the high seas 
and wondering if  perhaps the whole thing oughtn’t to be called off. In 
reply they received a swift and chilly rebuke, noting that they had already 
been paid, that the nation and scientific community were counting on 
them, and that their failure to proceed would result in the irretrievable loss 
o f their reputations. Chastened, they sailed on, but en route word reached 
them that Sumatra had fallen to the French and so they observed the tran­
sit inconclusively from the Cape o f Good Hope. On the way home they 
stopped on the lonely Atlantic outcrop o f S t Helena, where they met 
Maskelyne, whose observations had been thwarted by cloud cover. Mason 
and Maskelyne formed a solid friendship and spent several happy, and 
possibly even mildly useful, weeks charting tidal flows.
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Soon afterward, Maskelyne returned to England where he became as­
tronomer royal, and Mason and Dixon-now evidently more seasoned-set 
off for four long and often perilous years surveying their way through 244 
miles o f dangerous American wilderness to settle a boundary dispute be­
tween the estates o f William Penn and Lord Baltimore and their respective 
colonies o f Pennsylvania and Maryland. The result was the famous Mason 
and Dixon line, which later took on symbolic importance as the dividing 
line between the slave and free states. (Although the line was their princi­
pal task, they also contributed several astronomical surveys, including one 
of the century's most accurate measurements of a degree of meridian-an 
achievement that brought them far more acclaim in England than the set­
tling of a boundary dispute between spoiled aristocrats.)

Back in Europe, Maskelyne and his counterparts in Germany and 
France were forced to the conclusion that the transit measurements of 
1761 were essentially a failure. One of the problems, ironically, was that 
there were too many observations, which when brought together often 
proved contradictory and impossible to resolve The successful charting of 
a Venusian transit fell instead to a little-known Yorkshire-born sea captain 
named James Cook, who watched the 1769 transit from a sunny hilltop in 
Tahiti, and then went on to chart and claim Australia for the British crown. 
Upon his return there was now enough information for the French as­
tronomer Joseph Lalande to calculate that the mean distance from the 
Earth to the Sun was a little over 150 million kilometers. (Two further tran­
sits in the nineteenth century allowed astronomers to put the figure at 
149.59 million kilometers, where it has remained ever since. The precise 
distance, we now know, is 149.597870691 million kilometers.) The Earth at 
last had a position in space.

As for Mason and Dixon, they returned to England as scientific heroes and, 
for reasons unknown, dissolved their partnership. Considering the fre­
quency with which they turn up at seminal events in eighteenth-century 
science, remarkably little is known about either man. No likenesses exist 
and few written references. O f Dixon the Dictionary o f  N ational Biography
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notes intriguingly that he was 'said to have been bom in a coal mine/' but 
then leaves it to the reader’s imagination to supply a plausible explanatory 
circumstance, and adds that he died at Durham in 1777. Apart from his 
name and long association with Mason, nothing more is known.

Mason is only slightly less shadowy. We know that in 1772, at Maske- 
lyne’s behest he accepted the commission to find a suitable mountain for 
the gravitational deflection experiment at length reporting back that the 
mountain they needed was in the central Scottish Highlands, just above 
Loch Tay, and was called Schiehallion. Nothing, however, would induce 
him to spend a summer surveying it  He never returned to the field again. 
His next known movement was in 1786 when, abruptly and mysteriously, 
he turned up in Philadelphia with his wife and eight children, apparently 
on the verge o f destitution. He had not been back to America since com­
pleting his survey there eighteen years earlier and had no known reason 
for being there, or any friends or patrons to greet him. A few weeks later 
he was dead.

With Mason refusing to survey the mountain, the job fell to Maskelyne So 
for four months in the summer of 1774, Maskelyne lived in a tent in a re­
mote Scottish glen and spent his days directing a team o f surveyors, who 
took hundreds of measurements from every possible position. To find the 
mass of the mountain from all these numbers required a great deal o f te­
dious calculating, for which a mathematician named Charles Hutton was 
engaged. The surveyors had covered a map with scores o f figures, each 
marking an elevation at some point on or around the mountain. It was es­
sentially just a confusing mass of numbers, but Hutton noticed that if  he 
used a pencil to connect points of equal height it all became much more 
orderly. Indeed, one could instantly get a sense of the overall shape and 
slope of the mountaia He had invented contour lines.

Extrapolating from his Schiehallion measurements, Hutton calculated 
the mass of the Earth at 5,000 million million tons, from which could rea­
sonably be deduced the masses o f all the other major bodies in the solar 
system, including the Sun. So from this one experiment we learned the
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masses o f the Earth, the Sun, the Moon, the other planets and their moons, 
and got contour lines into the baigain-not bad for a summer’s work.

Not everyone was satisfied with the results, however. The shortcoming 
of the Schiehallion experiment was that it was not possible to get a truly 
accurate figure without knowing the actual density of the mountain. For 
convenience, Hutton had assumed that the mountain had the same den­
sity as ordinary stone, about 2.5 times that of water, but this was little more 
than an educated guess.

One improbable-seeming person who turned his mind to the matter 
was a country parson named John Michell, who resided in the lonely York­
shire village of Thornhill. Despite his remote and comparatively humble 
situation, Michell was one of the great scientific thinkers o f the eighteenth 
century and much esteemed for it

Among a great deal else, he perceived the wavelike nature of earth­
quakes, conducted much original research into magnetism and gravity, 
and, quite extraordinarily, envisioned the possibility o f black holes two 
hundred years before anyone else-a leap o f intuitive deduction that not 
even Newton could make. When the German-bom musician William Her- 
schel decided his real interest in life was astronomy, it was Michell to 
whom he turned for instruction in making telescopes, a kindness for 
which planetary science has been in his debt ever since*

But o f all that Michell accomplished, nothing was more ingenious or 
had greater impact than a machine he designed and built for measuring 
the mass of the Earth. Unfortunately, he died before he could conduct the 
experiments and both the idea and the necessary equipment were passed 
on to a brilliant but magnificently retiring London scientist named Henry 
Cavendish.

Cavendish is a book in himself Bom into a life o f sumptuous privi- 
lege-his grandfathers were dukes, respectively, o f Devonshire and Kent- 
he was the most gifted English scientist o f his age, but also the strangest

*In 1781 Herschel became the first person in the m odem  era to discover a planet 
He wanted to call it George, after the British monarch, but was overruled. Instead 
it became Uranus.
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He suffered, in the words o f one o f his few biographers, from shyness to a 
"degree bordering on disease." Any human contact was for him a source of 
the deepest discomfort

Once he opened his door to find an Austrian admirer, freshly arrived 
from Vienna, on the front step. Excitedly the Austrian began to babble out 
praise. For a few moments Cavendish received the compliments as if  they 
were blows from a blunt object and then, unable to take any more, fled 
down the path and out the gate, leaving the front door wide open It was 
some horns before he could be coaxed back to the property. Even his 
housekeeper communicated with him by letter.

Although he did sometimes venture into society-he was particularly 
devoted to the weekly scientific soirees o f the great naturalist Sir Joseph 
Banks-it was always made clear to the other guests that Cavendish was on 
no account to be approached or even looked at Those who sought his 
views were advised to wander into his vicinity as if  by accident and to "talk 
as it were into vacancy" If their remarks were scientifically worthy they 
might receive a mumbled reply, but more often than not they would hear 
a peeved squeak [his voice appears to have been high pitched) and turn to 
find an actual vacancy and the sight o f Cavendish fleeing for a more peace­
ful comer.

His wealth and solitary inclinations allowed him to turn his house in 
Clapham into a large laboratory where he could range undisturbed 
through every comer of the physical sciences-electricity, heat gravity, 
gases, anything to do with the composition of matter. The second half of 
the eighteenth century was a time when people of a scientific bent grew in­
tensely interested in the physical properties of fundamental things-gases 
and electricity in particular-and began seeing what they could do with 
them, often with more enthusiasm than sense. In America, Benjamin 
Franklin famously risked his life by flying a kite in an electrical storm In 
France, a chemist named Pilatre de Rozier tested the flammability o f hy­

drogen by gulping a mouthful and blowing across an open flame, proving 
at a stroke that hydrogen is indeed explosively combustible and that eye­
brows are not necessarily a permanent feature of one’s face. Cavendish, for 
his part, conducted experiments in which he subjected himself to gradu­
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ated jolts o f electrical current, diligently noting the increasing levels of 
agony until he could keep hold of his quilL and sometimes his conscious­
ness, no longer.

In the course o f a long life Cavendish made a string o f signal discov- 
eries-among much else he was the first person to isolate hydrogen and 
the first to combine hydrogen and oxygen to form water-but almost noth­
ing he did was entirely divorced from strangeness. To the continuing ex­
asperation of his fellow scientists, he often alluded in published work to 
the results o f contingent experiments that he had not told anyone about 
In his secretiveness he didn’t merely resemble Newton, but actively ex­
ceeded him. His experiments with electrical conductivity were a century 
ahead of their time, but unfortunately remained undiscovered until that 
century had passed. Indeed the greater part o f what he did wasn’t known 
until the late nineteenth century when the Cambridge physicist James 
Clerk Maxwell took on the task of editing Cavendish’s papers, by which 
time credit had nearly always been given to others.

Among much else, and without telling anyone, Cavendish discovered 
or anticipated the law o f the conservation o f energy, Ohm’s law, Dalton’s 
Law of Partial Pressures, Richter’s Law o f Reciprocal Proportions, Charles’s 
Law o f Gases, and the principles o f electrical conductivity. That’s just some 
o f it According to the science historian J. G. Crowther, he also foreshad­
owed "the work o f Kelvin and G. H. Darwin on the effect o f tidal friction 
on slowing the rotation o f the earth, and Larmor’s discovery, published in 
1915, on the effect o f local atmospheric cooling...  the work o f Pickering on 
freezing mixtures, and some o f the work o f Rooseboom on heterogeneous 
equilibria' Finally, he left clues that led directly to the discovery o f the 
group o f elements known as the noble gases, some of which are so elusive 
that the last o f them wasn’t found until 1962. But our interest here is in 
Cavendish’s last known experiment when in the late summer o f 1797, at 
the age o f sixty-seven, he turned his attention to the crates o f equipment 
that had been left to him-evidently out o f simple scientific respect-by 
John Michell.

When assembled, MicheU’s apparatus looked like nothing so much as 
an eighteenth-century version o f a Nautilus weight-training machine. It in­
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corporated weights, counterweights, pendulums, shafts, and torsion wires. 
At the heart o f the machine were two 350-pound lead balls, which were 
suspended beside two smaller spheres. The idea was to measure the grav­
itational deflection of the smaller spheres by the larger ones, which would 
allow the first measurement o f the elusive force known as the gravitational 
constant, and from which the weight (strictly speaking, the mass]* o f the 
Earth could be deduced.

Because gravity holds planets in orbit and makes falling objects land 
with a bang, we tend to think of it as a powerful force, but it is not really. 
It is only powerful in a kind of collective sense, when one massive object 
like the Sun, holds on to another massive object like the Earth. At an ele­
mental level gravity is extraordinarily unrobust Each time you pick up a 
book from a table or a dime from the floor you effortlessly overcome the 
combined gravitational exertion of an entire planet What Cavendish was 
trying to do was measure gravity at this extremely featherweight level.

Delicacy was the key word. Not a whisper of disturbance could be al­
lowed into the room containing the apparatus, so Cavendish took up a 
position in an adjoining room and made his observations with a telescope 
aimed through a peephole. The work was incredibly exacting and in­
volved seventeen delicate, interconnected measurements, which together 
took nearly a year to complete. When at last he had finished his cal­
culations, Cavendish announced that the Earth weighed a little over 
13,000,000,000,000,000,000,000 pounds, or six billion trillion metric tons, 
to use the modem measure. (A metric ton is 1,000 kilograms or 2,205 
pounds.]

Today, scientists have at their disposal machines so precise they can 
detect the weight of a single bacterium and so sensitive that readings can 
be disturbed by someone yawning seventy-five feet away, but they have not

*To a physicist mass and weight are two quite different things. Your mass stays the 
same wherever you go, but your weight varies depending on how far you are from  
the center of some other massive object like a planet Travel to the Moon and you 
will be much lighter but no less massive. On Earth, for all practical purposes, mass 
and weight are the same and so the terms can be treated as synonymous, at least 
outside the classroom.
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significantly improved on Cavendish’s measurements o f 1797. The current 
best estimate for Earth’s weight is 5.9725 billion trillion metric tons, a dif­
ference of only about 1 percent from Cavendish’s finding. Interestingly, all 
of this merely confirmed estimates made by Newton 110 years before 
Cavendish without any experimental evidence at all.

So, by the late eighteenth century scientists knew very precisely the 
shape and dimensions of the Earth and its distance from the Sun and plan­
ets; and now Cavendish, without even leaving home, had given them its 
weight So you might think that determining the age o f the Earth would 
be relatively straightforward. After all, the necessary materials were liter­
ally at their feet But no. Human beings would split the atom and invent 
television, nylon, and instant coffee before they could figure out the age of 
their own planet

To understand why, we must travel north to Scotland and begin with 
a brilliant and genial man, o f whom few have ever heard, who had just in­
vented a new science called geology.
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AT JUST THE time that Heniy Cavendish was completing his experiments 
in London/ four hundred miles away in Edinburgh another kind o f con­
cluding moment was about to take place with the death o f James Hutton. 
This was bad news for Hutton, o f course, but good news for science as it 
cleared the way for a man named John Playfair to rewrite Hutton’s work 
without fear o f embarrassment

Hutton was by all accounts a man of the keenest insights and liveliest 
conversation, a delight in company, and without rival when it came to un­
derstanding the mysterious slow processes that shaped the Earth. Unfor­
tunately, it was beyond him to set down his notions in a form that anyone 
could begin to understand. He was, as one biographer observed with an all 
but audible sigh, "almost entirely innocent of rhetorical accomplishments." 
Nearly every line he penned was an invitation to slumber. Here he is in his 

1795 masterwork, A Theory o f  the Earth w ith Proofs and Illustrations, dis­
cussing ...  something:

The world which we inhabit is composed of the materials, not of
the earth which was the immediate predecessor of the present, but

63
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of the earth which, in ascending from the present, we consider as 
the third, and which had preceded the land that was above the sur­
face of the sea, while our present land was yet beneath the water 
of the ocean.

Yet almost singlehandedly, and quite brilliantly, he created the science 
of geology and transformed our understanding o f the Earth. Hutton was 
bom in 1726 into a prosperous Scottish family, and enjoyed the sort o f ma­
terial comfort that allowed him to pass much o f his life in a genially ex­
pansive round of light work and intellectual betterment He studied 
medicine, but found it not to his liking and turned instead to farming, 
which he followed in a relaxed and scientific way on the family estate in 
Berwickshire. Tiring o f field and flock, in 1768 he moved to Edinburgh, 
where he founded a successful business producing sal ammoniac from 
coal soot and busied himself with various scientific pursuits. Edinburgh at 
that time was a center o f intellectual vigor, and Hutton luxuriated in its en­
riching possibilities. He became a leading member o f a society called the 
Oyster Club, where he passed his evenings in the company o f men such 
as the economist Adam Smith, the chemist Joseph Black, and the philoso­
pher David Hume, as well as such occasional visiting sparks as Benjamin 
Franklin and James Watt

In the tradition of the day, Hutton took an interest in nearly eveiy- 
thing, from mineralogy to metaphysics. He conducted experiments with 
chemicals, investigated methods of coal mining and canal building, toured 
salt mines, speculated on the mechanisms o f heredity, collected fossils, and 
propounded theories on rain, the composition o f air, and the laws o f mo­
tion, among much else. But his particular interest was geology.

Among the questions that attracted interest in that fanatically inquisi­
tive age was one that had puzzled people for a veiy long time-namely, why 
ancient clamshells and other marine fossils were so often found on moun- 
taintops. How on earth did they get there? Those who thought they had a 
solution fell into two opposing camps. One group, known as the Nep- 
tunists, was convinced that everything on Earth, including seashells in im­
probably lofty places, could be explained by rising and falling sea levels.
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They believed that mountains, hills, and other features were as old as the 
Earth itself, and were changed only when water sloshed over them during 
periods of global flooding.

Opposing them were the Plutonists, who noted that volcanoes and 
earthquakes, among other enlivening agents, continually changed the face 
of the planet but clearly owed nothing to wayward seas. The Plutonists 
also raised awkward questions about where all the water went when it 
wasn’t in flood. If there was enough of it at times to cover the Alps, then 
where, pray, was it during times of tranquility, such as now? Their belief 
was that the Earth was subject to profound internal forces as well as sur­
face ones. However, they couldn't convincingly explain how all those 
clamshells got up there.

It was while puzzling over these matters that Hutton had a series o f ex­
ceptional insights. From looking at his own farmland, he could see that soil 
was created by the erosion of rocks and that particles o f this soil were con­
tinually washed away and carried off by streams and rivers and rede­
posited elsewhere. He realized that if  such a process were carried to its 
natural conclusion then Earth would eventually be worn quite smooth. Yet 
everywhere around him there were hills. Clearly there had to be some ad­
ditional process, some form o f renewal and uplift that created new hills 
and mountains to keep the cycle going. The marine fossils on mountain- 
tops, he decided, had not been deposited during floods, but had risen 
along with the mountains themselves. He also deduced that it was heat 
within the Earth that created new rocks and continents and thrust up 
mountain chains. It is not too much to say that geologists wouldn’t grasp 
the full implications o f this thought for two hundred years, when finally 
they adopted plate tectonics. Above all, what Hutton’s theories suggested 
was that Earth processes required huge amounts o f time, far more than 
anyone had ever dreamed. There were enough insights here to transform 
utterly our understanding o f the Earth.

In 1785, Hutton worked his ideas up into a long paper, which was read 
at consecutive meetings o f the Royal Society o f Edinburgh. It attracted al­
most no notice at all. It’s not hard to see why. Here, in part, is how he pre­
sented it to his audience:
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In the one case, the forming cause is in the body which is sepa­
rated; for, after the body has been actuated by heat, it is by the re­
action of the proper matter o f the body, that the chasm which 
constitutes the vein is formed. In the other case, again, the cause is 
extrinsic in relation to the body in which the chasm is formed. 
There has been the most violent fracture and divulsion; but the 
cause is still to seek; and it appears not in the vein; for it is not 
eveiy fracture and dislocation of the solid body of our earth, in 
which minerals, or the proper substances of mineral veins, are 
found.

Needless to say, almost no one in the audience had the faintest idea 
what he was talking about Encouraged by his friends to expand his the- 
oiy, in the touching hope that he might somehow stumble onto clarity in 
a more expansive format Hutton spent the next ten years preparing his 
magnum opus, which was published in two volumes in 1795.

Together the two books ran to nearly a thousand pages and were, 
remarkably, worse than even his most pessimistic friends had feared. 
Apart from anything else, nearly half the completed work now consisted 
of quotations from French sources, still in the original French. A third vol­
ume was so unenticing that it wasn't published until 1899, more than a 
centuiy after Hutton's death, and the fourth and concluding volume was 
never published at all. Hutton's Theory o f  the Earth is a strong candidate 
for the least read important book in science [or at least would be if there 
weren’t so many others). Even Charles Lyell, the greatest geologist of the 
following centuiy and a man who read everything, admitted he couldn't 
get through it

Luckily Hutton had a Boswell in the form of John Playfair, a professor 
o f mathematics at the University of Edinburgh and a close friend, who 
could not only write silken prose but-thanks to many years at Hutton's 
elbow-actually understood what Hutton was trying to say, most o f the 
time. In 1802, five years after Hutton's death, Playfair produced a simplified 
exposition of the Huttonian principles, entitled Illustrations o f  the Hutton- 
ian  Theory o f  the Earth. The book was gratefully received by those who
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took an active interest in geology, which in 1802 was not a large number. 
That, however, was about to change. And how.

In the winter o f 1807, thirteen like-minded souls in London got together at 
the Freemasons Tavern at Long Acre, in Covent Garden, to form a dining 
club to be called the Geological Society. The idea was to meet once a 
month to swap geological notions over a glass or two o f Madeira and a 
convivial dinner. The price o f the meal was set at a deliberately hefty fifteen 
shillings to discourage those whose qualifications were merely cerebral It 
soon became apparent, however, that there was a demand for something 
more properly institutional with a permanent headquarters, where people 
could gather to share and discuss new findings. In barely a decade mem­
bership grew to four hundred-still all gentlemen, o f course-and the Geo­
logical was threatening to eclipse the Royal as the premier scientific society 
in the country.

The members met twice a month from November until June, when 
virtually all o f them went off to spend the summer doing fieldwork. These 
weren’t people with a pecuniary interest in minerals, you understand, or 
even academics for the most part, but simply gentlemen with the wealth 
and time to indulge a hobby at a more or less professional level By 1830, 
there were 745 o f them, and the world would never see the like again.

It is hard to imagine now, but geology excited the nineteenth century— 
positively gripped it-in  a way that no science ever had before or would 
again. In 1839, when Roderick Murchison published The Silurian System, 
a plump and ponderous study o f a type o f rock called greywacke, it was an 
instant bestseller, racing through four editions, even though it cost eight 
guineas a copy and was, in true Huttonian style, unreadable. (As even a 
Murchison supporter conceded, it had "a total want o f literary attractive­
ness.'! And when, in 1841, the great Charles Lyell traveled to America to 
give a series o f lectures in Boston, sellout audiences o f three thousand at a 
time packed into the Lowell Institute to hear his tranquilizing descriptions 
o f marine zeolites and seismic perturbations in Campania.

Throughout the modem, thinking world, but especially in Britain,
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men of learning ventured into the countryside to do a little "stone­
breaking," as they called it  It was a pursuit taken seriously, and they 
tended to dress with appropriate gravity, in top hats and dark suits, except 
for the Reverend William Buckland o f Oxford, whose habit it was to do his 
fieldwork in an academic gown.

The field attracted many extraordinary figures, not least the afore­
mentioned Murchison, who spent the first thirty or so years o f his life gal­
loping after foxes, converting aeronautically challenged birds into puffs of 
drifting feathers with buckshot, and showing no mental agility whatever 
beyond that needed to read The Times or play a hand of cards. Then he 
discovered an interest in rocks and became with rather astounding swift­
ness a titan of geological thinking.

Then there was Dr. James Parkinson, who was also an early socialist 
and author of many provocative pamphlets with titles like "Revolution 
without Bloodshed." In 1794, he was implicated in a faintly lunatic­
sounding conspiracy called "the Pop-gun Plot," in which it was planned to 
shoot King George III in the neck with a poisoned dart as he sat in his box 
at the theater. Parkinson was hauled before the Privy Council for ques­
tioning and came within an ace o f being dispatched in irons to Australia 
before the charges against him were quietly dropped. Adopting a more 
conservative approach to life, he developed an interest in geology and be­
came one of the founding members o f the Geological Society and the au­
thor of an important geological text, Organic Remains o f  a  Former World, 
which remained in print for half a centuiy. He never caused trouble again. 
Today, however, we remember him for his landmark study of the affliction 
then called the "shaking palsy," but known ever since as Parkinson’s dis­
ease. (Parkinson had one other slight claim to fame. In 1785, he became 
possibly the only person in histoiy to win a natural histoiy museum in a 
raffle. The museum, in London’s Leicester Square, had been founded by Sir 
Ashton Lever, who had driven himself bankrupt with his unrestrained col­
lecting of natural wonders. Parkinson kept the museum until 1805, when 
he could no longer support it and the collection was broken up and sold.)

Not quite as remarkable in character but more influential than all the 
others combined was Charles Lyell. Lyell was bom in the year that Hutton
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died and only seventy miles away, in the village o f Kinnordy. Though Scot­
tish by birth, he grew up in the far south o f England, in the New Forest o f 
Hampshire, because his mother was convinced that Scots were feckless 
drunks. As was generally the pattern with nineteenth-centuiy gentlemen 
scientists, Lyell came from a background of comfortable wealth and intel­
lectual vigor. His father, also named Charles, had the unusual distinction 
of being a leading authority on the poet Dante and on mosses. (Orihotri- 
cium lyelli, which most visitors to the English countryside will at some 
time have sat on, is named for him.) From his father Lyell gained an inter­
est in natural history, but it was at Oxford, where he fell under the spell of 
the Reverend William Buckland-he of the flowing gowns-that the young 
Lyell began his lifelong devotion to geology.

Buckland was a bit of a charming oddity. He had some real achieve­
ments, but he is remembered at least as much for his eccentricities. He was 
particularly noted for a menagerie of wild animals, some large and dan­
gerous, that were allowed to roam through his house and garden, and for 
his desire to eat his way through every animal in creation. Depending on 
whim and availability, guests to Buckland’s house might be served baked 
guinea pig, mice in batter, roasted hedgehog, or boiled Southeast Asian sea 
slug. Buckland was able to find merit in them all except the common gar­
den mole, which he declared disgusting. Almost inevitably, he became the 
leading authority on coprolites-fossilized feces-and had a table made en­
tirely out o f his collection o f specimens.

Even when conducting serious science his manner was generally sin­
gular. Once Mrs. Buckland found herself being shaken awake in the mid­
dle o f the night her husband crying in excitement: 'My dear, I believe that 
Cheirotherium’s footsteps are undoubtedly testudinal." Together they hur­
ried to the kitchen in their nightclothes. Mrs. Buckland made a flour paste, 
which she spread across the table, while the Reverend Buckland fetched 
the family tortoise. Plunking it onto the paste, they goaded it forward and 
discovered to their delight that its footprints did indeed match those of the 
fossil Buckland had been studying. Charles Darwin thought Buckland a 
buffoon-that was the word he used-but Lyell appeared to find him in­
spiring and liked him well enough to go touring with him in Scotland in
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1824. It was soon after this trip that Lyell decided to abandon a career in 
law and devote himself to geology full-time.

Lyell was extremely shortsighted and went through most o f his life 
with a pained squint, which gave him a troubled air. [Eventually he would 
lose his sight altogether.) His other slight peculiarity was the habit, when 
distracted by thought of taking up improbable positions on furniture- 
lying across two chairs at once or "resting his head on the seat o f a chair, 
while standing up" [to quote his friend Darwin). Often when lost in 
thought he would slink so low in a chair that his buttocks would all but 
touch the floor. Lyell’s only real job in life was as professor o f geology at 
King’s College in London from 1831 to 1833. It was around this time that 
he produced The Principles o f  Geology, published in three volumes be­
tween 1830 and 1833, which in many ways consolidated and elaborated 
upon the thoughts first voiced by Hutton a generation earlier. [Although 
Lyell never read Hutton in the original, he was a keen student of Playfair’s 
reworked version.)

Between Hutton's day and Lyell’s there arose a new geological contro­
versy, which largely superseded, but is often confused with, the old 
Neptunian-Plutonian dispute. The new battle became an argument be­
tween catastrophism and uniformitarianism-unattractive terms for an im­
portant and very long-running dispute. Catastrophists, as you might expect 
from the name, believed that the Earth was shaped by abrupt cataclysmic 
events-floods principally, which is why catastrophism and neptunism are 
often wrongly bundled together. Catastrophism was particularly comfort­
ing to clerics like Buckland because it allowed them to incorporate the bib­
lical flood of Noah into serious scientific discussions. Uniformitarians by 
contrast believed that changes on Earth were gradual and that nearly all 
Earth processes happened slowly, over immense spans o f time. Hutton 
was much more the father o f the notion than Lyell, but it was Lyell most 
people read, and so he became in most people’s minds, then and now, the 
father o f modem geological thought

Lyell believed that the Earth’s shifts were uniform and steady-that 
everything that had ever happened in the past could be explained by events 
still going on today. Lyell and his adherents didn’t just disdain cata-
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strophism, they detested it  Catastrophists believed that extinctions were 
part o f a series in which animals were repeatedly wiped out and replaced 
with new sets-a belief that the naturalist T. H. Huxley mockingly likened 
to "a succession of rubbers of whist at the end of which the players upset 
the table and called for a new pack." It was too convenient a way to explain 
the unknown. "Never was there a dogma more calculated to foster indo­
lence, and to blunt the keen edge of curiosity," sniffed Lyell.

Lyell’s oversights were not inconsiderable. He failed to explain con­
vincingly how mountain ranges were formed and overlooked glaciers as 
an agent of change. He refused to accept Louis Agassiz’s idea of ice ages- 
"the refrigeration of the globe," as he dismissively termed it-and was con­
fident that mammals "would be found in the oldest fossiliferous beds." He 
rejected the notion that animals and plants suffered sudden annihilations, 
and believed that all the principal animal groups-mammals, reptiles, fish, 
and so on-had coexisted since the dawn o f time. On all o f these he would 
ultimately be proved wrong.

Yet it would be nearly impossible to overstate Lyell’s influence. The 
Principles o f Geology went through twelve editions in Lyell’s lifetime and 
contained notions that shaped geological thinking far into the twentieth 
centuiy. Darwin took a first edition with him on the Beagle voyage and 
wrote afterward that "the great merit o f the Principles was that it altered 
the whole tone of one’s mind, and therefore that, when seeing a thing 
never seen by Lyell, one yet saw it partially through his eyes." In short, he 
thought him nearly a god, as did many of his generation. It is a testament 
to the strength of Lyell’s sway that in the 1980s when geologists had to 
abandon just a part o f it to accommodate the impact theoiy of extinctions, 
it nearly killed them. But that is another chapter.

Meanwhile, geology had a great deal of sorting out to do, and not all 
o f it went smoothly. From the outset geologists tried to categorize rocks by 
the periods in which they were laid down, but there were often bitter dis­
agreements about where to put the dividing lines-none more so than a 
long-running debate that became known as the Great Devonian Contro­
versy. The issue arose when the Reverend Adam Sedgwick of Cambridge 
claimed for the Cambrian period a layer o f rock that Roderick Murchison



72 THE SIZE OF THE EARTH

believed belonged rightly to the Silurian. The dispute raged for years and 
grew extremely heated. "De la Beche is a dirty dog," Murchison wrote to a 
friend in a typical outburst

Some sense o f the strength o f feeling can be gained by glancing 
through the chapter titles o f Martin J. S. Rudwick’s excellent and somber 
account o f the issue, The Great D evonian Controversy. These begin in­
nocuously enough with headings such as "Arenas o f Gentlemanly Debate" 
and "Unraveling the Greywacke," but then proceed on to "The Greywacke 
Defended and Attacked," "Reproofs and Recriminations," "The Spread of 
Ugly Rumors," "Weaver Recants His Heresy," "Putting a Provincial in His 
Place," and (in case there was any doubt that this was war) "Murchison 
Opens the Rhineland Campaign." The fight was finally settled in 1879 with 
the simple expedient o f coming up with a new period, the Ordovician, to 
be inserted between the two.

Because the British were the most active in the early years, British 
names are predominant in the geological lexicon. D evonian  is o f course 
from the English county o f Devon. Cam brian  comes from the Roman 
name for Wales, while O rdovician and Silurian recall ancient Welsh tribes, 
the Ordovices and Silures. But with the rise of geological prospecting else­
where, names began to creep in from all over. Jurassic refers to the Jura 
Mountains on the border of France and Switzerland. Permian recalls the 
former Russian province of Perm in the Ural Mountains. For Cretaceous 
(from the Latin for "chalk") we are indebted to a Belgian geologist with the 
perky name of J. J. d'Omalius d’Halloy.

Originally, geological histoiy was divided into four spans of time: pri- 
maiy, secondaiy, tertiaiy, and quatemaiy. The system was too neat to last, 
and soon geologists were contributing additional divisions while eliminat­
ing others. Primaiy and secondaiy fell out of use altogether, while quater- 
naiy was discarded by some but kept by others. Today only tertiaiy 
remains as a common designation eveiywhere, even though it no longer 
represents a third period of anything.

Lyell, in his Principles, introduced additional units known as epochs or 
series to cover the period since the age of the dinosaurs, among them Pleis­
tocene ("most recent"), Pliocene ("more recent"), Miocene ("moderately re­
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cent"]/ and the rather endearingly vague Oligocene ("but a little recent"]. 
Lyell originally intended to employ "-synchronous" for his endings, giving 
us such crunchy designations as Meiosynchronous and Pleiosynchronous. 
The Reverend William Whewell, an influential man, objected on etymo­
logical grounds and suggested instead an "-eous" pattern, producing Meio- 
neous, Pleioneous, and so on. The "-cene" terminations were thus 
something of a compromise.

Nowadays, and speaking veiy generally, geological time is divided first 
into four great chunks known as eras: Precambrian, Paleozoic (from the 
Greek meaning "old life"], Mesozoic ("middle life"], and Cenozoic ("recent 
life"]. These four eras are further divided into anywhere from a dozen to 
twenty subgroups, usually called periods though sometimes known as sys­
tems. Most of these are also reasonably well known: Cretaceous, Jurassic, 
Triassic, Silurian, and so on*

Then come Lyell's epochs-the Pleistocene, Miocene, and so on-which 
apply only to the most recent (but paleontologically busy] sixty-five mil­
lion years, and finally we have a mass o f finer subdivisions known as stages 
or ages. Most of these are named, nearly always awkwardly, after places: 
Ulinoian, D esmoinesian, Croixian, Kimmeridgian, and so on in like vein. Al­
together, according to John McPhee, these number in the "tens o f dozens." 
Fortunately, unless you take up geology as a career, you are unlikely ever 
to hear any of them again.

Further confusing the matter is that the stages or ages in North Amer­
ica have different names from the stages in Europe and often only roughly 
intersect in time. Thus the North American Cincinnatian stage mostly cor­
responds with the Ashgillian stage in Europe, plus a tiny bit of the slightly 
earlier Caradocian stage.

Also, all this changes from textbook to textbook and from person to 
person, so that some authorities describe seven recent epochs, while oth­

*There will be no testing here, but if you are ever required to memorize them you 
might wish to remember John Wilford’s helpful advice to think o f the eras (Pre­
cambrian, Paleozoic, Mesozoic, and Cenozoic) as seasons in a year and the periods 
(Permian, Triassic, Jurassic, etc) as the months.
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ers are content with four. In some books, too, you will find the tertiary and 
quatemaiy taken out and replaced by periods of different lengths called 
the Palaeogene and Neogene. Others divide the Precambrian into two eras, 
the very ancient Archean and the more recent Proterozoic. Sometimes too 
you will see the term Phanerozoic used to describe the span encompassing 
the Cenozoic, Mesozoic, and Paleozoic eras.

Moreover, all this applies only to units of time. Rocks are divided into 
quite separate units known as systems, series, and stages. A distinction 
is also made between late and early Creferring to time) and upper and 
lower Creferring to layers o f rock). It can all get terribly confusing to 
nonspecialists, but to a geologist these can be matters of passion. "I have 
seen grown men glow incandescent with rage over this metaphorical mil­
lisecond in life’s histoiy," the British paleontologist Richard Fortey has 
written with regard to a long-running twentieth-centuiy dispute over 
where the boundary lies between the Cambrian and Ordovician.

At least today we can bring some sophisticated dating techniques to 
the table. For most of the nineteenth centuiy geologists could draw on 
nothing more than the most hopeful guesswork. The frustrating position 
then was that although they could place the various rocks and fossils in 
order by age, they had no idea how long any o f those ages were. When 
Buckland speculated on the antiquity o f an Ichthyosaurus skeleton he 
could do no better than suggest that it had lived somewhere between 'ten 
thousand, or more than ten thousand times ten thousand' years earlier.

Although there was no reliable way o f dating periods, there was no 
shortage o f people willing to try. The most well known early attempt was 
in 1650 when Archbishop James Ussher o f the Church o f Ireland made a 
careful study o f the Bible and other historical sources and concluded, in a 
hefty tome called Annals o f  the Old Testam ent that the Earth had been cre­
ated at midday on October 23, 4004 b .c „ an assertion that has amused his­
torians and textbook writers ever since.*

'Although virtually all books find a space ibr him, there is a striking variability in 
the details associated with Ussher. Some books say he made his pronouncement in 
1650, others in 1654, still others in 1664. Many cite the date o f  Earth’s reputed be­
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There is a persistent myth, inddentally-and one propounded in many 
serious books-that Ussher’s views dominated scientific beliefs well into 
the nineteenth century, and that it was Lyell who put everyone straight 
Stephen Jay Gould, in Tim e’s Arrow, cites as a typical example this sen­
tence from a popular book o f the 1980s: "Until Lyell published his book, 
most thinking people accepted the idea that the earth was young." In fact 
no. As Martin J. S. Rudwick puts it  "No geologist o f any nationality whose 
work was taken seriously by other geologists advocated a timescale con­
fined within the limits o f a literalistic exegesis o f Genesis." Even the Rev­
erend Buckland, as pious a soul as the nineteenth century produced, noted 
that nowhere did the Bible suggest that God made Heaven and Earth on 
the first day, but merely "in the beginning." That beginning, he reasoned, 
may have lasted "millions upon millions o f years." Everyone agreed that 
the Earth was ancient The question was simply how ancient

One o f the better early attempts at dating the planet came from the 
ever-reliable Edmond Halley, who in 1715 suggested that if  you divided the 
total amount of salt in the world’s seas by the amount added each year, 
you would get the number o f years that the oceans had been in existence, 
which would give you a rough idea o f Earth’s age. The logic was appeal­
ing, but unfortunately no one knew how much salt was in the sea or by 
how much it increased each year, which rendered the experiment imprac­
ticable.

The first attempt at measurement that could be called remotely scien­
tific was made by the Frenchman Georges-Louis Leclerc, Comte de Buffon, 
in the 1770s. It had long been known that the Earth radiated appreciable 
amounts of heat-that was apparent to anyone who went down a coal 
mine-but there wasn’t any way of estimating the rate of dissipation. Buf- 
fon’s experiment consisted o f heating spheres until they glowed white hot 
and then estimating the rate of heat loss by touching them (presumably 
veiy lightly at first) as they cooled. From this he guessed the Earth's age to 
be somewhere between 75,000 and 168,000 years old. This was of course

ginning as October 26. At least one book o f note spells his name "Usher." The mat­
ter is interestingly surveyed in Stephen Jay Gould’s E ight L ittle Piggies.
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a wild underestimate, but a radical notion nonetheless, and Buffon found 
himself threatened with excommunication for expressing it  A practical 
man, he apologized at once for his thoughtless heresy, then cheerfully re­
peated the assertions throughout his subsequent writings.

By the middle of the nineteenth centuiy most learned people thought 
the Earth was at least a few million years old, perhaps even some tens of 
millions of years old, but probably not more than that So it came as a sur­
prise when, in 1859 in On the Origin o f  Specie s, Charles Darwin announced 
that the geological processes that created the Weald, an area of southern 
England stretching across Kent, Surrey, and Sussex, had taken, by his cal­
culations, 306,662,400 years to complete. The assertion was remarkable 
partly for being so arrestingly specific but even more for flying in the face 
of accepted wisdom about the age of the Earth.* It proved so contentious 
that Darwin withdrew it from the third edition of the book. The problem 
at its heart remained, however. Darwin and his geological friends needed 
the Earth to be old, but no one could figure out a way to make it so.

Unfortunately for Darwin, and for progress, the question came to the atten­
tion o f the great Lord Kelvin (who, though indubitably great was then still 
just plain William Thomson; he wouldn’t be elevated to the peerage until 
1892, when he was sixty-eight years old and nearing the end o f his career, 
but I shall follow the convention here o f using the name retroactively). 
Kelvin was one o f the most extraordinary figures o f the nineteenth centuiy- 
indeed of any centuiy. The German scientist Hermann von Helmholtz, no 
intellectual slouch himself, wrote that Kelvin had by far the greatest "intelli­
gence and lucidity, and mobility o f thought" o f any man he had ever m et "I 
felt quite wooden beside him sometimes," he added, a bit dejectedly.

The sentiment is understandable, for Kelvin really was a kind of Vic­
torian superman. He was bom  in 1824 in Belfast the son o f a professor o f 
mathematics at the Royal Academical Institution who soon after trans­

* Darwin loved an exact number. In a later work, he announced that the number of  
worms to be found in an average acre o f English country soil was 53,767.
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ferred to Glasgow. There Kelvin proved himself such a prodigy that he was 
admitted to Glasgow University at the exceedingly tender age of ten. By the 
time he had reached his early twenties, he had studied at institutions in 
London and Paris, graduated from Cambridge (where he won the univer­
sity’s top prizes for rowing and mathematics, and somehow found time to 
launch a musical society as well), been elected a fellow of Peterhouse, and 
written (in French and English) a dozen papers in pure and applied math­
ematics of such dazzling originality that he had to publish them anony­
mously for fear o f embarrassing his superiors. At the age of twenty-two he 
returned to Glasgow University to take up a professorship in natural phi­
losophy, a position he would hold for the next fifty-three years.

In the course of a long career (he lived till 1907 and the age of eighty- 
three), he wrote 661 papers, accumulated 69 patents (from which he grew 
abundantly wealthy), and gained renown in nearly eveiy branch o f the 
physical sciences. Among much else, he suggested the method that led di­
rectly to the invention o f refrigeration, devised the scale o f absolute tem­
perature that still bears his name, invented the boosting devices that 
allowed telegrams to be sent across oceans, and made innumerable im­
provements to shipping and navigation, from the invention o f a popular 
marine compass to the creation of the first depth sounder. And those were 
merely his practical achievements.

His theoretical work, in electromagnetism, thermodynamics, and the 
wave theoiy of light was equally revolutionaiy.* He had really only one

*In particular he elaborated the Second Law o f Thermodynamics. A discussion of  
these laws would be a book in itself but I offer here this crisp summation by the 
chemist P. W. Atkins, just to provide a sense o f them: "There are four Laws. The 
third o f them, the Second Law, was recognized first; the first the Zeroth Law, was 
formulated last; the First Law was second; the Third Law might not even be a law 
in the same sense as the others." In briefest terms, the second law states that a lit­
tle energy is always wasted. You can’t have a perpetual motion device because no 
matter how efficient, it will always lose energy and eventually run down. The first 
law says that you can’t create energy and the third that you can’t reduce tempera­
tures to absolute zero; there will always be some residual warmth. As Dennis Over­
bye notes, the three principal laws are sometimes expressed jocularly as (1) you 
can’t win, (2) you can’t break even, and (3) you can’t get out o f the game.
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flaw and that was an inability to calculate the correct age of the Earth. The 
question occupied much of the second half of his career, but he never 
came anywhere near getting it right His first effort, in 1862 for an article 
in a popular magazine called M acm illan’s, suggested that the Earth was 98 
million years old, but cautiously allowed that the figure could be as low as 
20 million years or as high as 400 million. With remarkable prudence he 
acknowledged that his calculations could be wrong if "sources now un­
known to us are prepared in the great storehouse of creation"-but it was 
clear that he thought that unlikely.

With the passage o f time Kelvin would become more forthright in his 
assertions and less correct He continually revised his estimates downward, 
from a maximum of 400 million years, to 100 million years, to 50 million 
years, and finally, in 1897, to a mere 24 million years. Kelvin wasn't being 
willful. It was simply that there was nothing in physics that could explain 
how a body the size o f the Sun could bum continuously for more than a 
few tens of millions of years at most without exhausting its fuel Therefore 
it followed that the Sun and its planets were relatively, but inescapably, 
youthful

The problem was that nearly all the fossil evidence contradicted this, 
and suddenly in the nineteenth century there was a lot o f fossil evidence.



6 SCIENCE RED IN TOOTH AND CLAW

IN 1787, SOM EONE in New Jersey-exactly who now seems to be forgot­
ten-found an enormous thighbone sticking out o f a stream bank at a place 
called Woodbuiy Creek. The bone clearly didn’t belong to any species o f 
creature still alive, certainly not in New Jersey. From what little is known 
now, it is thought to have belonged to a hadrosaur, a large duck-billed di­
nosaur. At the time, dinosaurs were unknown.

The bone was sent to Dr. Caspar Wistar, the nation’s leading 
anatomist, who described it at a meeting o f the American Philosophical So­
ciety in Philadelphia that autumn. Unfortunately, Wistar failed completely 
to recognize the bone's significance and merely made a few cautious and 
uninspired remarks to the effect that it was indeed a whopper. He thus 
missed the chance, half a centuiy ahead of anyone else, to be the discov­
erer o f dinosaurs. Indeed, the bone excited so little interest that it was put 
in a storeroom and eventually disappeared altogether. So the first dinosaur 
bone ever found was also the first to be lost

That the bone didn’t attract greater interest is more than a little puz­
zling, for its appearance came at a time when America was in a froth of ex­
citement about the remains of large, ancient animals. The cause of this
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In between the big kill-offs, there have also been many smaller, less 
well-known extinction episodes-the Hemphillian, Frasnian, Famennian, 
Rancholabrean, and a dozen or so others-which were not so devastating 
to total species numbers, but often critically hit certain populations. Graz­
ing animals, including horses, were nearly wiped out in the Hemphillian 
event about five million years ago. Horses declined to a single species, 
which appears so sporadically in the fossil record as to suggest that for a 
time it teetered on the brink o f oblivion. Imagine a human history without 
horses, without grazing animals.

In nearly every case, for both big extinctions and more modest ones, 
we have bewilderingly little idea o f what the cause was. Even after strip­
ping out the more crackpot notions there are still more theories for what 
caused the extinction events than there have been events. At least two 
dozen potential culprits have been identified as causes or prime con­
tributors: global warming, global cooling, changing sea levels, oxygen de­
pletion of the seas (a condition known as anoxia), epidemics, giant leaks of 
methane gas from the seafloor, meteor and comet impacts, runaway hur­
ricanes of a type known as hypercanes, huge volcanic upwellings, cata­
strophic solar flares.

. This last is a particularly intriguing possibility. Nobody knows how big 
solar flares can get because we have only been watching them since the be­
ginning of the space age, but the Sun is a mighty engine and its storms are 
commensurately enormous. A typical solar flare-something we wouldn’t 
even notice on Earth-will release the energy equivalent of a billion hydro­
gen bombs and fling into space a hundred billion tons or so of murderous 
high-energy particles. The magnetosphere and atmosphere between them 
normally swat these back into space or steer them safely toward the poles 
(where they produce the Earth’s comely auroras), but it is thought that an 
unusually big blast, say a hundred times the typical flare, could overwhelm 
our ethereal defenses. The light show would be a glorious one, but it 
would almost certainly kill a very high proportion of all that basked in its 
glow. Moreover, and rather chillingly, according to Bruce Tsurutani of the 
NASA Jet Propulsion Laboratory, "it would leave no trace in history."

What all this leaves us with, as one researcher has put it  is "tons of
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conjecture and very little evidence." Cooling seems to be associated with at 
least three o f the big extinction events-the Ordovician, Devonian, and Per- 
mian-but beyond that little is agreed, including whether a particular 
episode happened swiftly or slowly. Scientists can’t agree, for instance, 
whether the late Devonian extinction-the event that was followed by ver­
tebrates moving onto the land-happened over millions of years or thou­
sands of years or in one lively day.

One of the reasons it is so hard to produce convincing explanations for 
extinctions is that it is so very hard to exterminate life on a grand scale. As 
we have seen from the Manson impact you can receive a ferocious blow 
and still stage a full, if presumably somewhat wobbly, recovery. So why, 
out of all the thousands of impacts Earth has endured, was the KT event 
so singularly devastating? Well, first it was positively enormous. It struck 
with the force of 100 million megatons. Such an outburst is not easily 
imagined, but as James Lawrence Powell has pointed out, if  you exploded 
one Hiroshima-sized bomb for every person alive on earth today you 
would still be about a billion bombs short o f the size o f the KT impact But 
even that alone may not have been enough to wipe out 70 percent of 
Earth’s life, dinosaurs included.

The KT meteor had the additional advantage-advantage if  you are a 
mammal, that is-that it landed in a shallow sea just ten meters deep, prob­
ably at just the right angle, at a time when oxygen levels were 10 percent 
higher than at present and so the world was more combustible. Above all 
the floor of the sea where it landed was made o f rock rich in sulfur. The 
result was an impact that turned an area o f seafloor the size o f Belgium 
into aerosols o f sulfuric acid. For months afterward, the Earth was sub­
jected to rains acid enough to bum skin.

In a sense, an even greater question than that o f what wiped out 70 
percent of the species that were existing at the time is how did the re­
maining 30 percent survive? Why was the event so irremediably devastat­
ing to every single dinosaur that existed, while other reptiles, like snakes 
and crocodiles, passed through unimpeded? So far as we can tell no 
species o f toad, newt salamander, or other amphibian went extinct in 
North America. "Why should these delicate creatures have emerged un­
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scathed from such an unparalleled disaster?" asks Tim Flannery in his fas­
cinating prehistory o f America, Eternal Frontier.

In the seas it was much the same story. All the ammonites vanished, 
but their cousins the nautiloids, who lived similar lifestyles, swam on. 
Among plankton, some species were practically wiped out-92 percent of 
foraminiferans, for instance-while other organisms like diatoms, designed 
to a similar plan and living alongside, were comparatively unscathed.

These are difficult inconsistencies. As Richard Fortey observes: "Some­
how it does not seem satisfying just to call them ‘lucky ones’ and leave it 
at that" If, as seems entirely likely, the event was followed by months of 
dark and choking smoke, then many of the insect survivors become diffi­
cult to account for. "Some insects, like beetles," Fortey notes, "could live on 
wood or other things lying around. But what about those like bees that 
navigate by sunlight and need pollen? Explaining their survival isn’t so 
easy."

Above all, there are the corals. Corals require algae to survive and algae 
require sunlight and both together require steady minimum tempera­
tures. Much publicity has been given in the last few years to corals dying 
from changes in sea temperature o f only a degree or so. If they are that vul­
nerable to small changes, how did they survive the long impact winter?

There are also many hard-to-explain regional variations. Extinctions 
seem to have been far less severe in the southern hemisphere than the 
northern. New Zealand in particular appears to have come through largely 
unscathed even though it had almost no burrowing creatures. Even its veg­
etation was overwhelmingly spared, and yet the scale o f conflagration else­
where suggests that devastation was global. In short, there is just a great 
deal we don’t know.

Some animals absolutely prospered-including, a little surprisingly, 
the turtles once again. As Flannery notes, the period immediately after the 
dinosaur extinction could well be known as the Age o f Turtles. Sixteen 
species survived in North America and three more came into existence 
soon after.

Clearly it helped to be at home in water. The KT impact wiped out al­
most 90 percent o f land-based species but only 10 percent o f those living
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in fresh water. Water obviously offered protection against heat and flame, 
but also presumably provided more sustenance in the lean period that fol­

lowed. All the land-based animals that survived had a habit o f retreating to 
a safer environment during times o f danger-into water or underground— 
either of which would have provided considerable shelter against the rav­
ages without Animals that scavenged for a living would also have enjoyed 
an advantage. Lizards were, and are, largely impervious to the bacteria in 
rotting carcasses. Indeed, often they are positively drawn to i t  and for a 
long while there were clearly a lot o f putrid carcasses about

It is often wrongly stated that only small animals survived the KT 
event In fact among the survivors were crocodiles, which were not just 
large but three times larger than they are today. But on the whole, it is true, 
most o f the survivors were small and furtive. Indeed, with the world dark 
and hostile, it was a perfect time to be smalt warm-blooded, nocturnal 
flexible in diet and cautious by nature-the very qualities that distin­
guished our mammalian forebears. Had our evolution been more ad­
vanced, we would probably have been wiped out Instead, mammals found 
themselves in a world to which they were as well suited as anything alive.

However, it wasn't as if  mammals swarmed forward to fill every niche. 
"Evolution may abhor a vacuum," wrote the paleobiologist Steven M. Stan­
ley, "but it often takes a long time to fill it" For perhaps as many as ten mil­
lion years mammals remained cautiously small. In the early Tertiary, if you 
were the size o f a bobcat you could be king.

But once they got going, mammals expanded prodigiously-some- 
times to an almost preposterous degree. For a time, there were guinea pigs 
the size o f rhinos and rhinos the size o f a two-story house. Wherever there 
was a vacancy in the predatory chain, mammals rose (often literally) to fill 
it  Early members o f the raccoon family migrated to South America, dis­
covered a vacancy, and evolved into creatures the size and ferocity o f bears. 
Birds, too, prospered disproportionately. For millions o f years, a gigantic, 
flightless, carnivorous bird called Titanis was possibly the most ferocious 
creature in North America. Certainly it was the most daunting bird that 
ever lived. It stood ten feet high, weighed over eight hundred pounds, and 
had a beak that could tear the head off pretty much anything that irked it



348 LIFE ITSELF

Its family survived in formidable fashion for fifty million years, yet until a 
skeleton was discovered in Florida in 1963, we had no idea that it had ever 
existed.

Which brings us to another reason for our uncertainty about extinc­
tions: the paltriness of the fossil record. We have touched already on the 
unlikelihood of any set of bones becoming fossilized, but the record is ac­
tually worse than you might think. Consider dinosaurs. Museums give the 
impression that we have a global abundance of dinosaur fossils. In fact, 
overwhelmingly museum displays are artificial. The giant Diplodocus that 
dominates the entrance hall of the Natural History Museum in London 
and has delighted and informed generations of visitors is made of plaster- 
built in 1903 in Pittsburgh and presented to the museum by Andrew 
Carnegie. The entrance hall o f the American Museum of Natural History 
in New York is dominated by an even grander tableau: a skeleton of a large 
Barosaurus defending her baby from attack by a darting and toothy Al- 
losaurus. It is a wonderfully impressive display-the Barosaurus rises per­
haps thirty feet toward the high ceiling-but also entirely fake. Every one 
of the several hundred bones in the display is a cast Visit almost any large 
natural history museum in the world-in Paris, Vienna, Frankfurt, Buenos 
Aires, Mexico City-and what will greet you are antique models, not an­
cient bones.

The fact is, we don’t really know a great deal about the dinosaurs. For 
the whole o f the Age o f Dinosaurs, fewer than a thousand species have 
been identified (almost half o f them known from a single specimen), 
which is about a quarter o f the number of mammal species alive now. Di­
nosaurs, bear in mind, ruled the Earth for roughly three times as long as 
mammals have, so either dinosaurs were remarkably unproductive o f 
species or we have barely scratched the surface (to use an irresistibly apt 
cliche).

For millions o f years through the Age o f Dinosaurs not a single fossil 
has yet been found. Even for the period o f the late Cretaceous-the most 
studied prehistoric period there is, thanks to our long interest in dinosaurs 
and their extinction-some three quarters o f all species that lived may yet 
be undiscovered. Animals bulkier than the Diplodocus or more forbidding
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than tyrannosaurus may have roamed the Earth in the thousands, and we 
may never know it Until very recently everything known about the di­
nosaurs of this period came from only about three hundred specimens 
representing just sixteen species. The scantiness o f the record led to the 
widespread belief that dinosaurs were on their way out already when the 
KT impact occurred.

In the late 1980s a paleontologist from the Milwaukee Public Museum, 
Peter Sheehan, decided to conduct an experiment Using two hundred vol­
unteers, he made a painstaking census of a well-defined, but also well- 
picked-over, area of the famous Hell Creek formation in Montana. Sifting 
meticulously, the volunteers collected every last tooth and vertebra and 
chip of bone-eveiything that had been overlooked by previous diggers. 
The work took three years. When finished thty found that they had more 
than tripled the global total of dinosaur fossils from the late Cretaceous. 
The survey established that dinosaurs remained numerous right up to the 
time of the KT impact "There is no reason to believe that the dinosaurs 
were dying out gradually during the last three million years o f the Creta­
ceous," Sheehan reported.

We are so used to the notion o f our own inevitability as life’s dominant 
species that it is hard to grasp that we are here only because o f timely ex­
traterrestrial bangs and other random flukes. The one thing we have in 
common with all other living things is that for nearly four billion years our 
ancestors have managed to slip through a series o f closing doors every 
time we needed them to. Stephen Jay Gould expressed it succinctly in a 
well-known line: "Humans are here today because our particular line never 
fractured-never once at any o f the billion points that could have erased us 
from history."

We started this chapter with three points: Life wants to be; life doesn’t 
always want to be much; life from time to time goes extinct To this we 
may add a fourth: Life goes on. And often, as we shall see, it goes on in 
ways that are decidedly amazing.
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HERE AND THERE in the Natural History Museum in London, built into re­
cesses along the underlit corridors or standing between glass cases o f min­
erals and ostrich eggs and a century or so o f other productive clutter, are 
secret doors-at least secret in the sense that there is nothing about them 
to attract the visitor’s notice. Occasionally you might see someone with the 
distracted manner and interestingly willful hair that mark the scholar 
emerge from one o f the doors and hasten down a corridor, probably to dis­
appear through another door a little further on, but this is a relatively rare 
event For the most part the doors stay shut, giving no hint that beyond 
them exists another-a parallel-Natural History Museum as vast as, and in 
many ways more wonderful than, the one the public knows and adores.

The Natural History Museum contains some seventy million objects 
from every realm of life and every comer of the planet with another hun­
dred thousand or so added to the collection each year, but it is really only 
behind the scenes that you get a sense of what a treasure house this is. In 
cupboards and cabinets and long rooms full of close-packed shelves are 
kept tens of thousands of pickled animals in bottles, millions of insects 
pinned to squares of card, drawers of shiny mollusks, bones of dinosaurs,

350



THE RICHNESS OF BEING 351

skulls o f early humans, endless folders of neatly pressed plants. It is a lit­
tle like wandering through Darwin’s brain. The spirit room alone holds fif­
teen miles o f shelving containing jar upon jar o f animals preserved in 

methylated spirit
Back here are specimens collected by Joseph Banks in Australia, 

Alexander von Humboldt in Amazonia, Darwin on the Beagle voyage, and 
much else that is either very rare or historically important or both. Many 
people would love to get their hands on these things. A few actually have. 
In 1954 the museum acquired an outstanding ornithological collection 
from the estate o f a devoted collector named Richard Meinertzhagen, au­
thor of Birds o f A rabia, among other scholarly works. Meinertzhagen had 
been a faithful attendee of the museum for years, coming almost daily to 
take notes for the production of his books and monographs. When the 
crates arrived, the curators excitedly jimmied them open to see what they 
had been left and were surprised, to put it mildly, to discover that a very 
large number of specimens bore the museum’s own labels. Mr. Mein­
ertzhagen, it turned out, had been helping himself to their collections for 
years. It also explained his habit o f wearing a large overcoat even during 
warm weather.

A few years later a charming old regular in the mollusks department- 
"quite a distinguished gentleman," I was told-was caught inserting valued 
seashells into the hollow legs of his Zimmer frame.

"I don't suppose there's anything in here that somebody somewhere 
doesn’t covet" Richard Fortey said with a thoughtful air as he gave me a 
tour o f the beguiling world that is the behind-the-scenes part o f the mu­
seum. We wandered through a confusion o f departments where people sat 
at large tables doing intent investigative things with arthropods and palm 
fronds and boxes o f yellowed bones. Everywhere there was an air o f un­
hurried thoroughness, o f people being engaged in a gigantic endeavor that 

could never be completed and mustn’t be rushed. In 1967,1 had read, the 
museum issued its report on the John Murray Expedition, an Indian Ocean 
survey, forty-four years after the expedition had concluded. This is a world 
where things move at their own pace, including a tiny lift Fortey and I 
shared with a scholarly looking elderly man with whom Fortey chatted
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genially and familiarly as we proceeded upwards at about the rate that sed­
iments are laid down.

When the man departed, Fortey said to me: 'That was a very nice chap 
named Norman who’s spent forty-two years studying one species o f plant, 
S t John’s wort He retired in 1989, but he still comes in every week."

"How do you spend forty-two years on one species of plant?" I asked.
"It’s remarkable, isn’t it?" Fortey agreed. He thought for a moment 

"He’s very thorough apparently." The lift door opened to reveal a bricked- 
over opening. Fortey looked confounded. "That’s very strange," he said. 
"That used to be Botany back there." He punched a button for another 
floor, and we found our way at length to Botany by means o f back stair­
cases and discreet trespass through yet more departments where investi­
gators toiled lovingly over once-living objects. And so it was that I was 
introduced to Len Ellis and the quiet world o f biyophytes-mosses to the 
rest of us.

When Emerson poetically noted that mosses favor the north sides o f trees 
("The moss upon the forest bark, was pole-star when the night was dark") 
he really meant lichens, for in the nineteenth century mosses and lichens 
weren’t distinguished. True mosses aren’t actually fussy about where they 
grow, so they are no good as natural compasses. In fact mosses aren’t ac­
tually much good for anything. "Perhaps no great group of plants has so 
few uses, commercial or economic, as the mosses," wrote Henry S. Conard, 
perhaps just a touch sadly, in How to Know the Mosses and Liverworts, 
published in 1956 and still to be found on many library shelves as almost 
the only attempt to popularize the subject

They are, however, prolific. Even with lichens removed, bryophytes is 
a busy realm, with over ten thousand species contained within some seven 
hundred genera. The plump and stately Moss Flora o f Britain and Ireland 
by A. J. E. Smith runs to seven hundred pages, and Britain and Ireland are 
ty  no means outstandingly mossy places. T h e  tropics are where you find 
the variety," Len Ellis told me. A quiet spare man, he has been at the Nat­
ural History Museum for twenty-seven years and curator of the depart­
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ment since 1990. "You can go out into a place like the rain forests of 
Malaysia and find new varieties with relative ease I did that myself not 
long ago. I looked down and there was a species that had never been 
recorded."

"So we don’t know how many species are still to be discovered?"
"Oh, no. No idea."
You might not think there would be that many people in the world 

prepared to devote lifetimes to the study o f something so inescapably low 
key, but in fact moss people number in the hundreds and they feel very 
strongly about their subject "Oh, yes," Ellis told me, "the meetings can get 
very lively at times."

I asked him for an example of controversy.
"Well, here’s one inflicted on us by one o f your countrymen," he said, 

smiling lightly, and opened a hefty reference work containing illustrations 
of mosses whose most notable characteristic to the uninstructed eye was 
their uncanny similarity one to another. "That" he said, tapping a moss, 
"used to be one genus, Drepanocladus. Now it’s been reorganized into 

three: Drepanocladus, W amstorfia, and Hamatacoulis."
"And did that lead to blows?" I asked perhaps a touch hopefully.
"Well, it made sense. It made perfect sense. But it meant a lot of re­

ordering o f collections and it put all the books out o f date for a time, so 
there was a bit of, you know, grumbling."

Mosses offer mysteries as well, he told me. One famous case-famous 
to moss people anyway-involved a retiring type called H yophila stanfor- 
densis, which was discovered on the campus of Stanford University in Cal­
ifornia and later also found growing beside a path in Cornwall, on the 
southwest tip of England, but has never been encountered anywhere in be­
tween. How it came to exist in two such unconnected locations is any­
body’s guess. "It’s now known as H ennediella stanfordensis," Ellis said. 
"Another revision."

We nodded thoughtfully.
When a new moss is found it must be compared with all other 

mosses to make sure that it hasn’t been recorded already. Then a formal 
description must be written and illustrations prepared and the result pub­
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lished in a respectable journal. The whole process seldom takes less than 
six months. The twentieth century was not a great age for moss taxon­
omy. Much o f the century’s work was devoted to untangling the confu­
sions and duplications left behind by the nineteenth century

That was the golden age of moss collecting. (You may recall that 
Charles Lyell’s father was a great moss man.) One aptly named English­
man, George Hunt hunted British mosses so assiduously that he probably 
contributed to the extinction o f several species. But it is thanks to such ef­
forts that Len Ellis’s collection is one o f the world’s most comprehensive. 
All 780,000 of his specimens are pressed into large folded sheets o f heavy 
paper, some very old and covered with spidery Victorian script Some, for 
all we knew, might have been in the hand o f Robert Brown, the great Vic­
torian botanist unveiler o f Brownian motion and the nucleus o f cells, who 
founded and ran the museum’s botany department for its first thirty-one 
years until his death in 1858. All the specimens are kept in lustrous old ma­
hogany cabinets so strikingly fine that I remarked upon them.

"Oh, those were Sir Joseph Banks’s, from his house in Soho Square," 
Ellis said casually, as if  identifying a recent purchase from Ikea. "He had 
them built to hold his specimens from the Endeavour voyage" He regarded 
the cabinets thoughtfully, as if for the first time in a long while "I don’t 
know how w e ended up with them in bryology," he added.

This was an amazing disclosure. Joseph Banks was England’s greatest 
botanist, and the Endeavour voyage-that is the one on which Captain 
Cook charted the 1769 transit of Venus and claimed Australia for the 
crown, among rather a lot else-was the greatest botanical expedition in 
history. Banks paid £10,000, about $1 million in today’s money, to bring 
himself and a party o f nine others-a naturalist, a secretary, three artists, 
and four servants-on the three-year adventure around the world. Good­
ness knows what the bluff Captain Cook made of such a velvety and pam­
pered assemblage, but he seems to have liked Banks well enough and 
could not but admire his talents in botany-a feeling shared by posterity.

Never before or since has a botanical party enjoyed greater triumphs. 
Partly it was because the voyage took in so many new or little-known 
places-Tierra del Fuego, Tahiti, New Zealand, Australia, New Guinea-but
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mostly it was because Banks was such an astute and inventive collector. 
Even when unable to go ashore at Rio de Janeiro because of a quarantine, 
he sifted through a bale o f fodder sent for the ship’s livestock and made 
new discoveries. Nothing, it seems, escaped his notice. Altogether he 
brought back thirty thousand plant specimens, including fourteen hun­
dred not seen before-enough to increase by about a quarter the number 
o f known plants in the world.

But Banks’s grand cache was only part o f the total haul in what was an 
almost absurdly acquisitive age. Plant collecting in the eighteenth century 
became a kind of international mania. Glory and wealth alike awaited 
those who could find new species, and botanists and adventurers went to 
the most incredible lengths to satisfy the world’s craving for horticultural 
novelty. Thomas Nuttall, the man who named the wisteria after Caspar 
Wistar, came to America as an uneducated printer but discovered a pas­
sion for plants and walked halfway across the country and back again, col­
lecting hundreds of growing things never seen before. John Fraser, for 
whom is named the Fraser fir, spent years in the wilderness collecting on 
behalf o f Catherine the Great and emerged at length to find that Russia 
had a new czar who thought he was mad and refused to honor his con­
tract Fraser took everything to Chelsea, where he opened a nursery and 
made a handsome living selling rhododendrons, azaleas, magnolias, Vir­
ginia creepers, asters, and other colonial exotica to a delighted English 
gentry.

Huge sums could be made with the right finds. John Lyon, an amateur 
botanist spent two hard and dangerous years collecting specimens, but 
cleared almost $200,000 in today’s money for his efforts. Many, however, 
just did it for the love o f botany. Nuttall gave most o f what he found to the 
Liverpool Botanic Gardens. Eventually he became director o f Harvard’s 
Botanic Garden and author o f the encyclopedic Genera o f  North American 
Plants (which he not only wrote but also largely typeset].

And that was just plants. There was also all the fauna o f the new 
worlds-kangaroos, kiwis, raccoons, bobcats, mosquitoes, and other curi­
ous forms beyond imagining. The volume of life on Earth was seemingly 
infinite, as Jonathan Swift noted in some famous lines:
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So, naturalists observe, a  flea
H ath sm aller fleas that on him  prey;
And these have sm aller still to bite ’em;
And so proceed ad  infinitum.

All this new information needed to be filed, ordered, and compared 
with what was known. The world was desperate for a workable system of 
classification. Fortunately there was a man in Sweden who stood ready to 
provide it

His name was Carl Linne (later changed, with permission, to the 
more aristocratic von  Linne), but he is remembered now by the Latinized 
form Carolus Linnaeus. He was bom in 1707 in the village o f Rdshult in 
southern Sweden, the son of a poor but ambitious Lutheran curate, and 
was such a sluggish student that his exasperated father apprenticed him 
(or, by some accounts, nearly apprenticed him) to a cobbler. Appalled at 
the prospect o f spending a lifetime banging tacks into leather, young 
Linne begged for another chance, which was granted, and he never there­
after wavered from academic distinction. He studied medicine in Sweden 
and Holland, though his passion became the natural world. In the early 
1730s, still in his twenties, he began to produce catalogues o f the world’s 
plant and animal species, using a system o f his own devising, and gradu­
ally his fame grew.

Rarely has a man been more comfortable with his own greatness. He 
spent much o f his leisure time penning long and flattering portraits of 
himself, declaring that there had never "been a greater botanist or zoolo­
gist," and that his system o f classification was "the greatest achievement in 
the realm o f science." Modestly he suggested that his gravestone should 
bear the inscription Princeps Botanicorum, "Prince o f Botanists." It was 
never wise to question his generous self-assessments. Those who did so 
were apt to find they had weeds named after them.

Linnaeus’s other striking quality was an abiding-at times, one might 
say, a feverish-preoccupation with sex. He was particularly struck by the 
similarity between certain bivalves and the female pudenda. To the parts o f 
one species o f clam he gave the names vulva, labia, pubes, anus, and hymen.
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He grouped plants by the nature of their reproductive organs and en­
dowed them with an arrestingly anthropomorphic amorousness. His de­
scriptions of flowers and their behavior are full of references to 
"promiscuous intercourse," "barren concubines," and "the bridal bed." In 
spring, he wrote in one oft-quoted passage:

Love comes even to the plants. Males and females...  hold their 
nuptials...  showing by their sexual organs which are males, which 
females. The flowers’ leaves serve as a bridal bed, which the Cre­
ator has so gloriously arranged, adorned with such noble bed cur­
tains, and perfumed with so many soft scents that the bridegroom 
with his bride might there celebrate their nuptials with so much 
the greater solemnity. When the bed has thus been made ready, 
then is the time for the bridegroom to embrace his beloved bride 
and surrender himself to her.

He named one genus o f plants Clitoria. Not surprisingly, many peo­
ple thought him strange But his system o f classification was irresistible 
Before Linnaeus, plants were given names that were expansively descrip­
tive. The common ground cheriy was called Physalis am no ram osissim e 
ram is angulosis glabris fo liis  dentoserratis. Linnaeus lopped it back to 
Physalis angulata, which name it still uses. The plant world was equally 
disordered by inconsistencies of naming. A botanist could not be sure if 
R osa sylvestris alba cum rubore, fo lio  glabro was the same plant that oth­
ers called Rosa sylvestris inodora seu canina. Linnaeus solved the puzzle­
ment by calling it simply R osa canina. To make these excisions useful and 
agreeable to all required much more than simply being decisive. It re­
quired an instinct-a genius, in fact-for spotting the salient qualities o f a 
species.

The Linnaean system is so well established that we can hardly imag­
ine an alternative, but before Linnaeus, systems of classification were often 
highly whimsical. Animals might be categorized tty whether they were 
wild or domesticated, terrestrial or aquatic, large or small, even whether 
they were thought handsome and noble or of no consequence. Buffon
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arranged his animals by their utility to man. Anatomical considerations 
barely came into it  Linnaeus made it his life’s work to rectify this defi­
ciency by classifying all that was alive according to its physical attributes. 
Taxonomy-which is to say the science of dassification-has never looked 
back.

It all took time, o f course. The first edition of his great Systema Natu­
rae in 1735 was just fourteen pages long. But it grew and grew until by the 
twelfth edition-the last that Linnaeus would live to see-it extended to 
three volumes and 2,300 pages. In the end he named or recorded some
13,000 species o f plant and animal Other works were more comprehen- 
sive-John Ray’s three-volume H istoria Generalis Plantarum  in England, 
completed a generation earlier, covered no fewer than 18,625 species o f 
plants alone-but what Linnaeus had that no one else could touch were 
consistency, order, simplicity, and timeliness. Though his work dates from 
the 1730s, it didn’t become widely known in England until the 1760s, just 
in time to make Linnaeus a kind of father figure to British naturalists. 
Nowhere was his system embraced with greater enthusiasm (which is 
why, for one thing, the Linnaean Society has its home in London and not 
Stockholm).

Linnaeus was not flawless. He made room for mythical beasts and 
"monstrous humans" whose descriptions he gullibly accepted from sea­
men and other imaginative travelers. Among these were a wild man, Homo 
ferus, who walked on all fours and had not yet mastered the art of speech, 
and Homo caudatus, "man with a tail." But then it was, as we should not 
forget, an altogether more credulous age. Even the great Joseph Banks took 
a keen and believing interest in a series o f reported sightings of mermaids 
off the Scottish coast at the end of the eighteenth century. For the most 
part, however, Linnaeus’s lapses were offset by sound and often brilliant 
taxonomy. Among other accomplishments, he saw that whales belonged 
with cows, mice, and other common terrestrial animals in the order 
Quadrupedia (later changed to Mammalia), which no one had done be­
fore.

In the beginning, Linnaeus intended only to give each plant a genus 
name and a number-Con'uohmlus 1 ,  Convolvulus 2, and so on-but soon
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realized that that was unsatisfactory and hit on the binomial arrangement 
that remains at the heart of the system to this day. The intention originally 
was to use the binomial system for everything-rocks, minerals, diseases, 
winds, whatever existed in nature. Not everyone embraced the system 
warmly. Many were disturbed by its tendency toward indelicacy, which 
was slightly ironic as before Linnaeus the common names of many plants 
and animals had been heartily vulgar. The dandelion was long popularly 
known as the "pissabed" because of its supposed diuretic properties, and 
other names in everyday use included m are’s fart, naked ladies, twitch- 
bollock, hound’s piss, open arse, and bum-towel. One or two of these earthy 
appellations may unwittingly survive in English yet The "maidenhair" in 
maidenhair moss, for instance, does not refer to the hair on the maiden’s 
head. At all events, it had long been felt that the natural sciences would be 
appreciably dignified by a dose of classical renaming, so there was a cer­
tain dismay in discovering that the self-appointed Prince of Botany had 
sprinkled his texts with such designations as Clitoria, Fom icata, and Vidua.

Over the years many of these were quietly dropped (though not all: 

the common slipper limpet still answers on formal occasions to Crepidula 
fom icata) and many other refinements introduced as the needs of the nat­
ural sciences grew more specialized. In particular the system was bolstered 
by the gradual introduction of additional hierarchies. Genus (plural genera) 
and species had been employed by naturalists for over a hundred years be­
fore Linnaeus, and order, doss, and fam ily  in their biological senses all 
came into use in the 1750s and 1760s. But phylum  wasn’t coined until 1876 
(by the German Ernst Haeckel), and fam ily  and order were treated as in­
terchangeable until early in the twentieth century. For a time zoologists 
used fam ily  where botanists placed order, to the occasional confusion of 
nearly everyone.*

*To illustrate, humans are in the domain eucarya, in the kingdom animalia, in the 
phylum chordata, in the subphylum vertebrata, in the class mammalia, in the order 
primates, in the family hominidae, in the genus homo, in the species sapiens. (The 
convention, I’m informed, is to italicize genus and species names, but not those of 
higher divisions.) Some taxonomists employ further subdivisions: tribe, suborder, 
inffaorder, parvorder, and more.
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Linnaeus had divided the animal world into six categories: mammals, 
reptiles, birds, fishes, insects, and "vermes,' or worms, for eveiything that 
didn’t fit into the first five. From the outset it was evident that putting lob­
sters and shrimp into the same category as worms was unsatisfactory, and 
various new categories such as M ollusca and Crustacea were created. Un­
fortunately these new classifications were not uniformly applied from na­
tion to nation. In an attempt to reestablish order, the British in 1842 
proclaimed a new set o f rules called the Stricklandian Code, but the French 
saw this as highhanded, and the Societe Zoologique countered with its 
own conflicting code. Meanwhile, the American Ornithological Society, for 
obscure reasons, decided to use the 1758 edition of Systema N aturae as the 
basis for all its naming, rather than the 1766 edition used elsewhere, which 
meant that many American birds spent the nineteenth century logged in 
different genera from their avian cousins in Europe. Not until 1902, at an 
early meeting of the International Congress of Zoology, did naturalists 
begin at last to show a spirit o f compromise and adopt a universal code.

Taxonomy is described sometimes as a science and sometimes as an art, 
but really it’s a battleground. Even today there is more disorder in the sys­
tem than most people realize. Take the category o f the phylum, the divi­
sion that describes the basic body plans o f all organisms. A few phyla are 
generally well known, such as mollusks (the home o f dams and snails), 
arthropods (insects and crustaceans), and chordates (us and all other ani­
mals with a backbone or protobackbone), though things then move swiftly 
in the direction of obscurity. Among the latter we might list Gnathosto- 
mulida (marine worms), Cnidaria (jellyfish, medusae, anemones, and 
corals), and the delicate Priapulida (or little 'penis worms'). Familiar or not 
these are elemental divisions. Yet there is surprisingly little agreement on 
how many phyla there are or ought to be. Most biologists fix the total at 
about thirty, but some opt for a number in the low twenties, while Edward 
O. Wilson in The Diversity o f  L ife puts the number at a surprisingly robust 
eighty-nine. It depends on where you dedde to make your divisions— 
whether you are a "lumper" or a "splitter," as they say in the biological 
world.
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At the more workaday level o f species, the possibilities for disagree­
ments are even greater. Whether a species o f grass should be called 
Aegilops incurva, Aegilops incurvata, or Aegilops ovata  may not be a mat­
ter that would stir many nonbotanists to passion, but it can be a source of 

very lively heat in the right quarters. The problem is that there are five 
thousand species o f grass and many o f them look awfully alike even to 
people who know grass. In consequence, some species have been found 
and named at least twenty times, and there are hardly any, it appears, that 
haven’t been independently identified at least twice. The two-volume M an­
ual o f  the Grasses o f  the United States devotes two hundred closely typeset 
pages to sorting out all the synonymies, as the biological world refers to its 
inadvertent but quite common duplications. And that is just for the grasses 
of a single country.

To deal with disagreements on the global stage, a body known as the 
International Association for Plant Taxonomy arbitrates on questions of 
priority and duplication. At intervals it hands down decrees, declaring that 
Zauschneria califom ica (a common plant in rock gardens) is to be known 

henceforth as Epilobium  canum  or that Aglaotham nion tenuissimum  may 
now be regarded as conspecific with A glaotham nion byssoides, but not 
with A glaotham nion pseudobyssoides. Normally these are small matters o f 
tidying up that attract little notice, but when they touch on beloved garden 
plants, as they sometimes do, shrieks o f outrage inevitably follow. In the 
late 1980s the common chrysanthemum was banished (on apparently 
sound scientific principles) from the genus o f the same name and rele­
gated to the comparatively drab and undesirable world o f the genus Den- 
dranthem a.

Chrysanthemum breeders are a proud and numerous lot and they 
protested to the real if  improbable-sounding Committee on Spermato- 
phyta. (There are also committees for Pteridophyta, Bryophyta, and Fungi, 
among others, all reporting to an executive called the Rapporteur-General; 
this is truly an institution to cherish.) Although the rules o f nomenclature 
are supposed to be rigidly applied, botanists are not indifferent to senti­
m ent and in 1995 the decision was reversed. Similar adjudications have 
saved petunias, euonymus, and a popular species of amaryllis from demo­
tion, but not many species of geraniums, which some years ago were
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transferred, amid howls, to the genus Pelargonium. The disputes are enter­
tainingly surveyed in Charles Elliott’s The Potting-Shed Papers.

Disputes and reorderings of much the same type can be found in all 
the other realms of the living, so keeping an overall tally is not nearly as 
straightforward a matter as you might suppose. In consequence, the rather 
amazing fact is that we don’t have the faintest idea-"not even to the near­
est order o f magnitude," in the words of Edward O. W ilson-of the num­
ber of things that live on our planet Estimates range from 3 million to 200 
million. More extraordinary still, according to a report in the Economist, as 
much as 97 percent of the world’s plant and animal species may still await 

discovery.
O f the organisms that we do know about, more than 99 in 100 are only 

sketchily described-"a scientific name, a handful o f specimens in a mu­
seum, and a few scraps of description in scientific journals" is how Wilson 
describes the state o f our knowledge. In The D iversity o f  Life, he estimated 
the number of known species o f all lypes-plants, insects, microbes, algae, 
everything-at 1.4 million, but added that that was just a guess. Other au­
thorities have put the number o f known species slightly higher, at around 
1.5 million to 1.8 million, but there is no central registry o f these things, so 
nowhere to check numbers. In short, the remarkable position we find our­
selves in is that we don’t actually know what we actually know.

In principle you ought to be able to go to experts in each area o f spe­
cialization, ask how many species there are in their fields, then add the to­
tals. Many people have in fact done so. The problem is that seldom do any 
two come up with matching figures. Some sources put the number of 
known types of fungi at 70,000, others at 100,000-nearly half as many 
again. You can find confident assertions that the number o f described 
earthworm species is 4,000 and equally confident assertions that the figure 
is 12,000. For insects, the numbers run from 750,000 to 950,000 species. 
These are, you understand, supposedly the know n  number of species. For 
plants, the commonly accepted numbers range from 248,000 to 265,000. 
That may not seem too vast a discrepancy, but it’s more than twenty times 
the number o f flowering plants in the whole of North America.

Putting things in order is not the easiest o f tasks. In the early 1960s, 
Colin Groves of the Australian National University began a systematic sur­
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vey of the 250-plus known species of primate. Oftentimes it turned out 
that the same species had been described more than once-sometimes sev­
eral times-without any of the discoverers realizing that they were dealing 
with an animal that was already known to science. It took Groves four 
decades to untangle everything, and that was with a comparatively small 
group of easily distinguished, generally noncontroversial creatures. Good­
ness knows what the results would be if anyone attempted a similar exer­
cise with the planet’s estimated 20,000 types o f lichens, 50,000 species o f 
mollusk, or 400,000-plus beetles.

What is certain is that there is a great deal o f life out there, though the 
actual quantities are necessarily estimates based on extrapolations-some- 
times exceedingly expansive extrapolations. In a well-known exercise in 
the 1980s, Terry Erwin o f the Smithsonian Institution saturated a stand o f 
nineteen rain forest trees in Panama with an insecticide fog, then collected 
everything that fell into his nets from the canopy. Among his haul (actu­
ally hauls, since he repeated the experiment seasonally to make sure he 
caught migrant species) were 1,200 types o f beetle. Based on the distribu­

tion o f beetles elsewhere, the number o f other tree species in the forest the 
number of forests in the world, the number o f other insect types, and so 
on up a long chain of variables, he estimated a figure o f 30 million species 
of insects for the entire planet-a figure he later said was too conservative. 
Others using the same or similar data have come up with figures of 13 mil­
lion, 80 million, or 100 million insect types, underlining the conclusion 
that however carefully arrived a t such figures inevitably owe at least as 
much to supposition as to science.

According to the Wall Street Journal, the world has "about 10,000 active tax- 
onomists"-not a great number when you consider how much there is to 
be recorded. But the Journal adds, because of the cost (about $2,000 per 
species) and paperwork, only about fifteen thousand new species o f all 
types are logged per year.

"It’s not a biodiversity crisis, it’s a taxonomist crisis!" barks Koen Maes, 
Belgian-born head o f invertebrates at the Kenyan National Museum in 
Nairobi, whom I met briefly on a visit to the country in the autumn of
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2002. There were no specialized taxonomists in the whole o f Africa, he told 
me. “There was one in the Ivory Coast but I think he has retired," he said. 
It takes eight to ten years to train a taxonomist but none are coming along 
in Africa. "They are the real fossils," Maes added. He himself was to be let 
go at the end o f the year, he said. After seven years in Kenya, his contract 
was not being renewed. "No funds," Maes explained.

Writing in the journal Nature last year, the British biologist G. H. God- 
fray noted that there is a chronic "lack of prestige and resources" for tax­
onomists everywhere. In consequence, "many species are being described 
poorly in isolated publications, with no attempt to relate a new taxon* to 
existing species and classifications." Moreover, much of taxonomists’ time 
is taken up not with describing new species but simply with sorting out 
old ones. Many, according to Godffay, "spend most o f their career trying 
to interpret the work of nineteenth-century systematicists: deconstructing 
their often inadequate published descriptions or scouring the world’s mu­
seums for type material that is often in very poor condition." Godfray par­
ticularly stresses the absence of attention being paid to the systematizing 
possibilities of the Internet The fact is that taxonomy by and large is still 
quaintly wedded to paper.

In an attempt to haul things into the modem age, in 2001 Kevin Kelly, 
cofounder o f W ired magazine, launched an enterprise called the All Species 
Foundation with the aim o f finding every living organism and recording it 
on a database. The cost o f such an exercise has been estimated at anywhere 
from $2 billion to as much as $50 billion. As o f the spring o f2002, the foun­
dation had just $1.2 million in funds and four full-time employees. If, as the 
numbers suggest, we have perhaps 100 million species o f insects yet to find, 
and if our rates o f discovery continue at the present pace, we should have a 
definitive total for insects in a little over fifteen thousand years. The rest o f 
the animal kingdom may take a little longer.

So why do we know as little as we do? There are nearly as many rea­
sons as there are animals left to count, but here are a few of the principal 
causes:

*The formal word for a zoological category, such as phylum or genus. The plural Is 
taxa.
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M ost living things are sm all and easily overlooked. In practical 
terms, this is not always a bad thing. You might not slumber quite so con­
tentedly if you were aware that your mattress is home to perhaps two mil­
lion microscopic mites, which come out in the wee hours to sup on your 
sebaceous oils and feast on all those lovely, crunchy flakes of skin that you 
shed as you doze and toss. Your pillow alone may be home to forty thou­
sand of them CTo them your head is just one large oily bon-bon.] And 
don’t think a clean pillowcase will make a difference. To something on the 
scale o f bed mites, the weave o f the tightest human fabric looks like ship’s 
rigging. Indeed, if  your pillow is six years old-which is apparently about 
the average age for a pillow-it has been estimated that one-tenth of its 
weight will be made up of "sloughed skin, living mites, dead mites and 
mite dung," to quote the man who did the measuring, Dr. John Maunder 
of the British Medical Entomology Center. (But at least they are your mites. 
Think of what you snuggle up with each time you climb into a motel 
bed.]* These mites have been with us since time immemorial but they 
weren’t discovered until 1965.

If creatures as intimately associated with us as bed mites escaped our 
notice until the age of color television, it’s hardly surprising that most o f 
the rest of the small-scale world is barely known to us. Go out into a 
woods-any woods at all-bend down and scoop up a handful o f soil and 
you will be holding up to 10 billion bacteria, most o f them unknown to sci­
ence. Your sample will also contain perhaps a million plump yeasts, some
200,000 hairy little fungi known as molds, perhaps 10,000 protozoans (of 
which the most familiar is the amoeba), and assorted rotifers, flatworms, 
roundworms, and other microscopic creatures known collectively as cryp- 
tozoa. A large portion o f these will also be unknown.

The most comprehensive handbook o f microorganisms, Bergey’s M an­
ual o f  System atic Bacteriology, lists about 4,000 types o f bacteria. In the 
1980s, a pair o f Norwegian scientists, Jostein Goksoyr and Vigdis Torsvik,

*We are actually getting worse at some matters o f  hygiene. Dr. Maunder believes 
that the move toward low-temperature washing machine detergents has encour­
aged bugs to proliferate. As he puts it: "If you wash lousy clothing at low tempera­
tures, all you get is cleaner lice."
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collected a gram o f random soil from a beech forest near their lab in 
Bergen and carefully analyzed its bacterial content They found that this 
single small sample contained between 4,000 and 5,000 separate bacterial 
species, more than in the whole o f Bergey’s M anual. They then traveled to 
a coastal location a few miles away, scooped up another gram o f earth, and 
found that it contained 4,000 to 5,000 other species. As Edward O. Wilson 
observes: "If over 9,000 microbial types exist in two pinches o f substrate 
from two localities in Norway, how many more await discovery in other, 
radically different habitats?" Well, according to one estimate, it could be as 
high as 400 million.

We don’t  look in the right places. In The D iversity o f  Life, Wilson 
describes how one botanist spent a few days tramping around ten hectares 
o f jungle in Borneo and discovered a thousand new species o f flowering 
plant-more than are found in the whole o f North America. The plants 
weren’t hard to find. Its just that no one had looked there before. Koen 
Maes of the Kenyan National Museum told me that he went to one cloud 
forest as mountaintop forests are known in Kenya, and in a half hour 'o f 
not particularly dedicated looking" found four new species o f millipedes, 
three representing new genera, and one new species of tree. "Big tree," he 
added, and shaped his arms as if about to dance with a very large partner. 
Cloud forests are found on the tops of plateaus and have sometimes been 
isolated for millions of years. "They provide the ideal climate for biology 
and they have hardly been studied," he said.

Overall, tropical rain forests cover only about 6 percent o f Earth’s sur­
face, but harbor more than half of its animal life and about two-thirds of 
its flowering plants, and most o f this life remains unknown to us because 
too few researchers spend time in them. Not incidentally, much of this 
could be quite valuable. At least 99 percent of flowering plants have never 
been tested for their medicinal properties. Because they can’t flee from 
predators, plants have had to contrive chemical defenses, and so are par­
ticularly enriched in intriguing compounds. Even now nearly a quarter of 
all prescribed medicines are derived from just forty plants, with another 16 
percent coming from animals or microbes, so there is a serious risk with
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every hectare o f forest felled o f losing medically vital possibilities. Using a 
method called combinatorial chemistry, chemists can generate forty thou­
sand compounds at a time in labs, but these products are random and not 
uncommonly useless, whereas any natural molecule will have already 
passed what the Econom ist calls "the ultimate screening programme: over 
three and a half billion years o f evolution."

Looking for the unknown isn’t simply a matter of traveling to remote 
or distant places, however. In his book Life: An Unauthorised. Biography, 
Richard Fortey notes how one ancient bacterium was found on the wall of 
a country pub "where men had urinated for generations"-a discovery that 
would seem to involve rare amounts o f luck and devotion and possibly 
some other quality not specified.

There aren’t enough specialists. The stock o f things to be found, ex­
amined, and recorded very much outruns the supply o f scientists available 
to do it  Take the hardy and little-known organisms known as bdelloid ro­
tifers. These are microscopic animals that can survive almost anything. 
When conditions are tough, they curl up into a compact shape, switch ofF 
their metabolism, and wait for better times. In this state, you can drop 
them into boiling water or freeze them almost to absolute zero-that is the 
level where even atoms give up-and, when this torment has finished and 
they are returned to a more pleasing environment they will uncurl and 
move on as if  nothing has happened. So far, about 500 species have been 
identified (though other sources say 360), but nobody has any idea, even 
remotely, how many there may be altogether. For years almost all that was 
known about them was thanks to the work o f a devoted amateur, a Lon­
don clerical worker named David Biyce who studied them in his spare 
time. They can be found all over the world, but you could have all the bdel­
loid rotifer experts in the world to dinner and not have to borrow plates 

from the neighbors.
Even something as important and ubiquitous as fungi-and fungi are 

both-attracts comparatively little notice. Fungi are everywhere and come 
in many forms-as mushrooms, molds, mildews, yeasts, and puffballs, to 
name but a sampling-and they exist in volumes that most of us little sus­
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pect Gather together all the fungi found in a typical acre o f meadow and 
you would have 2,500 pounds of the stuff. These are not marginal organ­
isms. Without fungi there would be no potato blights, Dutch elm disease, 
jock itch, or athlete’s foot, but also no yogurts or beers or cheeses. Alto­
gether about 70,000 species o f fungi have been identified, but it is thought 
the number could be as high as 1.8 million. A lot o f mycologists work in 
industry, making cheeses and yogurts and the like, so it is hard to say how 
many are actively involved in research, but we can safely take it that there 
are more species of fungi to be found than there are people to find them.

The world is a really big place. We have been gulled by the ease of 
air travel and other forms of communication into thinking that the world 
is not all that big, but at ground level, where researchers must work, it is 
actually enormous-enormous enough to be full of surprises. The okapi, 
the nearest living relative of the giraffe, is now known to exist in substan­
tial numbers in the rain forests o f Zaire—the total population is estimated 
at perhaps thirty thousand-yet its existence wasn’t even suspected until 
the twentieth century. The large flightless New Zealand bird called the 
takahe had been presumed extinct for two hundred years before being 
found living in a rugged area o f the country’s South Island. In 1995 a team 
o f French and British scientists in Tibet who were lost in a snowstorm in 
a remote valley, came across a breed o f horse, called the Riwoche, that had 
previously been known only from prehistoric cave drawings. The valley’s 
inhabitants were astonished to learn that the horse was considered a rar­
ity in the wider world.

Some people think even greater surprises may await us. 'A leading 
British ethno-biologisb" wrote the Econom ist in 1995, "thinks a megath­
erium, a sort o f giant ground sloth which may stand as high as a giraffe...  
may lurk in the fastnesses o f the Amazon basin." Perhaps significantly, the 
ethnobiologist wasn’t named; perhaps even more significantly, nothing 
more has been heard o f him or his giant sloth. No one, however, can cat­
egorically say that no such thing is there until every jungly glade has been 
investigated, and we are a long way from achieving that

But even if we groomed thousands o f fieldworkers and dispatched 
them to the farthest comers o f the world, it would not be effort enough,
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for wherever life can be, it is. Life’s extraordinary fecundity is amazing, 
even gratifying, but also problematic. To survey it all, you would have to 
turn over every rock, sift through the litter on every forest floor, sieve 
unimaginable quantities o f sand and dirt, climb into every forest canopy, 
and devise much more efficient ways to examine the seas. Even then you 
would overlook whole ecosystems. In the 1980s, spelunkers entered a deep 
cave in Romania that had been sealed off from the outside world for a long 
but unknown period and found thirty-three species of insects and other 
small creatures—spiders, centipedes, lice—all blind, colorless, and new to 
science. They were living off the microbes in the surface scum of pools, 
which in turn were feeding on hydrogen sulfide from hot springs.

Our instinct may be to see the impossibility o f tracking everything 
down as frustrating, dispiriting, perhaps even appalling, but it can just as 
well be viewed as almost unbearably exciting. We live on a planet that has 
a more or less infinite capacity to surprise. What reasoning person could 
possibly want it any other way?

What is nearly always most arresting in any ramble through the scat­

tered disciplines of modem science is realizing how many people have 
been willing to devote lifetimes to the most sumptuously esoteric lines o f 
inquiry. In one o f his essays, Stephen Jay Gould notes how a hero o f his 
named Henry Edward Crampton spent fifty years, from 1906 to his death 
in 1956, quietly studying a genus o f land snails in Polynesia called Partula. 
Over and over, year after year, Crampton measured to the tiniest degree- 
to eight decimal places-the whorls and arcs and gentle curves o f number­
less Partula, compiling the results into fastidiously detailed tables. A single 
line o f text in a Crampton table could represent weeks o f measurement 
and calculation.

Only slightly less devoted, and certainly more unexpected, was Alfred 
C. Kinsey, who became famous for his studies o f human sexuality in the 
1940s and 1950s. But before his mind became filled with sex, so to speak, 
Kinsey was an entomologist and a dogged one at that In one expedition 
lasting two years, he hiked 2,500 miles to assemble a collection of 300,000 
wasps. How many stings he collected along the way is not alas, recorded.

Something that had been puzzling me was the question o f how you as­
sured a chain of succession in these arcane fields. Clearly there cannot be
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many institutions in the world that require or are prepared to support spe­
cialists in barnacles or Pacific snails. As we parted at the Natural History 
Museum in London, I asked Richard Fortey how science ensures that 
when one person goes there’s someone ready to take his place.

He chuckled rather heartily at my naivete. "I’m afraid it’s not as if we 
have substitutes sitting on the bench somewhere waiting to be called in to 
play. When a specialist retires or, even more unfortunately, dies, that can 
bring a stop to things in that field, sometimes for a very long while."

"And I suppose that’s why you value someone who spends forty-two 
years studying a single species of plant even if it doesn’t produce anything 
terribly new?"

"Precisely," he said, "precisely." And he really seemed to mean it
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IT STARTS WITH a single cell. The first cell splits to become two and the two 

became four and so on. After just forty-seven doublings, you have ten 
thousand trillion [10,000,000,000,000,000) cells in your body and are ready 
to spring forth as a human being.* And every one of those cells knows ex­
actly what to do to preserve and nurture you from the moment of con­
ception to your last breath.

You have no secrets from your cells. They know far more about you 
than you do. Each one carries a copy of the complete genetic code-the in­
struction manual for your body-so it knows not only how to do its job but 
every other job in the body. Never in your life will you have to remind a 
cell to keep an eye on its adenosine triphosphate levels or to find a place 
for the extra squirt of folic acid that’s just unexpectedly turned up. It will 
do that for you, and millions more things besides.

* Actually, quite a lot of cells are lost in the process o f development, so the number 
you emerge with is really just a guess. Depending on which source you consult the 
number can vary by several orders of magnitude. The figure o f ten thousand tril­
lion [or quadrillion) is from Margulis and Sagan, 1986.

371
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Every cell in nature is a thing o f wonder. Even the simplest are far be­
yond the limits o f human ingenuity. To build the most basic yeast cell for 
example, you would have to miniaturize about the same number o f com­
ponents as are found in a Boeing 777 jetliner and fit them into a sphere 
just five microns across; then somehow you would have to persuade that 

sphere to reproduce.
But yeast cells are as nothing compared with human cells, which are 

not just more varied and complicated, but vastly more fascinating because 
o f their complex interactions.

Your cells are a country o f ten thousand trillion citizens, each devoted 
in some intensively specific way to your overall well-being. There isn’t a 
thing they don’t do for you. They let you feel pleasure and form thoughts. 
They enable you to stand and stretch and caper. When you eat, they extract 
the nutrients, distribute the energy, and cany off the wastes-all those 
things you learned about in junior high school biology-but they also re­
member to make you hungry in the first place and reward you with a feel­
ing o f well-being afterward so that you won’t forget to eat again. They keep 
your hair growing, your ears waxed, your brain quietly purring. They 
manage every comer o f your being. They will jump to your defense the in­
stant you are threatened. They will unhesitatingly die for you-billions of 
them do so daily. And not once in all your years have you thanked even 
one of them. So let us take a moment now to regard them with the won­
der and appreciation they deserve.

We understand a little o f how cells do the things they do-how they lay 
down fat or manufacture insulin or engage in many of the other acts nec­
essary to maintain a complicated entity like yourself-but only a little. You 
have at least 200,000 different types of protein laboring away inside you, 
and so far we understand what no more than about 2 percent o f them do. 
COthers put the figure at more like 50 percent; it depends, apparently, on 
what you mean by "understand."}

Surprises at the cellular level turn up all the time. In nature, nitric 
oxide is a formidable toxin and a common component o f air pollution. So 
scientists were naturally a little surprised when, in the mid-1980s, they 
found it being produced in a curiously devoted manner in human cells. Its
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purpose was at first a mystery, but then scientists began to find it all over 
the place-controlling the flow of blood and the energy levels of cells, at­
tacking cancers and other pathogens, regulating the sense of smell even 
assisting in penile erections. It also explained why nitroglycerine, the well- 
known explosive, soothes the heart pain known as angina. CIt is converted 
into nitric oxide in the bloodstream, relaxing the muscle linings of vessels, 
allowing blood to flow more freely.) In barely the space of a decade this 
one gassy substance went from extraneous toxin to ubiquitous elixir.

You possess "some few hundred* different types o f cell according to the 
Belgian biochemist Christian de Duve, and they vary enormously in size 
and shape, from nerve cells whose filaments can stretch to several feet to 
tiny, disc-shaped red blood cells to the rod-shaped photocells that help to 
give us vision. They also come in a sumptuously wide range o f sizes- 
nowhere more strikingly than at the moment o f conception, when a single 
beating sperm confronts an egg eighty-five thousand times bigger than it 
(which rather puts the notion of male conquest into perspective). On aver­
age, however, a human cell is about twenty microns wide-that is about two 
hundredths o f a millimeter-which is too small to be seen but roomy 
enough to hold thousands o f complicated structures like mitochondria, 
and millions upon millions o f molecules. In the most literal way, cells also 
vary in liveliness. Your skin cells are all dead. It’s a somewhat galling notion 
to reflect that every inch o f your surface is deceased. If you are an average­
sized adult you are lugging around about five pounds o f dead skin, o f which 
several billion tiny fragments are sloughed off each day. Run a finger along 
a dusty shelf and you are drawing a pattern very largely in old skin.

Most living cells seldom last more than a month or so, but there are 
some notable exceptions. Liver cells can survive for years, though the com­
ponents within them may be renewed every few days. Brain cells last as 
long as you do. You are issued a hundred billion or so at birth, and that is 
all you are ever going to get It has been estimated that you lose five hun­
dred o f them an hour, so if  you have any serious thinking to do there really 
isn’t a moment to waste. The good news is that the individual components 
o f your brain cells are constantly renewed so that as with the liver cells, 
no part o f them is actually likely to be more than about a month old. In­
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deed, it has been suggested that there isn’t a single bit o f any o f us-not so 
much as a stray molecule-that was part o f us nine years ago. It may not 
feel like it  but at the cellular level we are all youngsters.

The first person to describe a cell was Robert Hooke, whom we last en­
countered squabbling with Isaac Newton over credit for the invention o f 
the inverse square law. Hooke achieved many things in his sixty-eight 
years-he was both an accomplished theoretician and a dab hand at mak­
ing ingenious and useful instruments-but nothing he did brought him 
greater admiration than his popular book M icrophagia: or Som e Physio­
logical D escriptions o f  M iniature Bodies M ade by M agnifying Glasses, pro­
duced in 1665. It revealed to an enchanted public a universe o f the very 
small that was far more diverse, crowded, and finely structured than any­
one had ever come close to imagining.

Among the microscopic features first identified by Hooke were little 
chambers in plants that he called "cells" because they reminded him of 
monks’ cells. Hooke calculated that a one-inch square o f cork would con­
tain 1,259,712,000 of these tiny chambers-the first appearance o f such a 
very large number anywhere in science. Microscopes by this time had been 
around for a generation or so, but what set Hooke’s apart were their tech­
nical supremacy. They achieved magnifications o f thirty times, making 
them the last word in seventeenth-century optical technology.

So it came as something of a shock when just a decade later Hooke and 
the other members o f London’s Royal Society began to receive drawings 
and reports from an unlettered linen draper in Holland employing magni­
fications o f up to 275 times. The draper’s name was Antoni van Leeuwen­
hoek. Though he had little formal education and no background in science, 
he was a perceptive and dedicated observer and a technical genius.

To this day it is not known how he got such magnificent magnifica­
tions from simple handheld devices, which were little more than modest 
wooden dowels with a tiny bubble o f glass embedded in them  far more 
like magnifying glasses than what most o f us think o f as microscopes, but 
really not much like either. Leeuwenhoek made a new instrument for
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every experiment he performed and was extremely secretive about his 
techniques, though he did sometimes offer tips to the British on how they 
might improve their resolutions.*

Over a period o f fifty years-beginning, remarkably enough, when he 
was already past forty-he made almost two hundred reports to the Royal 
Society, all written in Low Dutch, the only tongue o f which he was master. 
Leeuwenhoek offered no interpretations, but simply the facts o f what he 
had found, accompanied by exquisite drawings. He sent reports on almost 
everything that could be usefully examined-bread mold, a bee’s stinger, 
blood cells, teeth, hair, his own saliva, excrement and semen (these last 
with fretful apologies for their unsavory naturej-nearly all o f which had 
never been seen microscopically before.

After he reported finding 'animalcules' in a sample o f pepper water in 
1676, the members o f the Royal Society spent a year with the best devices 
English technology could produce searching for the "little animals' before 
finally getting the magnification right What Leeuwenhoek had found 
were protozoa. He calculated that there were 8,280,000 o f these tiny beings 
in a single drop of water-more than the number of people in Holland. The 
world teemed with life in ways and numbers that no one had previously 
suspected.

Inspired by Leeuwenhoek’s fantastic findings, others began to peer into 
microscopes with such keenness that they sometimes found things that 
weren’t in fact there. One respected Dutch observer, Nicolaus Hartsoecker, 
was convinced he saw "tiny preformed men' in sperm cells. He called the 
little beings "homunculi' and for some time many people believed that all 
humans—indeed, all creatures—were simply vastly inflated versions of tiny

'Leeuwenhoek was close friends with another Delft notable, the artist Jan Vermeer. 
In the mid-IGGOs, Vermeer, who previously had been a competent but not out­
standing artist suddenly developed the masteiy of light and perspective for which 
he has been celebrated ever since. Though it has never been proved, it has long 
been suspected that he used a camera obscura, a device for projecting images onto 
a flat surface through a lens. No such device was listed among Vermeer’s personal 
effects after his death, but it happens that the executor of Vermeer’s estate was none 
other than Antoni van Leeuwenhoek, the most secretive lens-maker of his day.
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but complete precursor beings. Leeuwenhoek himself occasionally got car­
ried away with his enthusiasms. In one o f his least successful experiments 
he tried to study the explosive properties o f gunpowder by observing a 
small blast at close range; he nearly blinded himself in the process.

In 1683 Leeuwenhoek discovered bacteria, but that was about as far as 
progress could get for the next century and a half because o f the limita­
tions of microscope technology. Not until 1831 would anyone first see the 
nucleus of a cell-it was found by the Scottish botanist Robert Brown, that 
frequent but always shadowy visitor to the history o f science. Brown, who 
lived from 1773 to 1858, called it nucleus from the Latin nucula, meaning 
little nut or kernel Not until 1839, however, did anyone realize that all liv­
ing matter is cellular. It was Theodor Schwann, a German, who had this in­
sight, and it was not only comparatively late, as scientific insights go, but 
not widely embraced at first It wasn’t until the 1860s, and some landmark 
work by Louis Pasteur in France, that it was shown conclusively that life 
cannot arise spontaneously but must come from preexisting cells. The be­
lief became known as the "cell theory,' and it is the basis o f all modem bi­
ology.

The cell has been compared to many things, from "a complex chem­
ical refinery" Cby the physicist James Trefil) to 'a vast teeming metropolis' 
(the biochemist Guy Brown). A cell is both of those things and neither. It 
is like a refinery in that it is devoted to chemical activity on a grand scale, 
and like a metropolis in that it is crowded and busy and filled with in­
teractions that seem confused and random but clearly have some system 
to them. But it is a much more nightmarish place than any city or factory 
that you have ever seen. To begin with there is no up or down inside the 
cell (gravity doesn’t meaningfully apply at the cellular scale), and not an 
atom’s width of space is unused. There is activity everyw here and a cease­
less thrum of electrical energy. You may not feel terribly electrical, but you 
are. The food we eat and the oxygen we breathe are combined in the cells 
into electricity. The reason we don’t give each other massive shocks or 
scorch the sofa when we sit is that it is all happening on a tiny scale: a 
mere 0.1 volts traveling distances measured in nanometers. However, 
scale that up and it would translate as a jolt o f twenty million volts per
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meter, about the same as the charge carried by the main body o f a thun­
derstorm.

Whatever their size or shape, nearly all your cells are built to funda­
mentally the same plan: they have an outer casing or membrane, a nucleus 
wherein resides the necessary genetic information to keep you going, and 
a busy space between the two called the cytoplasm. The membrane is not, 
as most of us imagine it, a durable, rubbery casing, something that you 
would need a sharp pin to prick. Rather, it is made up of a type of fatty ma­
terial known as a lipid, which has the approximate consistency "of a light 
grade of machine oil," to quote Sherwin B. Nuland. If that seems surpris­
ingly insubstantial, bear in mind that at the microscopic level things be­
have differently. To anything on a molecular scale water becomes a kind of 
heavy-duty gel and a lipid is like iron.

If you could visit a cell, you wouldn’t like it  Blown up to a scale at 
which atoms were about the size of peas, a cell itself would be a sphere 
roughly half a mile across, and supported by a complex framework o f gird­
ers called the cytoskeleton. Within it  millions upon millions o f objects- 
some the size of basketballs, others the size of cars-would whiz about like 
bullets. There wouldn’t be a place you could stand without being pum- 
meled and ripped thousands of times every second from every direction. 
Even for its full-time occupants the inside of a cell is a hazardous place. 
Each strand of DNA is on average attacked or damaged once every 8.4 sec- 
onds-ten thousand times in a day-by chemicals and other agents that 
whack into or carelessly slice through it, and each of these wounds must 
be swiftly stitched up if the cell is not to perish.

The proteins are especially lively, spinning, pulsating, and flying into 
each other up to a billion times a second. Enzymes, themselves a type of 
protein, dash everywhere, performing up to a thousand tasks a second. 
Like greatly speeded up worker ants, they busily build and rebuild mole­
cules, hauling a piece off this one, adding a piece to that one. Some moni­
tor passing proteins and mark with a chemical those that are irreparably 
damaged or flawed. Once so selected, the doomed proteins proceed to a 
structure called a proteasome, where they are stripped down and their 
components used to build new proteins. Some types of protein exist for
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less than half an hour; others survive for weeks. But all lead existences that 
are inconceivably frenzied. As de Duve notes, 'The molecular world must 
necessarily remain entirely beyond the powers o f our imagination owing 
to the incredible speed with which things happen in i t '

But slow things down, to a speed at which the interactions can be ob­
served, and things don’t seem quite so unnerving. You can see that a cell is 
just millions o f objects-lysosomes, endosomes, ribosomes, ligands, perox­
isomes, proteins o f every size and shape-bumping into millions o f other 
objects and performing mundane tasks: extracting energy from nutrients, 
assembling structures, getting rid o f waste, warding off intruders, sending 
and receiving messages, making repairs. Typically a cell will contain some
20,000 different types o f protein, and o f these about 2,000 types will each 
be represented by at least 50,000 molecules. T h is  means/ says Nuland, 
"that even if  we count only those molecules present in amounts o f more 
than 50,000 each, the total is still a very minimum o f 100 million protein 
molecules in each cell. Such a staggering figure gives some idea of the 
swarming immensity o f biochemical activity within us/

It is all an immensely demanding process. Your heart must pump 75 
gallons of blood an hour, 1,800 gallons every day, 657,000 gallons in a 
year-that’s enough to fill four Olympic-sized swimming pools-to keep all 
those cells freshly oxygenated. CAnd that’s at rest During exercise the rate 
can increase as much as sixfold.) The oxygen is taken up by the mito­
chondria. These are the cells’ power stations, and there are about a thou­
sand of them in a typical cell, though the number varies considerably 
depending on what a cell does and how much energy it requires.

You may recall from an earlier chapter that the mitochondria are 
thought to have originated as captive bacteria and that they now live es­
sentially as lodgers in our cells, preserving their own genetic instructions, 
dividing to their own timetable, speaking their own language. You may 
also recall that we are at the mercy o f their goodwill Here’s why. Virtually 
all the food and oxygen you take into your body are delivered, after pro­
cessing, to the mitochondria, where they are converted into a molecule 
called adenosine triphosphate, or ATP.

You may not have heard o f ATP, but it is what keeps you going. ATP
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molecules are essentially little battery packs that move through the cell 
providing energy for all the cell’s processes, and you get through a lot o f it  
At any given moment a typical cell in your body will have about one bil­
lion ATP molecules in i t  and in two minutes every one o f them will have 
been drained dry and another billion will have taken their place. Every day 
you produce and use up a volume o f ATP equivalent to about half your 
body weight Feel the warmth o f your skin. That’s your ATP at work.

When cells are no longer needed, they die with what can only be called 
great dignity. They take down all the struts and buttresses that hold them 
together and quietly devour their component parts. The process is known 
as apoptosis or programmed cell death. Every day billions o f your cells die 
for your benefit and billions o f others clean up the mess. Cells can also die 
violently-for instance, when infected-but mostly they die because they are 
told to. Indeed, if not told to live-if not given some kind o f active instruc­
tion from another cell-cells automatically kill themselves. Cells need a lot 
o f reassurance.

When, as occasionally happens, a cell fails to expire in the prescribed 
manner, but rather begins to divide and proliferate wildly, we call the re­
sult cancer. Cancer cells are really just confused cells. Cells make this mis­
take fairly regularly, but the body has elaborate mechanisms for dealing 
with it  It is only very rarely that the process spirals out of control. On av­
erage, humans suffer one fatal malignancy for each 100 million billion cell 
divisions. Cancer is bad luck in every possible sense of the term.

The wonder of cells is not that things occasionally go wrong, but that 
they manage everything so smoothly for decades at a stretch. They do so 
by constantly sending and monitoring streams of messages-a cacophony 
of messages-from all around the body: instructions, queries, corrections, 
requests for assistance, updates, notices to divide or expire. Most o f these 
signals arrive by means of couriers called hormones, chemical entities such 
as insulin, adrenaline, estrogen, and testosterone that convey information 
from remote outposts like the thyroid and endocrine glands. Still other 
messages arrive by telegraph from the brain or from regional centers in a 
process called paracrine signaling. Finally, cells communicate directly with 
their neighbors to make sure their actions are coordinated.
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What is perhaps most remarkable is that it is all just random frantic 
action, a sequence o f endless encounters directed by nothing more than el­
emental rules o f attraction and repulsion. There is clearly no thinking pres­
ence behind any o f the actions o f the cells. It all just happens, smoothly 
and repeatedly and so reliably that seldom are we even conscious of it, yet 
somehow all this produces not just order within the cell but a perfect har­
mony right across the organism. In ways that we have barely begun to un­
derstand, trillions upon trillions o f reflexive chemical reactions add up to 
a mobile, thinking, decision-making you-or, come to that a rather less re­
flective but still incredibly organized dung beetle. Every living thing, never 
forget is a wonder o f atomic engineering.

Indeed, some organisms that we think o f as primitive enjoy a level o f 
cellular organization that makes our own look carelessly pedestrian. Dis­
assemble the cells o f a sponge (by passing them through a sieve, for in­
stance), then dump them into a solution, and they will find their way back 
together and build themselves into a sponge again. You can do this to them 
over and over, and they will doggedly reassemble because, like you and me 
and every other living thing, they have one overwhelming impulse: to con­
tinue to be.

And that’s because of a curious, determined, barely understood mole­
cule that is itself not alive and for the most part doesn’t do anything at all 
We call it DNA, and to begin to understand its supreme importance to sci­
ence and to us we need to go back 1G0 years or so to Victorian England 
and to the moment when the naturalist Charles Darwin had what has been 
called "the single best idea that anyone has ever had"-and then, for reasons 
that take a little explaining, locked it away in a drawer for the next fifteen 
years.
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IN THE LATE summer or early autumn of 1859, Whitwell Elwin, editor of the 
respected British journal the Quarterly Review, was sent an advance copy of 
a new book by the naturalist Charles Darwin. Elwin read the book with in­
terest and agreed that it had merit but feared that the subject matter was too 
narrow to attract a wide audience. He urged Darwin to write a book about pi­
geons instead. ''Everyone is interested in pigeons/ he observed helpfully.

Elwin's sage advice was ignored, and On the Origin o f  Species by M eans 
o f  Natural Selection, or the Preservation o f  Favoured Races in the Struggle fo r  
Life was published in late November 1859, priced at fifteen shillings. The 
first edition of 1,250 copies sold out on the first day. It has never been out 
o f print and scarcely out o f controversy, in all the time since-not bad 
going for a man whose principal other interest was earthworms and who, 
but for a single impetuous decision to sail around the world, would very 

probably have passed his life as an anonymous country parson known for, 
well, for an interest in earthworms.

Charles Robert Darwin was bom on February 12, 1809/ in Shrews- *

*An auspicious date in history: on the same day in Kentucky, Abraham Lincoln was 
bom.
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bury, a sedate market town in the west Midlands of England. His father 
was a prosperous and well-regarded physician. His mother, who died 
when Charles was only eight, was the daughter o f Josiah Wedgwood, of 
pottery fame.

Darwin enjoyed every advantage of upbringing, but continually pained 
his widowed father with his lackluster academic performance. "You care 
for nothing but shooting, dogs, and rat-catching, and you will be a disgrace 
to yourself and all your family," his father wrote in a line that nearly always 
appears just about here in any review of Darwin’s early life. Although his 
inclination was to natural history, for his father’s sake he tried to study 
medicine at Edinburgh University but couldn’t bear the blood and suffer­
ing. The experience of witnessing an operation on an understandably dis­
tressed child-this was in the days before anesthetics, o f course-left him 
permanently traumatized. He tried law instead, but found that insupport- 
ably dull and finally managed, more or less by default to acquire a degree 
in divinity from Cambridge.

A life in a rural vicarage seemed to await him when from out o f the 
blue there came a more tempting offer. Darwin was invited to sail on the 
naval survey ship HMS Beagle, essentially as dinner company for the cap­
tain, Robert FitzRoy, whose rank precluded his socializing with anyone 
other than a gentleman. FitzRoy, who was very odd, chose Darwin in part 
because he liked the shape of Darwin's nose. (It betokened depth o f char­
acter, he believed.) Darwin was not FitzRoy’s first choice, but got the nod 
when FitzRoy's preferred companion dropped out From a twenty-first- 
centuiy perspective the two men’s most striking joint feature was their ex­
treme youthfulness. At the time of sailing, FitzRoy was only twenty-three, 
Darwin just twenty-two.

FitzRoy's formal assignment was to chart coastal waters, but his 
hobby—passion really—was to seek out evidence for a literal, biblical inter­
pretation of creation. That Darwin was trained for the ministry was central 
to FitzRoy’s decision to have him aboard. That Darwin subsequently proved 
to be not only liberal of view but less than wholeheartedly devoted to Chris­
tian fundamentals became a source of lasting friction between them

Darwin’s time aboard HMS Beagle, from 1831 to 183G, was obviously
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the formative experience of his life, but also one of the most trying. He 
and his captain shared a small cabin, which can’t have been easy as 
FitzRoy was subject to fits o f fury followed by spells o f simmering re­
sentment He and Darwin constantly engaged in quarrels, some "border­
ing on insanity," as Darwin later recalled. Ocean voyages tended to 
become melancholy undertakings at the best of times—the previous cap­
tain of the Beagle had put a bullet through his brain during a moment of 
lonely gloom—and FitzRoy came from a family well known for a depres­
sive instinct His uncle, Viscount Castlereagh, had slit his throat the pre­
vious decade while serving as Chancellor o f the Exchequer. (FitzRoy 
would himself commit suicide by the same method in 1865.) Even in his 

calmer moods, FitzRoy proved strangely unknowable. Darwin was as­
tounded to learn upon the conclusion of their voyage that almost at once 
FitzRoy married a young woman to whom he had long been betrothed. 
In five years in Darwin’s company, he had not once hinted at an attach­
ment or even mentioned her name.

In every other respect, however, the Beagle voyage was a triumph. Dar­
win experienced adventure enough to last a lifetime and accumulated a 
hoard of specimens sufficient to make his reputation and keep him occu­
pied for years. He found a magnificent trove o f giant ancient fossils, 
including the finest M egatherium  known to date; survived a lethal earth­
quake in Chile; discovered a new species o f dolphin (which he dutifully 
named Delphinus fitzroy ij; conducted diligent and useful geological inves­
tigations throughout the Andes; and developed a new and much-admired 
theory for the formation of coral atolls, which suggested, not co­
incidentally, that atolls could not form in less than a million years-the first 
hint o f his long-standing attachment to the extreme antiquity of earthly 
processes. In 1836, aged twenty-seven, he returned home after being away 
for five years and two days. He never left England again.

One thing Darwin didn’t do on the voyage was propound the theory (or 
even a theory) o f evolution. For a start, evolution as a concept was already 
decades old by the 1830s. Darwin’s own grandfather, Erasmus, had paid
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tribute to evolutionary principles in a poem of inspired mediocrity called 
'The Ttemple of Nature" years before Charles was even bom. It wasn’t until 
the younger Darwin was back in England and read Thomas Malthus’s 
Essay on the Principle o f  Population (which proposed that increases in food 
supply could never keep up with population growth for mathematical rea­
sons) that the idea began to percolate through his mind that life is a per­
petual struggle and that natural selection was the means by which some 
species prospered while others failed. Specifically what Darwin saw was 
that all organisms competed for resources, and those that had some innate 
advantage would prosper and pass on that advantage to their offspring. By 
such means would species continuously improve.

It seems an awfully simple idea-it is an awfully simple idea-but it ex­
plained a great deal, and Darwin was prepared to devote his life to it  "How 
stupid o f me not to have thought o f it!" T. H. Huxley cried upon reading 
On the Origin o f  Species. It is a view that has been echoed ever since.

Interestingly, Darwin didn’t use the phrase "survival o f the fittest" in 
any of his work (though he did express his admiration for it). The ex­
pression was coined five years after the publication of On the Origin o f  
Species by Herbert Spencer in Principles o f  Biology in 18G4. Nor did he 
employ the word evolution  in print until the sixth edition of Origin (by 
which time its use had become too widespread to resist), preferring in­
stead "descent with modification." Nor, above all, were his conclusions in 
any way inspired by his noticing, during his time in the Galapagos Is­
lands, an interesting diversity in the beaks of finches. The story as con­
ventionally told (or at least as frequently remembered by many of us) is 
that Darwin, while traveling from island to island, noticed that the 
finches’ beaks on each island were marvelously adapted for exploiting 
local resources-that on one island beaks were sturdy and short and good 
for cracking nuts, while on the next island beaks were perhaps long and 
thin and well suited for winkling food out of crevices-and it was this that 
set him to thinking that perhaps the birds had not been created this way, 
but had in a sense created themselves.

In fact, the birds had  created themselves, but it wasn’t Darwin who no­
ticed it At the time of the Beagle voyage, Darwin was fresh out of college
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and not yet an accomplished naturalist and so failed to see that the Gala­
pagos birds were all o f a type. It was his friend the ornithologist John 
Gould who realized that what Darwin had found was lots of finches with 
different talents. Unfortunately, in his inexperience Darwin had not noted 
which birds came from which islands. (He had made a similar error with 
tortoises.) It took years to sort the muddles out

Because o f these oversights, and the need to sort through crates and 
crates o f other Beagle specimens, it wasn’t until 1842, six years after his re­
turn to England, that Darwin finally began to sketch out the rudiments of 
his new theory. These he expanded into a 230-page "sketch" two years later. 
And then he did an extraordinary thing: he put his notes away and for the 
next decade and a half busied himself with other matters. He fathered ten 
children, devoted nearly eight years to writing an exhaustive opus on bar­
nacles (T hate a barnacle as no man ever did before," he sighed, under­
standably, upon the work’s conclusion), and fell prey to strange disorders 
that left him chronically listless, faint and "flurried," as he put it  The symp­
toms nearly always included a terrible nausea and generally also incorpo­
rated palpitations, migraines, exhaustion, trembling, spots before the eyes, 
shortness of breath, "swimming of the head," and, not surprisingly, de­
pression.

The cause of the illness has never been established, but the most ro­
mantic and perhaps likely of the many suggested possibilities is that he 
suffered from Chagas’s disease, a lingering tropical malady that he could 
have acquired from the bite o f a Benchuga bug in South America. A more 
prosaic explanation is that his condition was psychosomatic. In either case, 
the misery was not Often he could work for no more than twenty min­
utes at a stretch, sometimes not that

Much of the rest o f his time was devoted to a series o f increasingly 
desperate treatments-icy plunge baths, dousings in vinegar, draping him­
self with "electric chains" that subjected him to small jolts o f current He 
became something of a hermit seldom leaving his home in Kent Down 
House. One of his first acts upon moving to the house was to erect a mir­
ror outside his study window so that he could identify, and if necessary 
avoid, callers.
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Darwin kept his theory to himself because he well knew the storm it 
would cause. In 1844, the year he locked his notes away, a book called 
Vestiges o f  the N atural H istory o f  Creation  roused much o f the thinking 
world to fury by suggesting that humans might have evolved from lesser 
primates without the assistance o f a divine creator. Anticipating the out­
cry, the author had taken careful steps to conceal his identity, which he 
kept a secret from even his closest friends for the next forty years. Some 
wondered if Darwin himself might be the author. Others suspected 
Prince Albert In fact, the author was a successful and generally unas­
suming Scottish publisher named Robert Chambers whose reluctance to 
reveal himself had a practical dimension as well as a personal one: his 
firm was a leading publisher of Bibles. Vestiges was warmly blasted from 
pulpits throughout Britain and far beyond, but also attracted a good deal 
o f more scholarly ire. The Edinburgh Review  devoted nearly an entire 
issue-eighty-five pages-to pulling it to pieces. Even T. H. Huxley, a be­
liever in evolution, attacked the book with some venom, unaware that the 
author was a friend.*

Darwin’s manuscript might have remained locked away till his death 
but for an alarming blow that arrived from the Far East in the early sum­
mer of 1858 in the form o f a packet containing a friendly letter from a 
young naturalist named Alfred Russel Wallace and the draft o f a paper, On 
the Tendency o f  Varieties to D epart Indefinitely from  the Original Type, out­
lining a theory o f natural selection that was uncannily similar to Darwin’s 
secret jottings. Even some o f the phrasing echoed Darwin’s own. "I never 
saw a more striking coincidence," Darwin reflected in dismay. "If Wallace 
had my manuscript sketch written out in 1842, he could not have made a 
better short abstract"

Wallace didn’t drop into Darwin’s life quite as unexpectedly as is some­
times suggested. The two were already corresponding, and Wallace had

* Darwin was one of the few to guess correctly. He happened to be visiting Cham­
bers one day when an advance copy of the sixth edition of Vestiges was delivered. 
The keenness with which Chambers checked the revisions was something of a 
giveaway, though it appears the two men did not discuss it
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more than once generously sent Darwin specimens that he thought might 
be of interest In the process of these exchanges Darwin had discreetly 
warned Wallace that he regarded the subject o f species creation as his own 
territory. "This summer will make the 20 th year (!) since I opened my first 
note book, on the question of how in what way do species varieties 
differ from each other," he had written to Wallace some time earlier. "I am 
now preparing my work for publication," he added, even though he wasn’t 
really.

In any case, Wallace failed to grasp what Darwin was trying to tell 
him  and of course he could have no idea that his own theory was so 
nearly identical to one that Darwin had been evolving, as it were, for two 
decades.

Darwin was placed in an agonizing quandary. If  he rushed into print 
to preserve his priority, he would be taking advantage o f an innocent tip- 
off from a distant admirer. But if  he stepped aside, as gentlemanly conduct 
arguably required, he would lose credit for a theory that he had inde­
pendently propounded. Wallace’s theory was, by Wallace’s own admission, 
the result o f a flash of insight; Darwin’s was the product o f years o f care­
ful, plodding, methodical thought It was all crushingly unfair.

To compound his misery, Darwin’s youngest son, also named Charles, 
had contracted scarlet fever and was critically ill. At the height o f the crisis, 
on June 28, the child died. Despite the distraction o f his son's illness, Dar­
win found time to dash off letters to his friends Charles Lyell and Joseph 
Hooker, offering to step aside but noting that to do so would mean that all 
his work, "whatever it may amount to, will be smashed." Lyell and Hooker 
came up with the compromise solution o f presenting a summary o f Dar­
win’s and Wallace’s ideas together. The venue they settled on was a meet­
ing o f the Linnaean Society, which at the time was struggling to find its 
way back into fashion as a seat o f scientific eminence. On July 1, 1858, 
Darwin’s and Wallace’s theory was unveiled to the world. Darwin himself 

was not present On the day o f the meeting, he and his wife were burying 
their son.

The Darwin-Wallace presentation was one o f seven that evening-one 
of the others was on the flora o f Angola-and if  the thirty or so people in
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the audience had any idea that they were witnessing the scientific highlight 
of the century, they showed no sign of it  No discussion followed. Nor did 
the event attract much notice elsewhere. Darwin cheerfully later noted that 
only one person, a Professor Haughton of Dublin, mentioned the two pa­
pers in print and his conclusion was "that all that was new in them was 
false, and what was true was old."

Wallace, still in the distant East, learned of these maneuverings long 
after the event, but was remarkably equable and seemed pleased to have 
been included at all. He even referred to the theory forever after as "Dar­
winism." Much less amenable to Darwin’s claim o f priority was a Scottish 
gardener named Patrick Matthew who had, rather remarkably, also come 
up with the principles of natural selection—in fact in the very year that 
Darwin had set sail in the Beagle. Unfortunately, Matthew had published 
these views in a book called N aval Tim ber and Arboriculture, which had 
been missed not just by Darwin, but by the entire world. Matthew kicked 
up in a lively manner, with a letter to Gardener’s Chronicle, when he saw 
Darwin gaining credit everywhere for an idea that really was his. Darwin 
apologized without hesitation, though he did note for the record: "I think 
that no one will feel surprised that neither I, nor apparently any other nat­
uralist, has heard of Mr. Matthew’s views, considering how briefly they are 
given, and they appeared in the Appendix to a work on Naval Timber and 
Arboriculture."

Wallace continued for another fifty years as a naturalist and thinker, 
occasionally a very good one, but increasingly fell from scientific favor by 
taking up dubious interests such as spiritualism and the possibility o f life 
existing elsewhere in the universe. So the theory became, essentially by de­
fault, Darwin’s alone.

Darwin never ceased being tormented by his ideas. He referred to 
himself as "the Devil’s Chaplain" and said that revealing the theory felt "like 
confessing a murder." Apart from all else, he knew it deeply pained his 
beloved and pious wife. Even so, he set to work at once expanding his man­
uscript into a book-length work. Provisionally he called it An Abstract o f  
an Essay on the Origin o f  Species and Varieties through Natural Selection- 
a title so tepid and tentative that his publisher, John Murray, decided to
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issue just five hundred copies. But once presented with the manuscript 
and a slightly more arresting title, Murray reconsidered and increased the 
initial print run to 1,250.

On the Origin o f  Species was an immediate commercial success, but 
rather less o f a critical one. Darwin’s theory presented two intractable dif­
ficulties. It needed far more time than Lord Kelvin was willing to concede, 
and it was scarcely supported by fossil evidence. Where, asked Darwin’s 
more thoughtful critics, were the transitional forms that his theory so 
clearly called for? If new species were continuously evolving, then there 
ought to be lots of intermediate forms scattered across the fossil record, 
but there were not* In fact, the record as it existed then (and for a long 
time afterward) showed no life at all right up to the moment of the famous 
Cambrian explosion.

But now here was Darwin, without any evidence, insisting that the ear­
lier seas must have had abundant life and that we just hadn’t found it yet 
because, for whatever reason, it hadn’t been preserved. It simply could not 
be otherwise, Darwin maintained. "The case at present must remain inex­
plicable; and may be truly urged as a valid argument against the views here 
entertained," he allowed most candidly, but he refused to entertain an al­
ternative possibility. By way o f explanation he speculated-inventively but 
incorrectly—that perhaps the Precambrian seas had been too clear to lay 
down sediments and thus had preserved no fossils.

Even Darwin’s closest friends were troubled by the blitheness o f some 
o f his assertions. Adam Sedgwick, who had taught Darwin at Cambridge 
and taken him on a geological tour o f Wales in 1831, said the book gave 
him "more pain than pleasure." Louis Agassiz dismissed it as poor conjec­
ture. Even Lyell concluded gloomily: "Darwin goes too far."

T. H. Huxley disliked Darwin’s insistence on huge amounts o f geolog­

*By coincidence, in 1861, at the height of the controversy, just such evidence turned 
up when workers in Bavaria found the bones of an ancient archaeopteryx, a crea­
ture halfWay between a bird and a dinosaur. (It had feathers, but it also had teeth.) 
It was an impressive and helpful find, and its significance much debated, but a sin­
gle discovery could hardly be considered conclusive.
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ical time because he was a saltationist, which is to say a believer in the idea 
that evolutionary changes happen not gradually but suddenly. Saltationists 
(the word comes from the Latin for "leap") couldn’t accept that compli­
cated organs could ever emerge in slow stages. What good/ after all, is one- 
tenth o f a wing or half an eye? Such organs, they thought only made sense 
if  they appeared in a finished state.

The belief was surprising in as radical a spirit as Huxley because it 
closely recalled a very conservative religious notion first put forward by 
the English theologian William Paley in 1802 and known as argument 
from design. Paley contended that if  you found a pocket watch on the 
ground, even if  you had never seen such a thing before, you would in­
stantly perceive that it had been made by an intelligent entity. So it was, he 
believed, with nature: its complexity was proof o f its design. The notion 
was a powerful one in the nineteenth century, and it gave Darwin trouble 
too. "The eye to this day gives me a cold shudder," he acknowledged in a 
letter to a friend. In the Origin he conceded that it "seems, I freely confess, 
absurd in the highest possible degree" that natural selection could produce 
such an instrument in gradual steps.

Even so, and to the unending exasperation of his supporters, Darwin 
not only insisted that all change was gradual, but in nearly every edition of 
Origin he stepped up the amount of time he supposed necessary to allow 
evolution to progress, which pushed his ideas increasingly out of favor. 
"Eventually," according to the scientist and historian Jeffrey Schwartz, "Dar­
win lost virtually all the support that still remained among the ranks of fel­
low natural historians and geologists."

Ironically, considering that Darwin called his book On the Origin o f  
Species, the one thing he couldn’t explain was how species originated. Dar­
win’s theory suggested a mechanism for how a species might become 
stronger or better or faster-in a word, fitter-but gave no indication of how 
it might throw up a new species. A Scottish engineer, Fleeming Jenkin, con­
sidered the problem and noted an important flaw in Darwin’s argument 
Darwin believed that any beneficial trait that arose in one generation 
would be passed on to subsequent generations, thus strengthening the 
species.
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Jenkin pointed out that a favorable trait in one parent wouldn't be­
come dominant in succeeding generations, but in fact would be diluted 
through blending. If you pour whiskey into a tumbler o f water, you don’t 
make the whiskey stronger, you make it weaker. And if you pour that di­
lute solution into another glass o f water, it becomes weaker still In the 
same way, any favorable trait introduced by one parent would be succes­
sively watered down by subsequent matings until it ceased to be apparent 
at all. Thus Darwin’s theory was not a recipe for change, but for constancy. 
Lucky flukes might arise from time to time, but they would soon vanish 
under the general impulse to bring everything back to a stable mediocrity. 
If natural selection were to work, some alternative, unconsidered mecha­
nism was required.

Unknown to Darwin and everyone else, eight hundred miles away in 
a tranquil comer o f Middle Europe a retiring monk named Gregor Mendel 
was coming up with the solution.

Mendel was bom in 1822 to a humble farming family in a backwater o f 
the Austrian empire in what is now the Czech Republic Schoolbooks once 
portrayed him as a simple but observant provincial monk whose discover­
ies were largely serendipitous-the result o f noticing some interesting traits 
o f inheritance while pottering about with pea plants in the monastery’s 
kitchen garden. In fact, Mendel was a trained scientist-he had studied 
physics and mathematics at the Olmtitz Philosophical Institute and the 
University of Vienna-and he brought scientific discipline to all he did. 
Moreover, the monastery at Brno where he lived from 1843 was known as 
a learned institution. It had a library o f twenty thousand books and a tra­
dition o f careful scientific investigation.

Before embarking on his experiments, Mendel spent two years prepar­
ing his control specimens, seven varieties o f pea, to make sure they bred 
true. Then, helped by two full-time assistants, he repeatedly bred and 
crossbred hybrids from thirty thousand pea plants. It was delicate work, 
requiring them to take the most exacting pains to avoid accidental cross­
fertilization and to note every slight variation in the growth and appear-
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ance o f seeds, pods, leaves, stems, and flowers. Mendel knew what he was 
doing.

He never used the word gene- i t  wasn’t coined until 1913, in an English 
medical dictionaiy-though he did invent the terms dom inant and reces­
sive. What he established was that every seed contained two ■"factors" or 
"elemente," as he called them -a dominant one and a recessive one-and 
these factors, when combined, produced predictable patterns o f inheri­
tance.

The results he converted into precise mathematical formulae. Alto­
gether Mendel spent eight years on the experiments, then confirmed his 
results with similar experiments on flowers, com, and other plants. If  any­
thing, Mendel was too scientific in his approach, for when he presented his 
findings at the February and March meetings o f the Natural History Soci­
ety of Brno in 18G5, the audience of about forty listened politely but was 
conspicuously unmoved, even though the breeding o f plants was a matter 
of great practical interest to many of the members.

When Mendel’s report was published, he eagerly sent a copy to the 
great Swiss botanist Karl-Wilhelm von Nageli, whose support was more or 
less vital for the theory’s prospects. Unfortunately, Nageli failed to perceive 
the importance of what Mendel had found. He suggested that Mendel try 
breeding hawkweed. Mendel obediently did as Nageli suggested, but 
quickly realized that hawkweed had none of the requisite features for 
studying heritability. It was evident to him that Nageli had not read the 
paper closely, or possibly at all. Frustrated, Mendel retired from investigat­
ing heritability and spent the rest o f his life growing outstanding vegeta­
bles and studying bees, mice, and sunspots, among much else. Eventually 
he was made abbot

Mendel’s findings weren’t quite as widely ignored as is sometimes sug­
gested. His study received a glowing entry in the Encyclopaedia Britan- 
nica-then a more leading record o f scientific thought than now-and was 
cited repeatedly in an important paper by the German Wilhelm Olbers 
Focke. Indeed, it was because Mendel’s ideas never entirely sank below the 
waterline o f scientific thought that they were so easily recovered when the 
world was ready for them.
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Together, without realizing it, Darwin and Mendel laid the ground­
work for all of life sciences in the twentieth century. Darwin saw that all 
living things are connected, that ultimately they "trace their ancestry to a 
single, common source," while Mendel’s work provided the mechanism to 
explain how that could happen. The two men could easily have helped 
each other. Mendel owned a German edition of the Origin o f  Species, 
which he is known to have read, so he must have realized the applicability 
o f his work to Darwin’s, yet he appears to have made no effort to get in 
touch. And Darwin for his part is known to have studied Focke’s influen­
tial paper with its repeated references to Mendel’s work, but didn’t connect 
them to his own studies.

The one thing everyone thinks featured in Darwin’s argument, that hu­
mans are descended from apes, didn’t feature at all except as one passing 
allusion. Even so, it took no great leap o f imagination to see the implica­
tions for human development in Darwin’s theories, and it became an im­
mediate talking point

The showdown came on Saturday, June 30, I860, at a meeting o f the 
British Association for the Advancement of Science in Oxford. Huxley had 
been urged to attend by Robert Chambers, author of Vestiges o f  the N at­
ural H istory o f  Creation, though he was still unaware of Chambers's con­
nection to that contentious tome. Darwin, as ever, was absent The meeting 
was held at the Oxford Zoological Museum. More than a thousand people 
crowded into the chamber; hundreds more were turned away. People 
knew that something big was going to happen, though they had first to 
wait while a slumber-inducing speaker named John William Draper of 
New York University bravely slogged his way through two hours of intro­
ductory remarks on 'The Intellectual Development of Europe Considered 
with Reference to the Views o f Mr. Darwin."

Finally, the Bishop of Oxford, Samuel Wilberforce, rose to speak. 
Wilberforce had been briefed Cor so it is generally assumed) by the ardent 
anti-Darwinian Richard Owen, who had been a guest in his home the 
night before. As nearly always with events that end in uproar, accounts
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vary widely on what exactly transpired. In the most popular version, 
Wilberforce, when properly in flow, turned to Huxley with a dry smile and 
demanded o f him whether he claimed attachment to the apes by way of 
his grandmother or grandfather. The remark was doubtless intended as a 
quip, but it came across as an icy challenge. According to his own account, 
Huxley turned to his neighbor and whispered, "The Lord hath delivered 
him into my hands," then rose with a certain relish.

Others, however, recalled a Huxley trembling with fury and indigna­
tion. At all events, Huxlty declared that he would rather claim kinship to 
an ape than to someone who used his eminence to propound uninformed 
twaddle in what was supposed to be a serious scientific forum. Such a ri­
poste was a scandalous impertinence, as well as an insult to Wilberforce's 
office, and the proceedings instantly collapsed in tumult A Lady Brewster 
fainted. Robert FitzRoy, Darwin’s companion on the Beagle twenty-five 
years before, wandered through the hall with a Bible held aloft shouting, 
"The Book, the Book." [He was at the conference to present a paper on 
storms in his capacity as head of the newly created Meteorological De­
partment) Interestingly, each side afterward claimed to have routed the 
other.

Darwin did eventually make his belief in our kinship with the apes ex­
plicit in The D escent o f  M an in 1871. The conclusion was a bold one since 
nothing in the fossil record supported such a notion. The only known 
early human remains of that time were the famous Neandertal bones from 
Germany and a few uncertain fragments o f jawbones, and many respected 
authorities refused to believe even in their antiquity. The Descent o f  M an 
was altogether a more controversial book, but by the time of its appear­
ance the world had grown less excitable and its arguments caused much 
less o f a stir.

For the most part, however, Darwin passed his twilight years with 
other projects, most o f which touched only tangentially on questions of 
natural selection. He spent amazingly long periods picking through bird 
droppings, scrutinizing the contents in an attempt to understand how 
seeds spread between continents, and spent years more studying the be­
havior o f worms. One of his experiments was to play the piano to them,
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not to amuse them but to study the effects on them of sound and vibra­
tion. He was the first to realize how vitally important worms are to soil fer­
tility. "It may be doubted whether there are many other animals which 
have played so important a part in the history of the world;" he wrote in 
his masterwork on the subject, The Formation o f  Vegetable M ould Through 
the Action o f  Worms [1881), which was actually more popular than On the 
Origin o f  Species had ever been. Among his other books were On the Var­
ious Contrivances by W hich British and Foreign Orchids Are Fertilised by In­
sects (18G2), Expressions o f  the Em otions in M an and Animals (1872), 
which sold almost 5,300 copies on its first day, The Effects o f Cross and S elf 
Fertilization in the Vegetable Kingdom  (1876)-a subject that came improb­
ably close to Mendel’s own work, without attaining anything like the same 
insights-and his last book, The Power o f  M ovement in Plants. Finally, but 
not least he devoted much effort to studying the consequences o f in- 
breeding-a matter o f private interest to him. Having married his own 
cousin, Darwin glumly suspected that certain physical and mental frailties 
among his children arose from a lack o f diversity in his family tree.

Darwin was often honored in his lifetime, but never for On the Origin 
o f  Species or D escent o f  Man. When the Royal Society bestowed on him the 
prestigious Copley Medal it was for his geology, zoology, and botany, not 
evolutionary theories, and the Linnaean Society was similarly pleased to 
honor Darwin without embracing his radical notions. He was never 
knighted, though he was buried in Westminster Abbey-next to Newton. 
He died at Down in April 1882. Mendel died two years later.

Darwin’s theory didn’t really gain widespread acceptance until the 
1930s and 1940s, with the advance o f a refined theory called, with a certain 
hauteur, the Modem Synthesis, combining Darwin’s ideas with those of 
Mendel and others. For Mendel, appreciation was also posthumous, 
though it came somewhat sooner. In 1900, three scientists working sepa­
rately in Europe rediscovered Mendel’s work more or less simultaneously. 
It was only because one o f them, a Dutchman named Hugo de Vries, 
seemed set to claim Mendel’s insights as his own that a rival made it nois­
ily clear that the credit really lay with the forgotten monk.

The world was almost ready, but not quite, to begin to understand
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how we got here-how we made each other. It is fairly amazing to reflect 
that at the beginning of the twentieth century, and for some years beyond, 
the best scientific minds in the world couldn’t actually tell you where ba­
bies came from.

And these, you may recall, were men who thought science was nearly 
at an end.
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IF YOUR TWO parents hadn’t bonded just when they did-possibly to the 
second, possibly to the nanosecond-you wouldn’t be here. And if  their 
parents hadn't bonded in a precisely timely manner, you wouldn’t be here 
either. And if their parents hadn't done likewise, and their parents before 
them, and so on, obviously and indefinitely, you wouldn’t be here.

Push backwards through time and these ancestral debts begin to add 
up. Go back just eight generations to about the time that Charles Darwin 
and Abraham Lincoln were bom, and already there are over 250 people on 
whose timely couplings your existence depends. Continue further, to the 
time of Shakespeare and the M ayflow er Pilgrims, and you have no fewer 
than 16,384 ancestors earnestly exchanging genetic material in a way that 
would, eventually and miraculously, result in you.

At twenty generations ago, the number of people procreating on your 

behalf has risen to 1,048,576. Five generations before that, and there are no 
fewer than 33,554,432 men and women on whose devoted couplings your 
existence depends. By thirty generations ago, your total number of fore- 
bears-remember, these aren’t cousins and aunts and other incidental rel­
atives, but only parents and parents o f parents in a line leading ineluctably

397
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to you-is over one billion (1,073,741,824, to be precise). If you go back 
sixty-four generations, to the time o f the Romans, the number o f people 
on whose cooperative efforts your eventual existence depends has risen to 
approximately 1,000,000,000,000,000,000, which is several thousand times 
the total number o f people who have ever lived.

Clearly something has gone wrong with our math here. The answer, 
it may interest you to learn, is that your line is not pure. You couldn’t be 
here without a little incest-actually quite a lot o f incest-albeit at a genet­
ically discreet remove. With so many millions o f ancestors in your back­
ground, there will have been many occasions when a relative from your 
mother’s side o f the family procreated with some distant cousin from 
your father’s side o f the ledger. In fact, if  you are in a partnership now 
with someone from your own race and country, the chances are excellent 
that you are at some level related. Indeed, if  you look around you on a 
bus or in a park or cafe or any crowded place, m ost o f the people you see 
are very probably relatives. When someone boasts to you that he is de­
scended from William the Conqueror or the M ayflow er Pilgrims, you 
should answer at once: "Me, too!" In the most literal and fundamental 
sense we are all family.

We are also uncannily alike. Compare your genes with any other 
human being’s and on average they will be about 99.9 percent the same. 
That is what makes us a species. The tiny differences in that remaining 0.1 
percent-"roughly one nucleotide base in every thousand," to quote the 
British geneticist and recent Nobel laureate John Sulston-are what endow 
us with our individuality. Much has been made in recent years o f the un­
raveling of the human genome. In fact, there is no such thing as "the" 
human genome. Every human genome is different Otherwise we would 
all be identical. It is the endless recombinations o f our genomes-each 
nearly identical, but not quite-that make us what we are, both as individ­
uals and as a species.

But what exactly is this thing we call the genome? And what come to 
that are genes? Well, start with a cell again. Inside the cell is a nucleus, and 
inside each nucleus are the chromosomes-forty-six little bundles o f com­
plexity, o f which twenty-three come from your mother and twenty-three 
from your father. With a very few exceptions, every cell in your body—
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99.999 percent o f them, say-carries the same complement o f chromo­
somes. (The exceptions are red blood cells, some immune system cells, 
and egg and sperm cells, which for various organizational reasons don't 
carry the full genetic package.) Chromosomes constitute the complete set 
of instructions necessary to make and maintain you and are made o f long 
strands of the little wonder chemical called deoxyribonucleic add or 
DNA-"the most extraordinary molecule on Earth," as it has been called.

DNA exists for just one reason—to create more DNA—and you have a 
lot o f it inside you: about six feet o f it squeezed into almost every cell. Each 
length of DNA comprises some 3.2 billion letters of coding, enough to pro­
vide io3'480'000'000 possible combinations, "guaranteed to be unique against all 
conceivable odds," in the words of Christian de Duve. That’s a lot o f possi- 
bility-a one followed by more than three billion zeroes. "It would take 
more than five thousand average-size books just to print that figure," notes 
de Duve. Look at yourself in the mirror and reflect upon the fact that you 
are beholding ten thousand trillion cells, and that almost every one of 
them holds two yards of densely compacted DNA, and you begin to ap­
preciate just how much of this stuff you carry around with you. If all your 
DNA were woven into a single fine strand, there would be enough o f it to 
stretch from the Earth to the Moon and back not once or twice but again 
and again. Altogether, according to one calculation, you may have as much 
as twenty million kilometers o f DNA bundled up inside you.

Your body, in short, loves to make DNA and without it you couldn’t 
live. Yet DNA is not itself alive No molecule is, but DNA is, as it were, es­
pecially unalive. It is "among the most nonreactive, chemically inert mole­
cules in the living world," in the words o f the geneticist Richard Lewontin. 
That is why it can be recovered from patches o f long-dried blood or semen 
in murder investigations and coaxed from the bones o f ancient Neander- 
tals. It also explains why it took scientists so long to work out how a sub­
stance so mystifyingly low key-so, in a word, lifeless-could be at the very 
heart of life itself

As a known entity, DNA has been around longer than you might think. It 
was discovered as far back as 1869 by Johann Friedrich Miescher, a Swiss
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scientist working at the University ofTubingen in Germany. While delving 
microscopically through the pus in surgical bandages, Miescher found a 
substance he didn’t recognize and called it nuclein (because it resided in 
the nuclei o f cells). At the time, Miescher did little more than note its ex­
istence, but nuclein clearly remained on his mind, for twenty-three years 
later in a letter to his uncle he raised the possibility that such molecules 
could be the agents behind heredity. This was an extraordinary insight but 
one so far in advance o f the day’s scientific requirements that it attracted 
no attention at all.

For most of the next half century the common assumption was that 
the material-now called deoxyribonucleic acid, or DNA-had at most a 
subsidiary role in matters o f heredity. It was too simple. It had just four 
basic components, called nucleotides, which was like having an alphabet of 
just four letters. How could you possibly write the story o f life with such 
a rudimentary alphabet? (The answer is that you do it in much the way 
that you create complex messages with the simple dots and dashes of 
Morse code-by combining them.) DNA didn’t do anything at all, as far as 
anyone could tell. It just sat there in the nucleus, possibly binding the chro­
mosome in some way or adding a splash o f acidity on command or ful­
filling some other trivial task that no one had yet thought of. The necessary 
complexity, it was thought, had to exist in proteins in the nucleus.

There were, however, two problems with dismissing DNA. First there 
was so much of it: two yards in nearly every nucleus, so clearly the cells es­
teemed it in some important way. On top of this, it kept turning up, like 
the suspect in a murder mystery, in experiments. In two studies in partic­
ular, one involving the Pneumonococcus bacterium and another involving 
bacteriophages (viruses that infect bacteria), DNA betrayed an importance 
that could only be explained if its role were more central than prevailing 
thought allowed. The evidence suggested that DNA was somehow in­
volved in the making of proteins, a process vital to life, yet it was also dear 
that proteins were being made outside the nudeus, well away from the 
DNA that was supposedly directing their assembly.

No one could understand how DNA could possibly be getting mes­
sages to the proteins. The answer, we now know, was RNA, or ribonucleic
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add, which acts as an interpreter between the two. It is a notable oddity of 
biology that DNA and proteins don’t speak the same language. For almost 
four billion years they have been the living world’s great double act, and 
yet they answer to mutually incompatible codes, as if one spoke Spanish 
and the other Hindi To communicate they need a mediator in the form of 
RNA. Working with a kind o f chemical clerk called a ribosome, RNA trans­
lates information from a cell’s DNA into terms proteins can understand 
and act upon.

However, by the early 1900s, where we resume our story, we were still 
a very long way from understanding that, or indeed almost anything else 
to do with the confused business o f heredity.

Clearly there was a need for some inspired and clever experimenta­
tion, and happily the age produced a young person with the diligence and 
aptitude to undertake it  His name was Thomas Hunt Morgan, and in 1904, 
just four years after the timely rediscovery o f Mendel’s experiments with 
pea plants and still almost a decade before gene would even become a 
word, he began to do remarkably dedicated things with chromosomes.

Chromosomes had been discovered by chance in 1888 and were so 
called because they readily absorbed dye and thus were easy to see under 
the microscope. By the turn of the twentieth century it was strongly sus­
pected that they were involved in the passing on o f traits, but no one knew 
how, or even really whether, they did this.

Morgan chose as his subject o f study a tiny, delicate fly formally called 
D rosophila m elanogaster, but more commonly known as the fruit fly Cor 
vinegar fly, banana fly, or garbage fly). D rosophila is familiar to most of us 
as that frail, colorless insect that seems to have a compulsive urge to drown 
in our drinks. As laboratory specimens fruit flies had certain very attractive 
advantages: they cost almost nothing to house and feed, could be bred by 
the millions in milk bottles, went from egg to productive parenthood in 

ten days or less, and had just four chromosomes, which kept things con­
veniently simple.

Working out of a small lab (which became known inevitably as the Fly 
Room) in Schermerhom Hall at Columbia University in New York, Mor­
gan and his team embarked on a program of meticulous breeding and
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crossbreeding involving millions o f flies (one biographer says billions, 
though that is probably an exaggeration), each of which had to be captured 
with tweezers and examined under a jeweler’s glass for any tiny variations 
in inheritance. For six years thty tried to produce mutations by any means 
they could think of-zapping the flies with radiation and X-rays, rearing 
them in bright light and darkness, baking them gently in ovens, spinning 
them crazily in centrifuges-but nothing worked. Morgan was on the brink 
o f giving up when there occurred a sudden and repeatable mutation-a fly 
that had white eyes rather than the usual red ones. With this break­
through, Morgan and his assistants were able to generate useful deformi­
ties, allowing them to track a trait through successive generations. By such 
means they could work out the correlations between particular character­
istics and individual chromosomes, eventually proving to more or less 
everyone's satisfaction that chromosomes were at the heart o f inheritance.

The problem, however, remained the next level o f biological intricacy: 
the enigmatic genes and the DNA that composed them. These were much 
trickier to isolate and understand. As late as 1933, when Morgan was 
awarded a Nobel Prize for his work, many researchers still weren’t con­
vinced that genes even existed. As Morgan noted at the time, there was no 
consensus "as to what the genes are-whether they are real or purely ficti­
tious." It may seem surprising that scientists could struggle to accept the 
physical reality o f something so fundamental to cellular activity, but as 
Wallace, King, and Sanders point out in Biology: The Science o f  L ife (that 
rarest thing: a readable college text), we are in much the same position 
today with mental processes such as thought and memory. We know that 
we have them, of course, but we don’t know what if any, physical form 
they take. So it was for the longest time with genes. The idea that you 
could pluck one from your body and take it away for study was as absurd 
to many of Morgan’s peers as the idea that scientists today might capture 
a stray thought and examine it under a microscope.

What was certainly true was that som ething associated with chromo­
somes was directing cell replication. Finally, in 1944, after fifteen years of 
effort, a team at the Rockefeller Institute in Manhattan, led by a brilliant 
but diffident Canadian named Oswald Avery, succeeded with an exceed­
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ingly tricky experiment in which an innocuous strain o f bacteria was made 
permanently infectious by crossing it with alien DNA, proving that DNA 
was far more than a passive molecule and almost certainly was the active 
agent in heredity. The Austrian-bom biochemist Erwin ChargafF later sug­
gested quite seriously that Avery’s discovery was worth two Nobel Prizes.

Unfortunately Avery was opposed by one o f his own colleagues at the 
institute, a strong-willed and disagreeable protein enthusiast named Alfred 
Mirsky, who did everything in his power to discredit Avery’s work-in­
cluding, it has been said, lobbying the authorities at the Karolinska Insti­
tute in Stockholm not to give Avery a Nobel Prize. Avery by this time was 
sixty-six years old and tired. Unable to deal with the stress and controversy, 
he resigned his position and never went near a lab again. But other exper­
iments elsewhere overwhelmingly supported his conclusions, and soon 
the race was on to find the structure o f DNA.

Had you been a betting person in the early 1950s, your money would al­
most certainly have been on Linus Pauling o f Caltech, America’s leading 
chemist to crack the structure of DNA Pauling was unrivaled in deter­
mining the architecture of molecules and had been a pioneer in the field 
of X-ray crystallography, a technique that would prove crucial to peering 
into the heart o f DNA. In an exceedingly distinguished career, he would 
win two Nobel Prizes [for chemistry in 1954 and peace in 1962), but with 
DNA he became convinced that the structure was a triple helix, not a dou­
ble one, and never quite got on the right track. Instead, victory fell to an 
unlikely quartet of scientists in England who didn’t work as a team, often 
weren’t on speaking terms, and were for the most part novices in the field.

O f the four, the nearest to a conventional boffin was Maurice Wilkins, 
who had spent much o f the Second World War helping to design the 

atomic bomb. Two o f the others, Rosalind Franklin and Frands Crick, had 
passed their war years working on mines for the British govemment- 
Crick o f the type that blow up, Franklin o f the type that produce coal

The most unconventional of the foursome was James Watson, an 
American prodigy who had distinguished himself as a boy as a member of
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a highly popular radio program called The Quiz Kids [and thus could 
daim to be at least part o f the inspiration for some o f the members of the 
Glass family in Franny and Z ooey  and other works by J. D. Salinger) and 
who had entered the University o f Chicago aged just fifteen. He had earned 
his Ph.D. by the age o f twenty-two and was now attached to the famous 
Cavendish Laboratory in Cambridge. In 1951, he was a gawky twenty-three- 
year-old with a strikingly lively head o f hair that appears in photographs 
to be straining to attach itself to some powerful magnet just out o f frame.

Crick, twdve years older and still without a doctorate, was less mem­
orably hirsute and slightly more tweedy In Watson’s account he is pre­
sented as blustery, nosy, cheerfully argumentative, impatient with anyone 
slow to share a notion, and constantly in danger o f being asked to go else­
where. Neither was formally trained in biochemistry.

Their assumption was that if  you could determine the shape o f a DNA 
molecule you would be able to see-correctly, as it turned out-how it did 
what it did. They hoped to achieve this, it would appear, by doing as little 
work as possible beyond thinking, and no more o f that than was ab­
solutely necessary. As Watson cheerfully Cif a touch disingenuously) re­
marked in his autobiographical book The D ouble H elix, "It was my hope 
that the gene might be solved without my learning any chemistry." They 
weren’t actually assigned to work on DNA, and at one point were ordered 
to stop it  Watson was ostensibly mastering the art of crystallography; 
Crick was supposed to be completing a thesis on the X-ray diffraction of 
large molecules.

Although Crick and Watson enjoy nearly all the credit in popular ac­
counts for solving the mystery o f DNA, their breakthrough was crucially 
dependent on experimental work done by their competitors, the results o f 
which were obtained "fortuitously," in the tactful words of the historian 
Lisa Jardine. Far ahead of them, at least at the beginning, were two aca­
demics at King’s College in London, Wilkins and Franklin.

The New Zealand-born Wilkins was a retiring figure, almost to the 
point of invisibility A 1998 PBS documentary on the discovery o f the struc­
ture of DNA-a feat for which he shared the 1962 Nobel Prize with Crick 
and Watson-managed to overlook him entirely.
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The most enigmatic character of all was Franklin. In a severely unflat­
tering portrait Watson in The Double H elix depicted Franklin as a woman 
who was unreasonable, secretive, chronically uncooperative, and-this 
seemed especially to irritate him-almost willfully unsexy. He allowed that 
she "was not unattractive and might have been quite stunning had she 
taken even a mild interest in clothes," but in this she disappointed all ex­
pectations. She didn’t even use lipstick, he noted in wonder, while her 
dress sense "showed all the imagination of English blue-stocking adoles­
cents."*

However, she did have the best images in existence of the possible 
structure of DNA, achieved by means of X-ray crystallography, the tech­
nique perfected by Linus Pauling. Crystallography had been used success­
fully to map atoms in crystals [hence "crystallography"), but DNA 
molecules were a much more finicky proposition. Only Franklin was man­
aging to get good results from the process, but to Wilkins’s perennial ex­
asperation she refused to share her findings.

If Franklin was not warmly forthcoming with her findings, she cannot 
be altogether blamed. Female academics at King’s in the 1950s were treated 
with a formalized disdain that dazzles modem sensibilities (actually any 
sensibilities). However senior or accomplished, they were not allowed into 
the college’s senior common room but instead had to take their meals in 
a more utilitarian chamber that even Watson conceded was "dingily 
pokey." On top o f this she was being constantly pressed-at times actively 
harassed-to share her results with a trio o f men whose desperation to get 
a peek at them was seldom matched by more engaging qualities, like re­
spect "I’m afraid we always used to adopt-let’s say a patronizing attitude 
toward her," Crick later recalled. Two o f these men were from a compet­
ing institution and the third was more or less openly siding with them. It 
should hardly come as a surprise that she kept her results locked away.

*In 1968, Harvard University Press canceled publication o f T he D ouble H elix  after 
Crick and Wilkins complained about its characterizations, which the science histo­
rian Lisa Jardine has described as 'gratuitously hurtful." The descriptions quoted 
above are after W atson softened his comments.
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That Wilkins and Franklin did not get along was a fact that Watson 
and Crick seem to have exploited to their benefit Although Crick and Wat­
son were trespassing rather unashamedly on Wilkins’s territory, it was 
with them that he increasingly sided-not altogether surprisingly since 
Franklin herself was beginning to act in a decidedly queer way. Although 
her results showed that DNA definitely was helical in shape, she insisted 
to all that it was not To Wilkins’s presumed dismay and embarrassment 
in the summer o f 1952 she posted a mock notice around the King’s physics 
department that said: Tt is with great regret that we have to announce the 
death, on Friday 18th July 1952 of D.N.A. helix.. . .  It is hoped that Dr. M.H.F. 
Wilkins will speak in memory o f the late helix."

The outcome o f all this was that in January 1953, Wilkins showed Wat­
son Franklin’s images, "apparently without her knowledge or consent" It 
would be an understatement to call it a significant help. Years later Watson 
conceded that it "was the key event. . .  it mobilized us." Armed with the 
knowledge o f the DNA molecule’s basic shape and some important ele­
ments o f its dimensions, Watson and Crick redoubled their efforts. Every­
thing now seemed to go their way. At one point Pauling was en route to a 
conference in England at which he would in all likelihood have met with 
Wilkins and learned enough to correct the misconceptions that had put 
him on the wrong line of inquiry, but this was the McCarthy era and Paul­
ing found himself detained at Idlewild Airport in New York, his passport 
confiscated, on the grounds that he was too liberal of temperament to be 
allowed to travel abroad. Crick and Watson also had the no less convenient 
good fortune that Pauling’s son was working at the Cavendish and inno­
cently kept them abreast o f any news of developments and setbacks at 
home.

Still facing the possibility o f being trumped at any moment Watson 
and Crick applied themselves feverishly to the problem. It was known that 
DNA had four chemical components-called adenine, guanine, cytosine, 
and thiamine-and that these paired up in particular ways. By playing with 
pieces o f cardboard cut into the shapes o f molecules, Watson and Crick 
were able to work out how the pieces fit together. From this they made a 
Meccano-like model-perhaps the most famous in modem science-con­
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sisting o f metal plates bolted together in a spiral, and invited Wilkins, 
Franklin, and the rest o f the world to have a look. Any informed person 
could see at once that they had solved the problem It was without ques­
tion a brilliant piece of detective work, with or without the boost o f 
Franklin’s picture.

The April 25,1953, edition of Nature carried a 900-word article by Wat­
son and Crick titled "A Structure for Deoxyribose Nucleic Acid." Accompa­
nying it were separate articles by Wilkins and Franklin. It was an eventful 
time in the world-Edmund Hillary was just about to clamber to the top of 
Everest while Elizabeth II was imminently to be crowned queen of En- 
gland-so the discovery of the secret of life was mostly overlooked. It re­
ceived a small mention in the News Chronicle and was ignored elsewhere.

Rosalind Franklin did not share in the Nobel Prize. She died of ovarian 
cancer at the age of just thirty-seven in 1958, four years before the award 
was granted. Nobel Prizes are not awarded posthumously. The cancer al­
most certainly arose as a result of chronic overexposure to X-rays through 
her work and needn’t have happened. In her much-praised 2002 biography 

of Franklin, Brenda Maddox noted that Franklin rarely wore a lead apron 
and often stepped carelessly in front o f a beam Oswald Avery never won 
a Nobel Prize either and was also largely overlooked by posterity, though 
he did at least have the satisfaction o f living just long enough to see his 
findings vindicated. He died in 1955.

Watson and Crick’s discovery wasn’t actually confirmed until the 1980s. As 
Crick said in one o f his books: "It took over twenty-five years for our model 
o f DNA to go from being only rather plausible, to being very plausible. . .  
and from there to being virtually certainly correct"

Even so, with the structure o f DNA understood progress in genetics 
was swift, and by 1968 the journal Science could run an article titled T h at 
Was the Molecular Biology That Was," suggesting-it hardly seems possi­
ble, but it is so-that the work o f genetics was nearly at an end.

In fact o f course, it was only just beginning. Even now there is a great 
deal about DNA that we scarcely understand, not least why so much o f it
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doesn’t actually seem to do anything. Ninety-seven percent o f your DNA 
consists o f nothing but long stretches of meaningless garble-') unk," or 
'non-coding DNA," as biochemists prefer to put it  Only here and there 
along each strand do you find sections that control and organize vital func­
tions. These are the curious and long-elusive genes.

Genes are nothing more (nor less) than instructions to make proteins. 
This they do with a certain dull fidelity. In this sense, they are rather like 
the keys o f a piano, each playing a single note and nothing else, which is 
obviously a trifle monotonous. But combine the genes, as you would com­
bine piano keys, and you can create chords and melodies o f infinite vari­
ety. Put all these genes together, and you have (to continue the metaphor) 
the great symphony o f existence known as the human genome.

An alternative and more common way to regard the genome is as a 
kind o f instruction manual for the body. Viewed this way, the chromo­
somes can be imagined as the book’s chapters and the genes as individual 
instructions for making proteins. The words in which the instructions are 
written are called codons, and the letters are known as bases. The bases- 
the letters of the genetic alphabet-consist o f the four nucleotides men­
tioned a page or two back: adenine, thiamine, guanine, and cytosine. 
Despite the importance of what they do, these substances are not made of 
anything exotic Guanine, for instance, is the same stuff that abounds in, 
and gives its name to, guano.

The shape of a DNA molecule, as everyone knows, is rather like a spi­
ral staircase or twisted rope ladder: the famous double helix The uprights 
o f this structure are made o f a type of sugar called deoxyribose, and the 
whole o f the helix is a nucleic acid-hence the name 'deoxyribonucleic 
add.' The rungs (or steps) are formed by two bases joining across the 
space between, and they can combine in only two ways: guanine is always 
paired with cytosine and thiamine always with adenine. The order in 
which these letters appear as you move up or down the ladder constitutes 
the DNA code; logging it has been the job o f the Human Genome Project

Now the particular brilliance of DNA lies in its manner o f replication. 
When it is time to produce a new DNA molecule, the two strands part down 
the middle, like the zipper on a jacket and each half goes off to form a new
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partnership. Because each nucleotide along a strand pairs up with a specific 
other nucleotide, each strand serves as a template for the creation of a new 
matching strand. If  you possessed just one strand o f your own DNA, you 
could easily enough reconstruct the matching side by working out the nec­
essary partnerships: if the topmost rung on one strand was made o f gua­
nine, then you would know that the topmost rung on the matching strand 
must be cytosine. Work your way down the ladder through all the nu­
cleotide pairings, and eventually you would have the code for a new mole­
cule. That is just what happens in nature, except that nature does it really 
quickly-in only a matter of seconds, which is quite a feat

Most o f the time our DNA replicates with dutiful accuracy, but just 
occasionally-about one time in a million-a letter gets into the wrong 
place. This is known as a single nucleotide polymorphism, or SNP, fa­
miliarly known to biochemists as a ‘Snip." Generally these Snips are 
buried in stretches o f noncoding DNA and have no detectable conse­
quence for the body. But occasionally they make a difference They might 
leave you predisposed to some disease, but equally they might confer 
some slight advantage-more protective pigmentation, for instance, or in­
creased production of red blood cells for someone living at altitude. Over 
time, these slight modifications accumulate in both individuals and in 
populations, contributing to the distinctiveness of both.

The balance between accuracy and errors in replication is a fine one. 
Too many errors and the organism can’t function, but too few and it sac­
rifices adaptability. A similar balance must exist between stability in an or­
ganism and innovation. An increase in red blood cells can help a person 
or group living at high elevations to move and breathe more easily because 
more red cells can carry more oxygen. But additional red cells also thicken 
the blood. Add too many, and "it’s like pumping oil," in the words of Tem­
ple University anthropologist Charles Weitz. That’s hard on the heart 
Thus those designed to live at high altitude get increased breathing effi­
ciency, but pay for it with higher-risk hearts. By such means does Darwin­
ian natural selection look after us. It also helps to explain why we are all 
so similar. Evolution simply won’t let you become too different—not with­
out becoming a new species anyway.
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The 0.1 percent difference between your genes and mine is accounted 
for by our Snips. Now if  you compared your DNA with a third person’s, 
there would also be 99.9 percent correspondence, but the Snips would, for 
the most part, be in different places. Add more people to the comparison 
and you will get yet more Snips in yet more places. For every one o f your 
3.2 billion bases, somewhere on the planet there will be a person, or group 
o f persons, with different coding in that position. So not only is it wrong 
to refer to "the" human genome, but in a sense we don’t even have "a" 
human genome. We have six billion o f them. We are all 99.9 percent the 
same, but equally, in the words o f the biochemist David Cox, "you could 
say all humans share nothing, and that would be correct, too."

But we have still to explain why so little o f that DNA has any dis­
cernible purpose. It starts to get a little unnerving, but it does really seem 
that the purpose of life is to perpetuate DNA The 97 percent o f our DNA 
commonly called junk is largely made up o f clumps o f letters that, in 
Ridley’s words, "exist for the pure and simple reason that they are good 
at getting themselves duplicated."* Most o f your DNA, in other words, is 
not devoted to you but to itself: you are a machine for reproducing it  not 
it for you. Life, you will recall just wants to be, and DNA is what makes 
it so.

Even when DNA includes instructions for making genes-when it 
codes for them, as scientists put it- it is not necessarily with the smooth 
functioning of the organism in mind. One o f the commonest genes we 
have is for a protein called reverse transcriptase, which has no known ben­
eficial function in human beings at all The one thing it does do is make it 
possible for retroviruses, such as the AIDS virus, to slip unnoticed into the 
human system.

*Junk DNA does have a use. It is the portion employed in DNA fingerprinting. Its 
practicality for this purpose was discovered accidentally by Alec Jeffreys, a scientist 
at the University o f Leicester in England. In 1986 Jeffreys was studying DNA se­
quences for genetic markers associated with heritable diseases when he was ap­
proached by the police and asked if he could help connect a suspect to two 
m urders. He realized his technique ought to  work perfectly for solving criminal 
cases-and so it proved. A young baker with the improbable name o f Colin Pitch- 
fork was sentenced to two life term s in prison for the murders.
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In other words, our bodies devote considerable energies to producing 
a protein that does nothing that is beneficial and sometimes clobbers us. 
Our bodies have no choice but to do so because the genes order it  We are 
vessels for their whims. Altogether, almost half o f human genes-the 
largest proportion yet found in any organism-don’t do anything at all, as 
far as we can tell, except reproduce themselves.

All organisms are in some sense slaves to their genes. That’s why 
salmon and spiders and other types o f creatures more or less beyond 
counting are prepared to die in the process o f mating. The desire to breed, 
to disperse one’s genes, is the most powerful impulse in nature. As Sher- 
win B. Nuland has put it: 'Empires fall, ids explode, great symphonies are 
written, and behind all o f it is a single instinct that demands satisfaction." 
From an evolutionary point of view, sex is really just a reward mechanism 
to encourage us to pass on our genetic material.

Scientists had only barely absorbed the surprising news that most o f our 
DNA doesn’t do anything when even more unexpected findings began to 
turn up. First in Germany and then in Switzerland researchers performed 
some rather bizarre experiments that produced curiously unbizarre out­
comes. In one they took the gene that controlled the development of a 
mouse’s eye and inserted it into the larva o f a fruit fly. The thought was 
that it might produce something interestingly grotesque. In fact, the 
mouse-eye gene not only made a viable eye in the fruit fly, it made a 
fly ’s eye. Here were two creatures that hadn’t shared a common ancestor 
for 500 million years, yet could swap genetic material as if  they were 
sisters.

The stoiy was the same wherever researchers looked. They found that 
they could insert human DNA into certain cells o f flies, and the flies would 

accept it as if  it were their own. Over 60 percent o f human genes, it turns 
out are fundamentally the same as those found in fruit flies. At least 90 
percent correlate at some level to those found in mice. (We even have the 
same genes for making a tail, if  only they would switch on.) In field after 
field, researchers found that whatever organism they were working on— 
whether nematode worms or human beings-they were often studying es­
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sentially the same genes. Life, it appeared, was drawn up from a single set 
of blueprints.

Further probings revealed the existence of a clutch of master control 
genes, each directing the development of a section of the body, which were 
dubbed homeotic Cfrom a Greek word meaning "similar") or hox genes. 
Hox genes answered the long-bewildering question of how billions of em­
bryonic cells, all arising from a single fertilized egg and carrying identical 
DNA, know where to go and what to do-that this one should become a 
liver cell this one a stretchy neuron, this one a bubble of blood, this one 
part of the shimmer on a beating wing. It is the hox genes that instruct 
them, and they do it for all organisms in much the same way.

Interestingly, the amount of genetic material and how it is organized 
doesn’t necessarily, or even generally, reflect the level o f sophistication of the 
creature that contains it  We have forty-six chromosomes, but some ferns 
have more than six hundred. The lungfish, one of the least evolved of all 
complex animals, has forty times as much DNA as we have. Even the com­
mon newt is more genetically splendorous than we are, by a factor o f five.

Clearly it is not the number o f genes you have, but what you do with 
them. This is a very good thing because the number o f genes in humans 
has taken a big hit lately. Until recently it was thought that humans had at 
least 100,000 genes, possibly a good many more, but that number was 
drastically reduced by the first results o f the Human Genome Project, 
which suggested a figure more like 35,000 or 40,000 genes-about the 
same number as are found in grass. That came as both a surprise and a 
disappointment

It won’t have escaped your attention that genes have been commonly 
implicated in any number o f human frailties. Exultant scientists have at 
various times declared themselves to have found the genes responsible for 
obesity, schizophrenia, homosexuality, criminality, violence, alcoholism, 
even shoplifting and homelessness. Perhaps the apogee Cor nadir) o f this 
faith in biodeterminism was a study published in the journal Science in 
1980 contending that women are genetically inferior at mathematics. In 
fact we now know, almost nothing about you is so accommodatingly 
simple.
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This is dearly a pity in one important sense, for if  you had individual 
genes that determined height or propensity to diabetes or to baldness or 
any other distinguishing trait, then it would be easy-comparatively easy 
anyway-to isolate and tinker with them  Unfortunately, thirty-five thou­
sand genes functioning independently is not nearly enough to produce the 
kind of physical complexity that makes a satisfactory human being. Genes 
clearly therefore must cooperate. A few disorders-hemophilia, Parkinson’s 
disease, Huntington’s disease, and cystic fibrosis, for example-are caused 
by lone dysfunctional genes, but as a rule disruptive genes are weeded out 
by natural selection long before they can become permanently trouble­
some to a spedes or population. For the most part our fate and comfort- 
and even our eye color-are determined not by individual genes but by 
complexes o f genes working in alliance. That’s why it is so hard to work 
out how it all fits together and why we won’t be producing designer babies 
anytime soon.

In fact the more we have learned in recent years the more complicated 
matters have tended to become. Even thinking, it turns out affects the 
ways genes work. How fast a man’s beard grows, for instance, is partly a 
function of how much he thinks about sex (because thinking about sex 
produces a testosterone surge). In the early 1990s, sdentists made an even 
more profound discovery when they found they could knock out suppos­
edly vital genes from embryonic mice, and the mice were not only often 
bom healthy, but sometimes were actually fitter than their brothers and 
sisters who had not been tampered with. When certain important genes 
were destroyed, it turned out, others were stepping in to fill the breach. 
This was excellent news for us as organisms, but not so good for our un­
derstanding o f how cells work since it introduced an extra layer o f com­
plexity to something that we had barely begun to understand anyway.

It is largely because o f these complicating factors that cracking the human 
genome became seen almost at once as only a beginning. The genome, as 
Eric Lander o f MIT has put it, is like a parts list for the human body: it tells 
us what we are made of, but says nothing about how we work. What’s
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needed now is the operating manual-instructions for how to make it go. 
We are not close to that point yet

So now the quest is to crack the human proteome-a concept so novel 
that the term proteom e didn’t even exist a decade ago. The proteome is the 
library o f information that creates proteins. "Unfortunately/ observed Sci­
entific Am erican in the spring o f 2002, "the proteome is much more com­
plicated than the genome."

That’s putting it mildly. Proteins, you will remember, are the work­
horses o f all living systems; as many as a hundred million o f them may be 
busy in any cell at any moment That’s a lot o f activity to try to figure out 
Worse, proteins’ behavior and functions are based not simply on their 
chemistry, as with genes, but also on their shapes. To function, a protein 
must not only have the necessary chemical components, properly assem­
bled, but then must also be folded into an extremely specific shape. "Fold­
ing" is the term that’s used, but it’s a misleading one as it suggests a 
geometrical tidiness that doesn’t in fact apply. Proteins loop and coil and 
crinkle into shapes that are at once extravagant and complex. They are 
more like furiously mangled coat hangers than folded towels.

Moreover, proteins are Cif I maybe permitted to use a handy archaism) 
the swingers o f the biological world. Depending on mood and metabolic 
circumstance, they will allow themselves to be phosphorylated, glycosy­
lated, acetylated, ubiquitinated, fameysylated, sulfated, and linked to gly- 
cophosphatidylinositol anchors, among rather a lot else. Often it takes 
relatively little to get them going, it appears. Drink a glass o f wine, as Sci­
entific American notes, and you materially alter the number and types of 
proteins at large in your system This is a pleasant feature for drinkers, but 
not nearly so helpful for geneticists who are trying to understand what is 
going on.

It can all begin to seem impossibly complicated, and in some ways it 
is impossibly complicated. But there is an underlying simplicity in all this, 
too, owing to an equally elemental underlying unity in the way life works. 
All the tiny, deft chemical processes that animate cells-the cooperative ef­
forts o f nucleotides, the transcription o f DNA into RNA-evolved just once 
and have stayed pretty well fixed ever since across the whole o f nature. As
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the late French geneticist Jacques Monod put i t  only half in jest: "Anyth in g  

that is true o f E. coli must be true o f elephants, except more so."
Every living thing is an elaboration on a single original plan. As hu­

mans we are mere increments-each o f us a musty archive o f adjustments, 
adaptations, modifications, and providential tinkerings stretching back 3.8 
billion years. Remarkably, we are even quite closely related to fruit and veg­
etables. About half the chemical functions that take place in a banana are 
fundamentally the same as the chemical functions that take place in you.

It cannot be said too often: all life is one. That is, and I suspect will for­
ever prove to be, the most profound true statement there is.
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Descended from the apes! My dear, let us hope 
that it is not true, but if it is, let us pray that it will 
not become generally known.

—Remark attributed to the wife of the Bishop of Worcester 

after Darwin's theory of evolution was explained to her
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I had a dream, which was not all 
a dream.

The bright sun was extinguish'd, 

and the stars 

Did wander . . .

—Byron, "Darkness"

IN 1815 On the island of Sumbawa in Indonesia, a handsome and long- 
quiescent mountain named Tambora exploded spectacularly, killing a 
hundred thousand people with its blast and associated tsunamis. It was the 
biggest volcanic explosion in ten thousand years-150 times the size of 
Mount S t Helens, equivalent to sixty thousand Hiroshima-sized atom 
bombs.

News didn’t travel terribly fast in those days. In London, The Times ran 
a small stoiy-actually a letter from a merchant-seven months after the 
event But by this time Tambora’s effects were already being felt Thirty-six 
cubic miles o f smoky ash, dust, and grit had diffused through the atmos­
phere, obscuring the Sun’s rays and causing the Earth to cool. Sunsets 
were unusually but blearily colorful, an effect memorably captured by the 
artist J. M. W. Turner, who could not have been happier, but mostly the 
world existed under an oppressive, dusky pall. It was this deathly dimness 
that inspired the Byron lines above.

Spring never came and summer never warmed: 1816 became known 
as the year without summer. Crops everywhere failed to grow. In Ireland a 
famine and associated typhoid epidemic killed sixty-five thousand people.

419



420 THE ROAD TO US

In New England, the year became popularly known as Eighteen Hundred 
and Froze to Death. Morning frosts continued until June and almost no 
planted seed would grow. Short o f fodder, livestock died or had to be pre­
maturely slaughtered. In every way it was a dreadful year-almost certainly 
the worst for farmers in modem times. Yet globally the temperature fell by 
only about 1.5 degrees Fahrenheit Earth’s natural thermostat as scientists 
would learn, is an exceedingly delicate instrument

The nineteenth century was already a chilly time. For two hundred 
years Europe and North America in particular had experienced a Little Ice 
Age, as it has become known, which permitted all kinds o f wintry events- 
frost fairs on the Thames, ice-skating races along Dutch canals-that are 
mostly impossible now. It was a period, in other words, when frigidity was 
much on people’s minds. So we may perhaps excuse nineteenth-century 
geologists for being slow to realize that the world they lived in was in fact 
balmy compared with former epochs, and that much o f the land around 
them had been shaped by crushing glaciers and cold that would wreck 
even a frost fair.

They knew there was something odd about the past The European 
landscape was littered with inexplicable anomalies-the bones o f arctic 
reindeer in the warm south of France, huge rocks stranded in improbable 
places-and they often came up with inventive but not terribly plausible ex­
planations. One French naturalist named de Luc, trying to explain how 
granite boulders had come to rest high up on the limestone flanks of the 
Jura Mountains, suggested that perhaps they had been shot there by com­
pressed air in caverns, like corks out o f a popgun. The term for a displaced 
boulder is an erratic, but in the nineteenth century the expression seemed 
to apply more often to the theories than to the rocks.

The great British geologist Arthur Hallam has suggested that if James 
Hutton, the father o f geology, had visited Switzerland, he would have seen 
at once the significance of the carved valleys, the polished striations, the 
telltale strand lines where rocks had been dumped, and the other abun­
dant clues that point to passing ice sheets. Unfortunately, Hutton was not 
a traveler. But even with nothing better at his disposal than secondhand ac­
counts, Hutton rejected out o f hand the idea that huge boulders had been
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carried three thousand feet up mountainsides by floods-all the water in 
the world won't make a boulder float he pointed out—and became one o f 
the first to argue for widespread glaciation. Unfortunately his ideas es­
caped notice, and for another half century most naturalists continued to 
insist that the gouges on rocks could be attributed to passing carts or even 
the scrape o f hobnailed boots.

Local peasants, uncontaminated by scientific orthodoxy, knew better, 
however. The naturalist Jean de Charpentier told the story o f how in 1834 
he was walking along a country lane with a Swiss woodcutter when they 
got to talking about the rocks along the roadside. The woodcutter matter- 
of-factly told him that the boulders had come from the Grimsel, a zone of 
granite some distance away. "When I asked him how he thought that these 
stones had reached their location, he answered without hesitation: ‘The 
Grimsel glacier transported them on both sides o f the valley, because that 
glacier extended in the past as far as the town o f Bern.’ "

Charpentier was delighted. He had come to such a view himself, but 
when he raised the notion at scientific gatherings, it was dismissed. One of 
Charpentier’s closest friends was another Swiss naturalist Louis Agassiz, 
who after some initial skepticism came to embrace, and eventually all but 
appropriate, the theory.

Agassiz had studied under Cuvier in Paris and now held the post o f 
Professor of Natural History at the College of Neuchatel in Switzerland. 
Another friend of Agassiz’s, a botanist named Karl Schimper, was actually 
the first to coin the term ice age (in German Eiszeit), in 1837, and to pro­
pose that there was good evidence to show that ice had once lain heavily 
across not just the Swiss Alps, but over much of Europe, Asia, and North 
America. It was a radical notion. He lent Agassiz his notes-then came 
very much to regret it as Agassiz increasingly got the credit for what 
Schimper felt with some legitimacy, was his theory. Charpentier likewise 
ended up a bitter enemy of his old friend. Alexander von Humboldt, yet 
another friend, may have had Agassiz at least partly in mind when he ob­
served that there are three stages in scientific discovery: first, people deny 
that it is true; then they deny that it is important; finally they credit the 
wrong person.
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At all events, Agassiz made the field his own. In his quest to under­
stand the dynamics o f glaciation, he went everywhere-deep into danger­
ous crevasses and up to the summits o f the craggiest Alpine peaks, often 
apparently unaware that he and his team were the first to climb them. 
Nearly everywhere Agassiz encountered an unyielding reluctance to accept 
his theories. Humboldt urged him to return to his area o f real expertise, 
fossil fish, and give up this mad obsession with ice, but Agassiz was a man 
possessed by an idea.

Agassiz’s theory found even less support in Britain, where most natu­
ralists had never seen a glacier and often couldn’t grasp the crushing forces 
that ice in bulk exerts. 'Could scratches and polish just be due to ice?" 
asked Roderick Murchison in a mocking tone at one meeting, evidently 
imagining the rocks as covered in a kind o f light and glassy rime. To his 
dying day, he expressed the frankest incredulity at those 'ice-mad" geolo­
gists who believed that glaciers could account for so much. William Hop­
kins, a Cambridge professor and leading member o f the Geological 
Society, endorsed this view, arguing that the notion that ice could trans­
port boulders presented 'such obvious mechanical absurdities" as to make 
it unworthy of the society’s attention.

Undaunted, Agassiz traveled tirelessly to promote his theory. In 1840 
he read a paper to a meeting o f the British Association for the Advance­
ment of Science in Glasgow at which he was openly criticized by the great 
Charles Lyell. The following year the Geological Society o f Edinburgh 
passed a resolution conceding that there might be some general merit in 
the theory but that certainly none o f it applied to Scotland.

Lyell did eventually come round. His moment o f epiphany came when 
he realized that a moraine, or line o f rocks, near his family estate in Scot­
land, which he had passed hundreds o f times, could only be understood if 
one accepted that a glacier had dropped them there. But having become 
converted, Lyell then lost his nerve and backed off from public support of 
the Ice Age idea. It was a frustrating time for Agassiz. His marriage was 
breaking up, Schimper was hotly accusing him o f the theft o f his ideas, 
Charpentier wouldn’t speak to him, and the greatest living geologist of­
fered support o f only the most tepid and vacillating kind.
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In 1846, Agassiz traveled to America to give a series o f lectures and 
there at last found the esteem he craved. Harvard gave him a professorship 
and built him a first-rate museum, the Museum o f Comparative Zoology. 
Doubtless it helped that he had settled in New England, where the long 
winters encouraged a certain sympathy for the idea of interminable peri­
ods of cold. It also helped that six years after his arrival the first scientific 
expedition to Greenland reported that nearly the whole o f that semi­
continent was covered in an ice sheet just like the ancient one imagined in 
Agassiz’s theory. At long last, his ideas began to find a real following. The 
one central defect of Agassiz’s theory was that his ice ages had no cause. 
But assistance was about to come from an unlikely quarter.

In the 1860s, journals and other learned publications in Britain began 
to receive papers on hydrostatics, electricity, and other scientific subjects 
from a James Croll o f Anderson’s University in Glasgow. One o f the pa­
pers, on how variations in Earth’s orbit might have precipitated ice ages, 
was published in the Philosophical M agazine in 1864 and was recognized 
at once as a work of the highest standard. So there was some surprise, and 
perhaps just a touch of embarrassment when it turned out that Croll was 
not an academic at the university, but a janitor.

Bom in 1821, Croll grew up poor, and his formal education lasted 
only to the age of thirteen. He worked at a variety o f jobs-as a carpenter, 
insurance salesman, keeper of a temperance hotel-before taking a posi­
tion as a janitor at Anderson’s (now the University of Strathclyde} in Glas­
gow. By somehow inducing his brother to do much of his work, he was 
able to pass many quiet evenings in the university library teaching him­
self physics, mechanics, astronomy, hydrostatics, and the other fashion­
able sciences o f the day, and gradually began to produce a string of 
papers, with a particular emphasis on the motions of Earth and their ef­
fect on climate.

Croll was the first to suggest that cyclical changes in the shape of 
Earth’s orbit from elliptical (which is to say slightly oval) to nearly circu­
lar to elliptical again, might explain the onset and retreat of ice ages. No 
one had ever thought before to consider an astronomical explanation for 
variations in Earth’s weather. Thanks almost entirely to Croll’s persuasive
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theory, people in Britain began to become more responsive to the notion 
that at some former time parts o f the Earth had been in the grip o f ice. 
When his ingenuity and aptitude were recognized, Croll was given a job at 
the Geological Survey o f Scotland and widely honored: he was made a fel­
low o f the Royal Society in London and o f the New York Academy o f Sci­
ence and given an honorary degree from the University o f S t Andrews, 
among much else.

Unfortunately, just as Agassiz’s theory was at last beginning to find 
converts in Europe, he was busy taking it into ever more exotic territory in 
America. He began to find evidence for glaciers practically everywhere he 
looked, including near the equator. Eventually he became convinced that 
ice had once covered the whole Earth, extinguishing all life, which God 
had then re-created. None of the evidence Agassiz cited supported such a 
view. Nonetheless, in his adopted country his stature grew and grew until 
he was regarded as only slightly below a deity. When he died in 1873 Har­
vard felt it necessary to appoint three professors to take his place.

Yet, as sometimes happens, his theories fell swiftly out o f fashion. Less 
than a decade after his death his successor in the chair o f geology at Har­
vard wrote that the "so-called glacial epoch...  so popular a few years ago 
among glacial geologists may now be rejected without hesitation."

Part o f the problem was that Croft's computations suggested that the most 
recent ice age occurred eighty thousand years ago, whereas the geological 
evidence increasingly indicated that Earth had undergone some sort o f 
dramatic perturbation much more recently than that Without a plausible 
explanation for what might have provoked an ice age, the whole theoiy fell 
into abeyance. There it might have remained for some time except that in 
the early 1900s a Serbian academic named Milutin Milankovitch, who had 
no background in celestial motions at all-he was a mechanical engineer 
by training-developed an unexpected interest in the matter. Milankovitch 
realized that the problem with Croft’s theoiy was not that it was incorrect 
but that it was too simple.

As Earth moves through space, it is subject not just to variations in the
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length and shape of its orbit, but also to rhythmic shifts in its angle o f ori­
entation to the Sun-its tilt and pitch and wobble-all affecting the length 
and intensity of sunlight falling on any patch o f land. In particular it is sub­
ject to three changes in position, known formally as its obliquity, preces­
sion, and eccentricity, over long periods of time. Milankovitch wondered if 
there might be a relationship between these complex cycles and the com­
ings and goings of ice ages. The difficulty was that the cycles were of 
widely different lengths—of approximately 20,000, 40,000, and 100,000 
years, but varying in each case by up to a few thousand years-which 
meant that determining their points o f intersection over long spans o f time 
involved a nearly endless amount of devoted computation. Essentially Mi­
lankovitch had to work out the angle and duration of incoming solar ra­
diation at every latitude on Earth, in every season, for a million years, 
adjusted for three ever-changing variables.

Happily this was precisely the sort o f repetitive toil that suited Mi- 
lankovitch’s temperament For the next twenty years, even while on vaca­
tion, he worked ceaselessly with pencil and slide rule computing the 
tables o f his cycles-work that now could be completed in a day or two 
with a computer. The calculations all had to be made in his spare time, 
but in 1914 Milankovitch suddenly got a great deal o f that when World 
War I broke out and he was arrested owing to his position as a reservist 
in the Serbian army. He spent most o f the next four years under loose 
house arrest in Budapest, required only to report to the police once a 
week. The rest o f his time was spent working in the library o f the Hun­
garian Academy of Sciences. He was possibly the happiest prisoner o f war 
in history.

The eventual outcome of his diligent scribblings was the 1930 book 
M athem atical Clim atology and the Astronom ical Theory o f  C lim atic 
Changes. Milankovitch was right that there was a relationship between ice 
ages and planetary wobble, though like most people he assumed that it 
was a gradual increase in harsh winters that led to these long spells o f cold­
ness. It was a Russian-German meteorologist Wladimir Koppen-father-in- 
law of our tectonic friend Alfred Wegener-who saw that the process was 
more subtle, and rather more unnerving, than that
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The cause o f ice ages, Koppen decided, is to be found in cool summers, 
not brutal winters. If summers are too cool to melt all the snow that falls 
on a given area, more incoming sunlight is bounced back by the reflective 
surface, exacerbating the cooling effect and encouraging yet more snow to 
fall. The consequence would tend to be self-perpetuating. As snow accu­
mulated into an ice sheet the region would grow cooler, prompting more 
ice to accumulate. As the glaciologist Gwen Schultz has noted: 'It is not 
necessarily the amount o f snow that causes ice sheets but the fact that 
snow, however little, lasts." It is thought that an ice age could start from a 
single unseasonal summer. The leftover snow reflects heat and exacerbates 
the chilling effect "The process is self-enlarging, unstoppable, and once the 
ice is really growing it moves," says McPhee. You have advancing glaciers 

and an ice age.
In the 1950s, because o f imperfect dating technology, scientists were 

unable to correlate Milankovitch’s carefully worked-out cycles with the 
supposed dates o f ice ages as then perceived, and so Milankovitch and his 
calculations increasingly fell out o f favor. He died in 1958, unable to prove 
that his cycles were correct By this time, write John and Mary Gribbin, 
"you would have been hard pressed to find a geologist or meteorologist 
who regarded the model as being anything more than an historical cu­
riosity." Not until the 1970s and the refinement of a potassium-argon 
method for dating ancient seafloor sediments were his theories finally vin­

dicated.
The Milankovitch cycles alone are not enough to explain cycles o f ice 

ages. Many other factors are involved-not least the disposition of the con­
tinents, in particular the presence of landmasses over the poles—but the 
specifics o f these are imperfectly understood. It has been suggested, how­
ever, that if  you hauled North America, Eurasia, and Greenland just three 
hundred miles north we would have permanent and inescapable ice ages. 
We are very lucky, it appears, to get any good weather at all. Even less well 
understood are the cycles o f comparative balminess within ice ages, 
known as interglacials. It is mildly unnerving to reflect that the whole of 
meaningful human histoiy-the development of farming, the creation of 
towns, the rise o f mathematics and writing and science and all the rest-
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has taken place within an atypical patch o f fair weather. Previous inter­
glacials have lasted as little as eight thousand years. Our own has already 
passed its ten thousandth anniversary.

The fact is, we are still very much in an ice age; it’s just a somewhat 
shrunken one-though less shrunken than many people realize. At the 
height of the last period o f glaciation, around twenty thousand years ago, 
about 30 percent o f the Earth’s land surface was under ice. Ten percent still 
is-and a further 14 percent is in a state o f permafrost Three-quarters o f all 
the fresh water on Earth is locked up in ice even now, and we have ice caps 
at both poles-a situation that may be unique in Earth’s history. That there 
are snowy winters through much of the world and permanent glaciers even 
in temperate places such as New Zealand may seem quite natural but in 
fact it is a most unusual situation for the planet

For most o f its history until fairly recent times the general pattern for 
Earth was to be hot with no permanent ice anywhere. The current ice 
age-ice epoch really-started about forty million years ago, and has 
ranged from murderously bad to not bad at all. Ice ages tend to wipe out 
evidence o f earlier ice ages, so the further back you go the more sketchy 
the picture grows, but it appears that we have had at least seventeen se­
vere glacial episodes in the last 2.5 million years or so-the period that 
coincides with the rise o f Homo erectus in Africa followed by modem hu­
mans. Two commonly cited culprits for the present epoch are the rise o f 
the Himalayas and the formation o f the Isthmus o f Panama, the first dis­
rupting air flows, the second ocean currents. India, once an island, has 
pushed two thousand kilometers into the Asian landmass over the last 
forty-five million years, raising not only the Himalayas, but also the vast 
Tibetan plateau behind them The hypothesis is that the higher landscape 
was not only cooler, but diverted winds in a way that made them flow 
north and toward North America, making it more susceptible to long­

term chills. Then, beginning about five million years ago, Panama rose 
from the sea, closing the gap between North and South America, dis­
rupting the flows o f warming currents between the Pacific and Atlantic 
and changing patterns o f precipitation across at least half the world. One 
consequence was a drying out o f Africa, which caused apes to climb down
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out o f trees and go looking for a new way o f living on the emerging sa­

vannas.
At all events, with the oceans and continents arranged as they are now, 

it appears that ice will be a long-term part o f our future. According to John 
McPhee, about fifty more glacial episodes can be expected, each lasting a 
hundred thousand years or so, before we can hope for a really long thaw.

Before fifty million years ago, Earth had no regular ice ages, but when we 
did have them they tended to be colossal. A massive freezing occurred 
about 2.2 billion years ago, followed by a billion years or so of warmth. 
Then there was another ice age even larger than the first-so large that 
some scientists are now referring to the age in which it occurred as the 
Ciyogenian, or super ice age. The condition is more popularly known as 

Snowball Earth.
"Snowball," however, barely captures the murderousness o f conditions. 

The theory is that because of a fall in solar radiation of about 6 percent and 
a dropoff in the production (or retention) o f greenhouse gases, Earth es­
sentially lost its ability to hold on to its heat It became a kind o f all-over 
Antarctica. Temperatures plunged by as much as 80 degrees Fahrenheit 
The entire surface o f the planet may have frozen solid, with ocean ice up 
to half a mile thick at higher latitudes and tens o f yards thick even in the 
tropics.

There is a serious problem in all this in that the geological evidence in­
dicates ice everywhere, including around the equator, while the biological 
evidence suggests just as firmly that there must have been open water 
somewhere. For one thing, cyanobacteria survived the experience, and they 
photosynthesize. For that they needed sunlight but as you will know if you 
have ever tried to peer through it  ice quickly becomes opaque and after 
only a few yards would pass on no light at all. Two possibilities have been 
suggested. One is that a little ocean water did remain exposed (perhaps be­
cause of some kind o f localized warming at a hot spot); the other is that 
maybe the ice formed in such a way that it remained translucent-a condi­
tion that does sometimes happen in nature.
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If Earth did freeze over, then there is the very difficult question of how 
it ever got warm again. An icy planet should reflect so much heat that it 
would stay frozen forever. It appears that rescue may have come from our 
molten interior. Once again, we may be indebted to tectonics for allowing 
us to be here. The idea is that we were saved by volcanoes, which pushed 
through the buried surface, pumping out lots o f heat and gases that 
melted the snows and re-formed the atmosphere. Interestingly, the end of 
this hyper-frigid episode is marked by the Cambrian outburst-the spring­
time event of life’s history In fact, it may not have been as tranquil as all 
that As Earth warmed, it probably had the wildest weather it has ever ex­
perienced, with hurricanes powerful enough to raise waves to the heights 
o f skyscrapers and rainfalls of indescribable intensity.

Throughout all this the tubeworms and clams and other life forms ad­
hering to deep ocean vents undoubtedly went on as if nothing were amiss, 
but all other life on Earth probably came as close as it ever has to check­
ing out entirely. It was all a long time ago and at this stage we just don’t 
know.

Compared with a Ciyogenian outburst the ice ages o f more recent 
times seem pretty small scale, but o f course they were immensely grand 
by the standards o f anything to be found on Earth today. The Wisconsian 
ice sheet which covered much o f Europe and North America, was two 
miles thick in places and marched forward at a rate o f about four hundred 
feet a year. What a thing it must have been to behold. Even at their leading 
edge, the ice sheets could be nearly half a mile thick. Imagine standing at 
the base o f a wall o f ice two thousand feet high. Behind this edge, over an 
area measuring in the millions o f square miles, would be nothing but 
more ice, with only a few o f the tallest mountain summits poking through. 
Whole continents sagged under the weight o f so much ice and even now, 
twelve thousand years after the glaciers’ withdrawal, are still rising back 
into place. The ice sheets didn’t just dribble out boulders and long lines of 
gravelly moraines, but dumped entire landmasses-Long Island and Cape 
Cod and Nantucket among others-as they slowly swept along. It’s little 
wonder that geologists before Agassiz had trouble grasping their monu­
mental capacity to rework landscapes.
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If  ice sheets advanced again, we have nothing in our armoiy that could 
deflect them. In 1964, at Prince William Sound in Alaska, one o f the largest 
glacial fields in North America was hit by the strongest earthquake ever 
recorded on the continent It measured 9.2 on the Richter scale. Along the 
fault line, the land rose by as much as twenty feet The quake was so vio­
lent in fact, that it made water slosh out o f pools in Texas. And what effect 
did this unparalleled outburst have on the glaciers o f Prince William 
Sound? None at all. They just soaked it up and kept on moving.

For a long time it was thought that we moved into and out o f ice ages 
gradually, over hundreds o f thousands o f years, but we now know that that 
has not been the case. Thanks to ice cores from Greenland we have a de­
tailed record o f climate for something over a hundred thousand years, and 
what is found there is not comforting. It shows that for most o f its recent 
history Earth has been nothing like the stable and tranquil place that civi­
lization has known, but rather has lurched violently between periods of 
warmth and brutal chill.

Toward the end o f the last big glaciation, some twelve thousand years 
ago, Earth began to warm, and quite rapidly, but then abruptly plunged 
back into bitter cold for a thousand years or so in an event known to sci­
ence as the Younger Diyas. (The name comes from the arctic plant the 
diyas, which is one of the first to recolonize land after an ice sheet with­
draws. There was also an Older Diyas period, but it wasn’t so sharp.) At 
the end of this thousand-year onslaught average temperatures leapt again, 
by as much as seven degrees in twenty years, which doesn’t sound terribly 
dramatic but is equivalent to exchanging the climate o f Scandinavia for 
that o f the Mediterranean in just two decades. Locally, changes have been 
even more dramatic. Greenland ice cores show the temperatures there 
changing by as much as fifteen degrees in ten years, drastically altering 
rainfall patterns and growing conditions. This must have been unsettling 
enough on a thinly populated planet Today the consequences would be 
pretty well unimaginable.

What is most alarming is that we have no idea-none-what natural
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phenomena could so swiftly rattle Earth’s thermometer. As Elizabeth Kol- 
bert, writing in the N ew Yorker, has observed: "No known external force, 
or even any that has been hypothesized, seems capable o f yanking the 
temperature back and forth as violently, and as often, as these cores have 
shown to be the case." There seems to be, she adds, "some vast and terri­
ble feedback loop," probably involving the oceans and disruptions o f the 
normal patterns o f ocean circulation, but all this is a long way from being 
understood.

One theoiy is that the heavy inflow o f meltwater to the seas at the be­
ginning o f the Younger Diyas reduced the saltiness (and thus density) o f 
northern oceans, causing the Gulf Stream to swerve to the south, like a 
driver trying to avoid a collision. Deprived o f the Gulf Stream’s warmth, 
the northern latitudes returned to chilly conditions. But this doesn’t begin 
to explain why a thousand years later when the Earth warmed once again 
the Gulf Stream didn't veer as before. Instead, we were given the period o f 
unusual tranquility known as the Holocene, the time in which we live now.

There is no reason to suppose that this stretch o f climatic stability 
should last much longer. In fact, some authorities believe that we are in for 
even worse than what went before. It is natural to suppose that global 
warming would act as a useful counterweight to the Earth’s tendency to 
plunge back into glacial conditions. However, as Kolbert has pointed out 
when you are confronted with a fluctuating and unpredictable climate "the 
last thing you’d want to do is conduct a vast unsupervised experiment on 
it" It has even been suggested, with more plausibility than would at first 
seem evident, that an ice age might actually be induced by a rise in tem­
peratures. The idea is that a slight warming would enhance evaporation 
rates and increase doud cover, leading in the higher latitudes to more per­
sistent accumulations o f snow. In fact global warming could plausibly, if  
paradoxically, lead to powerful localized cooling in North America and 

northern Europe.
Climate is the product o f so many variables-rising and falling carbon 

dioxide levels, the shifts o f continents, solar activity, the stately wobbles of 
the Milankovitch cydes-that it is as difficult to comprehend the events of 
the past as it is to predict those o f the future. Much is simply beyond us.
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Take Antarctica. For at least twenty million years after it settled over the 
South Pole Antarctica remained covered in plants and free of ice. That sim­
ply shouldn’t have been possible.

No less intriguing are the known ranges of some late dinosaurs. The 
British geologist Stephen Druiy notes that forests within 10 degrees lati­
tude of the North Pole were home to great beasts, including Tyran­
nosaurus rex. 'That is bizarre," he writes, "for such a high latitude is 
continually dark for three months of the year." Moreover, there is now ev­
idence that these high latitudes suffered severe winters. Oxygen isotope 
studies suggest that the climate around Fairbanks, Alaska, was about the 
same in the late Cretaceous period as it is now. So what was Tyran­
nosaurus doing there? Either it migrated seasonally over enormous dis­
tances or it spent much of the year in snowdrifts in the dark. In 
Australia-which at that time was more polar in its orientation-a retreat to 
warmer climes wasn’t possible. How dinosaurs managed to survive in such 
conditions can only be guessed.

One thought to bear in mind is that if  the ice sheets did start to form 
again for whatever reason, there is a lot more water for them to draw on 
this time. The Great Lakes, Hudson Bay, the countless lakes o f Canada- 
these weren’t there to fuel the last ice age. They were created by it

On the other hand, the next phase of our histoiy could see us melting 
a lot of ice rather than making it  If all the ice sheets melted, sea levels 
would rise by two hundred feet-the height of a twenty-story building-and 
every coastal city in the world would be inundated. More likely, at least in 
the short term, is the collapse of the West Antarctic ice sheet In the past 
fifty years the waters around it have warmed by 2.5 degrees centigrade, and 
collapses have increased dramatically. Because o f the underlying geology 
of the area, a large-scale collapse is all the more possible. If so, sea levels 
globally would rise-and pretty quickly-by between fifteen and twenty feet 

on average.
The extraordinary fact is that we don’t know which is more likely, a fu­

ture offering us eons of perishing frigidity or one giving us equal expanses 
of steamy heat Only one thing is certain: we live on a knife edge.

In the long run, incidentally, ice ages are by no means bad news for
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the planet They grind up rocks and leave behind new soils o f sumptuous 
richness, and gouge out fresh water lakes that provide abundant nutritive 
possibilities for hundreds of species of being. They act as a spur to migra­
tion and keep the planet dynamic As Tim Flannery has remarked: "There 
is only one question you need ask of a continent in order to determine the 
fate of its people: ‘Did you have a good ice age?’ " And with that in mind, 
it’s time to look at a species o f ape that truly did.
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JUST BEFORE CHRISTMAS 1887, a young Dutch doctor with an un-Dutch 
name, Marie Eugene Francois Thomas Dubois, arrived in Sumatra, in the 
Dutch East Indies, with the intention of finding the earliest human re­
mains on Earth.*

Several things were extraordinary about this. To begin with, no one 
had ever gone looking for ancient human bones before. Everything that 
had been found to this point had been found accidentally, and nothing in 
Dubois’s background suggested that he was the ideal candidate to make 
the process intentional. He was an anatomist by training with no back­
ground in paleontology. Nor was there any special reason to suppose that 
the East Indies would hold early human remains. Logic dictated that if an­
cient people were to be found at all, it would be on a large and long- 
populated landmass, not in the comparative fastness o f an archipelago. 
Dubois was driven to the East Indies on nothing stronger than a hunch, 
the availability of employment, and the knowledge that Sumatra was full

* Though Dutch, Dubois was from Eijsden, a town bordering the French-speaking 
part of Belgium.

434
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of caves, the environment in which most o f the important hominid fossils 
had so far been found. What is most extraordinary in all this-nearly mirac­
ulous, really-is that he found what he was looking for.

At the time Dubois conceived his plan to search for a missing link, the 
human fossil record consisted o f very little: five incomplete Neandertal 
skeletons, one partial jawbone o f uncertain provenance, and a half-dozen 
ice-age humans recently found by railway workers in a cave at a cliff called 
Cro-Magnon near Les Eyzies, France. O f the Neandertal specimens, the best 
preserved was sitting unremarked on a shelf in London. It had been found 
by workers blasting rock from a quarry in Gibraltar in 1848, so its preser­
vation was a wonder, but unfortunately no one yet appreciated what it was. 
After being briefly described at a meeting of the Gibraltar Scientific Society, 
it had been sent to the Hunterian Museum in London, where it remained 
undisturbed but for an occasional light dusting for over half a century. The 
first formal description of it wasn’t written until 1907, and then by a geolo­
gist named William Sollas "with only a passing competency in anatomy."

So instead the name and credit for the discovery o f the first early hu­
mans went to the Neander Valley in Germany-not unfittingly, as it hap­
pens, for by uncanny coincidence N eander in Greek means "new man." 
There in 1856 workmen at another quarry, in a cliff face overlooking the 
Diissel River, found some curious-looking bones, which they passed to a 
local schoolteacher, knowing he had an interest in all things natural. To his 
great credit the teacher, Johann Karl Fuhlrott, saw that he had some new 
type of human, though quite what it was, and how special, would be mat­
ters of dispute for some time.

Many people refused to accept that the Neandertal bones were ancient 
at all. August Mayer, a professor at the University o f Bonn and a man of 
influence, insisted that the bones were merely those o f a Mongolian Cos­
sack soldier who had been wounded while fighting in Germany in 1814 
and had crawled into the cave to die. Hearing o f this, T. H. Huxley in Eng­
land drily observed how remarkable it was that the soldier, though mor­
tally wounded, had climbed sixty feet up a cliff, divested himself o f his 
clothing and personal effects, sealed the cave opening, and buried himself 
under two feet o f soil. Another anthropologist puzzling over the Nean-



436 THE ROAD TO US

dertal’s heavy brow ridge, suggested that it was the result o f long-term 
frowning arising from a poorly healed forearm fracture. (In their eagerness 
to reject the idea of earlier humans, authorities were often willing to em­
brace the most singular possibilities. At about the time that Dubois was 
setting out for Sumatra, a skeleton found in Perigueux was confidently de­
clared to be that o f an Eskimo. Quite what an ancient Eskimo was doing 
in southwest France was never comfortably explained. It was actually an 
early Cro-Magnon.)

It was against this background that Dubois began his search for an­
cient human bones. He did no digging himself, but instead used fifty con­
victs lent by the Dutch authorities. For a year they worked on Sumatra, 
then transferred to Java. And there in 1891, Dubois-or rather his team, for 
Dubois himself seldom visited the sites-found a section o f ancient human 
cranium now known as the Trinil skullcap. Though only part o f a skull, it 
showed that the owner had had distinctly nonhuman features but a much 
larger brain than any ape. Dubois called it Anthropithecus erectus (later 
changed for technical reasons to Pithecanthropus erectus) and declared it 
the missing link between apes and humans. It quickly became popularized 
as 'Java Man." Today we know it as Homo erectus.

The next year Dubois’s workers found a virtually complete thighbone 
that looked surprisingly modem. In fact many anthropologists think it is 
modem, and has nothing to do with Java Man. If it is an erectus bone, it is 
unlike any other found since. Nonetheless Dubois used the thighbone to 
deduce-correctly, as it turned out-that Pithecanthropus walked upright 
He also produced, with nothing but a scrap of cranium and one tooth, a 
model o f the complete skull which also proved uncannily accurate.

In 1895, Dubois returned to Europe, expecting a triumphal reception. 
In fact, he met nearly the opposite reaction. Most scientists disliked both 
his conclusions and the arrogant manner in which he presented them. The 
skullcap, they said, was that of an ape, probably a gibbon, and not of any 
early human. Hoping to bolster his case, in 1897 Dubois allowed a re­
spected anatomist from the University of Strasbourg, Gustav Schwalbe, to 
make a cast of the skullcap. To Dubois’s dismay, Schwalbe thereupon pro­
duced a monograph that received far more sympathetic attention than
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anything Dubois had written and followed with a lecture tour in which he 
was celebrated nearly as warmly as if  he had dug up the skull himself. Ap­
palled and embittered, Dubois withdrew into an undistinguished position 
as a professor o f geology at the University o f Amsterdam and for the next 
two decades refused to let anyone examine his precious fossils again. He 
died in 1940 an unhappy man.

Meanwhile, and half a world away, in late 1924 Raymond Dart the 
Australian-born head o f anatomy at the University o f the Witwatersrand in 
Johannesburg, was sent a small but remarkably complete skull o f a child, 
with an intact face, a lower jaw, and what is known as an endocast-a nat­
ural cast o f the brain-from a limestone quarry on the edge of the Kalahari 
Desert at a dusty spot called Taung. Dart could see at once that the Taung 
skull was not o f a Homo erectus like Dubois’s Java Man, but from an ear­
lier, more apelike creature. He placed its age at two million years and 
dubbed it Australopithecus africanus, or "southern ape man o f Africa." In a 
report to Nature, Dart called the Taung remains "amazingly human" and 
suggested the need for an entirely new family, Homo sim iadae C"the man- 
apes"), to accommodate the find.

The authorities were even less favorably disposed to Dart than they had 
been to Dubois. Nearly everything about his theory-indeed, nearly every­
thing about Dart, it appears-annoyed them. First he had proved himself 
lamentably presumptuous by conducting the analysis himself rather than 
calling on the help of more worldly experts in Europe. Even his chosen 
name, Australopithecus, showed a lack of scholarly application, combining 
as it did Greek and Latin roots. Above all, his conclusions flew in the face of 
accepted wisdom. Humans and apes, it was agreed, had split apart at least 
fifteen million years ago in Asia. If humans had arisen in Africa, why, that 

would make us Negroid, for goodness sake. It was rather as if  someone 
working today were to announce that he had found the ancestral bones of 
humans in, say, Missouri. It just didn’t fit with what was known.

Dart’s sole supporter o f note was Robert Broom, a Scottish-bom physi­
cian and paleontologist o f considerable intellect and cherishably eccentric
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nature. It was Broom’s habit, for instance, to do his fieldwork naked when 
the weather was warm, which was often. He was also known for conduct­
ing dubious anatomical experiments on his poorer and more tractable pa­
tients. When the patients died, which was also often, he would sometimes 
bury their bodies in his back garden to dig up for study later.

Broom was an accomplished paleontologist, and since he was also 
resident in South Africa he was able to examine the Taung skull at first 
hand. He could see at once that it was as important as Dart supposed 
and spoke out vigorously on Dart’s behalf, but to no effect For the next 
fifty years the received wisdom was that the Taung child was an ape and 
nothing more. Most textbooks didn’t even mention it  Dart spent five 
years working up a monograph, but could find no one to publish it  Even­
tually he gave up the quest to publish altogether [though he did continue 
hunting for fossils). For years, the skull-today recognized as one o f the 
supreme treasures of anthropology-sat as a paperweight on a colleague’s 
desk.

At the time Dart made his announcement in 1924, only four categories 
of ancient hominid were known-Homo hddelbergensis, Homo rhodesien- 
sis, Neandertals, and Dubois’s Java M an-but all that was about to change 
in a very big way.

First, in China, a gifted Canadian amateur named Davidson Black 
began to poke around at a place, Dragon Bone HilL that was locally famous 
as a hunting ground for old bones. Unfortunately, rather than preserving 
the bones for study, the Chinese ground them up to make medicines. We 
can only guess how many priceless Homo erectus bones ended up as a sort 
o f Chinese equivalent of bicarbonate o f soda. The site had been much de­
nuded by the time Black arrived, but he found a single fossilized molar and 
on the basis of that alone quite brilliantly announced the discovery of 
Sinanthropus pekinensis, which quickly became known as Peking Man.

At Black’s urging, more determined excavations were undertaken and 
many other bones found. Unfortunately all were lost the day after the 
Japanese attack on Pearl Harbor in 1941 when a contingent o f U.S. 
Marines, trying to spirit the bones (and themselves) out o f the country, 
was intercepted by the Japanese and imprisoned. Seeing that their crates
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held nothing but bones, the Japanese soldiers left them at the roadside. It 
was the last that was ever seen of them.

In the meantime, back on Dubois’s old turf of Java, a team led by Ralph 
von Koenigswald had found another group of early humans, which be­

came known as the Solo People from the site of their discovery on the Solo 
River at Ngandong. Koenigswald’s discoveries might have been more im­
pressive still but for a tactical error that was realized too late. He had of­
fered locals ten cents for every piece of hominid bone they could come up 
with, then discovered to his horror that they had been enthusiastically 
smashing large pieces into small ones to maximize their income.

In the following years as more bones were found and identified there 
came a flood of new names-Homo aurignacensis, Australopithecus trans- 
vaalensis, Paranthropus crassidens, Zinjanthropus boisei, and scores o f others, 
nearly all involving a new genus type as well as a new species. By the 1950s, 
the number of named hominid types had risen to comfortably over a hun­
dred. To add to the confusion, individual forms often went by a succession of 
different names as paleoanthropologists refined, reworked, and squabbled 
over classifications. Solo People were known variously as Homo soloensis, 
Homo primigenius asiaticus, Homo neanderthalensis soloensis, Homo sapiens 
soloensis, Homo erectus erectus, and, finally, plain Homo erectus.

In an attempt to introduce some order, in 1960 F. Clark Howell o f the 
University of Chicago, following the suggestions o f Ernst Mayr and others 
the previous decade, proposed cutting the number o f genera to just two- 
Australopithecus and Homo-and rationalizing many of the species. The 
Java and Peking men both became Homo erectus. For a time order prevailed 
in the world of the hominids.* It didn’t last

‘Humans are put in the family Hominidae. Its members, traditionally called hom­
inids, include any creatures (including extinct ones) that are more closely related to 
us than to any surviving chimpanzees. The apes, meanwhile, are lumped together in 
a family called Pongidae. Many authorities believe that chimps, gorillas, and orang­
utans should also be included in this family, with humans and chimps in a subfam­
ily called Homininae. The upshot is that the creatures traditionally called hominids 
become, under this arrangement hominins. (Leakey and others insist on that desig­
nation.) Hominoidea is the name of the ape superfamily, which includes us.
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After about a decade of comparative calm, paleoanthropology em­
barked on another period of swift and prolific discovery, which hasn’t 
abated yet The 1960s produced Homo habilis, thought by some to be the 
missing link between apes and humans, but thought by others not to be a 
separate species at all. Then came (among many others) Homo ergaster, 
Homo louisleakeyi, Homo rudolfensis, Homo microcranus, and Homo ante­
cessor, as well as a raft of australopithecines: A. afarensis, A. praegens, A. 
ramidus, A. w alkeri, A. anam ensis, and still others. Altogether, some twenty 
types of hominid are recognized in the literature today. Unfortunately, al­
most no two experts recognize the same twenty.

Some continue to observe the two hominid genera suggested by How­
ell in 1960, but others place some of the australopithecines in a separate 
genus called Paranthropus, and still others add an earlier group called 
Ardipithecus. Some put praegens into Australopithecus and some into a 
new classification, Homo antiquus, but most don’t recognize praegens as a 
separate species at all. There is no central authority that rules on these 
things. The only way a name becomes accepted is by consensus, and there 
is often very little of that

A big part of the problem, paradoxically, is a shortage o f evidence. 
Since the dawn of time, several billion human (or humanlike) beings have 
lived, each contributing a little genetic variability to the total human stock. 
Out of this vast number, the whole of our understanding o f human pre­
history is based on the remains, often exceedingly fragmentary, o f perhaps 
five thousand individuals. "You could fit it all into the back of a pickup 
truck if you didn’t mind how much you jumbled everything up," Ian Tat- 
tersall, the bearded and friendly curator o f anthropology at the American 
Museum of Natural History in New York, replied when I asked him the 
size of the total world archive of hominid and early human bones.

The shortage wouldn’t be so bad if the bones were distributed evenly 
through time and space, but o f course they are not They appear randomly, 
often in the most tantalizing fashion. Homo erectus walked the Earth for 
well over a million years and inhabited territory from the Atlantic edge of 
Europe to the Pacific side of China, yet if  you brought back to life every 
Homo erectus individual whose existence we can vouch for, they wouldn’t
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fill a school bus. Homo habUis consists o f even less: just two partial skele­
tons and a number o f isolated limb bones. Something as short-lived as our 
own civilization would almost certainly not be known from the fossil 
record at all

"In Europe,* Tattersall offers byway o f illustration, "you’ve got hominid 
skulls in Georgia dated to about 1.7 million years ago, but then you have a 
gap o f almost a million years before the next remains turn up in Spain, 
right on the other side o f the continent, and then you’ve got another 
300,000-year gap before you get a Homo heidelbergensis in Germany-and 
none of them looks terribly much like any o f the others." He smiled. "It’s 
from these kinds of fragmentary pieces that you’re trying to work out the 
histories o f entire species. It’s quite a tall order. We really have very little 
idea of the relationships between many ancient species-which led to us 
and which were evolutionary dead ends. Some probably don’t deserve to 
be regarded as separate species at all."

It is the patchiness of the record that makes each new find look so sud­
den and distinct from all the others. If we had tens o f thousands o f skele­
tons distributed at regular intervals through the historical record, there 
would be appreciably more degrees o f shading. Whole new species don’t 
emerge instantaneously, as the fossil record implies, but gradually out of 
other, existing species. The closer you go back to a point o f divergence, the 
closer the similarities are, so that it becomes exceedingly difficult and 
sometimes impossible, to distinguish a late H om o erectus from an early 
Homo sapiens, since it is likely to be both and neither. Similar disagree­
ments can often arise over questions o f identification from fragmentary re- 
mains-dedding, for instance, whether a particular bone represents a 
female Australopithecus boisei or a male Homo habilis.

With so little to be certain about scientists often have to make as­
sumptions based on other objects found nearby, and these may be little 

more than valiant guesses. As Alan Walker and Pat Shipman have drily ob­
served, if you correlate tool discovery with the species of creature most 
often found nearby, you would have to conclude that early hand tools were 
mostly made by antelopes.

Perhaps nothing better typifies the confusion than the fragmentary
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bundle o f contradictions that was Homo habilis. Simply put habilis bones 
make no sense. When arranged in sequence, they show males and females 
evolving at different rates and in different directions-the males becoming 
less apelike and more human with time, while females from the same pe­
riod appear to be moving aw ay  from humanness toward greater apeness. 
Some authorities don’t believe habilis is a valid category at all. Tattersall 
and his colleague Jeffrey Schwartz dismiss it as a mere "wastebasket 
species"-one into which unrelated fossils "could be conveniently swept" 
Even those who see habilis as an independent species don’t agree on 
whether it is of the same genus as us or is from a side branch that never 
came to anything.

Finally, but perhaps above all, human nature is a factor in all this. Sci­
entists have a natural tendency to interpret finds in the way that most flat­
ters their stature. It is a rare paleontologist indeed who announces that he 
has found a cache o f bones but that they are nothing to get excited about 
Or as John Reader understatedly observes in the book M issing Links, "It is 
remarkable how often the first interpretations o f new evidence have con­
firmed the preconceptions of its discoverer."

All this leaves ample room for arguments, o f course, and nobody likes 
to argue more than paleoanthropologists. "And o f all the disciplines in sci­
ence, paleoanthropology boasts perhaps the largest share o f egos," say the 
authors o f the recent Ja v a  M an - a book, it may be noted, that itself devotes 
long, wonderfully unselfconscious passages to attacks on the inadequacies 
of others, in particular the authors’ former close colleague Donald Johan- 
son. Here is a small sampling:

In our years o f collaboration at the institute he [Johanson] devel­
oped a well-deserved, if unfortunate, reputation for unpredictable 
and high-decibel personal verbal assaults, sometimes accompa­
nied by the tossing around of books or whatever else came con­
veniently to hand.

So, bearing in mind that there is little you can say about human pre­
history that won’t be disputed by someone somewhere, other than that we



THE MYSTERIOUS BIPED 443

most certainly had one, what we think we know about who we are and 
where we come from is roughly this:

For the first 99.99999 percent o f our history as organisms, we were in 

the same ancestral line as chimpanzees. Virtually nothing is known about 
the prehistory o f chimpanzees, but whatever they were, we were. Then 
about seven million years ago something major happened. A group o f new 
beings emerged from the tropical forests of Africa and began to move 
about on the open savanna.

These were the australopithecines, and for the next five million years 
they would be the world’s dominant hominid species. (Austral is from the 
Latin for "southern' and has no connection in this context to Australia.) 
Australopithecines came in several varieties, some slender and gradle, like 
Raymond Dart’s Taung child, others more sturdy and robust, but all were 
capable o f walking upright Some o f these species existed for well over a 
million years, others for a more modest few hundred thousand, but it is 
worth bearing in mind that even the least successful had histories many 
times longer than we have yet achieved.

The most famous hominid remains in the world are those o f a 3.18- 
million-year-old australopithecine found at Hadar in Ethiopia in 1974 by a 
team led by Donald Johanson. Formally known as A.L. (for "Afar Locality") 
288-1, the skeleton became more familiarly known as Lucy, after the Bea­
tles song "Lucy in the Sky with Diamonds." Johanson has never doubted 
her importance. "She is our earliest ancestor, the missing link between ape 
and human," he has said.

Lucy was tiny-just three and a half feet tall She could walk, though 
how well is a matter o f some dispute. She was evidently a good climber, 
too. Much else is unknown. Her skull was almost entirely missing, so lit­
tle could be said with confidence about her brain size, though skull frag­
ments suggested it was small Most books describe Lucy’s skeleton as 
being 40 percent complete, though some put it closer to half, and one pro­
duced by the American Museum o f Natural History describes Lucy as two- 
thirds complete. The BBC television series A pe M an actually called it "a 
complete skeleton," even while showing that it was anything but

A human body has 206 bones, but many o f these are repeated. If you
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have the left femur from a specimen, you don’t need the right to know its 
dimensions. Strip out all the redundant bones, and the total you are left 
with is 120-what is called a half skeleton. Even by this fairly accommo­
dating standard, and even counting the slightest fragment as a full bone, 
Lucy constituted only 28 percent o f a half skeleton (and only about 20 per­
cent o f a full one).

In The W isdom o f the Bones, Alan Walker recounts how he once asked 
Johanson how he had come up with a figure of 40 percent Johanson 
breezily replied that he had discounted the 106 bones o f the hands and 
feet-more than half the body’s total, and a fairly important half, too, one 
would have thought, since Lucy’s principal defining attribute was the use 
of those hands and feet to deal with a changing world. At all events, rather 
less is known about Lucy than is generally supposed. It isn’t even actually 
known that she was a female. Her sex is merely presumed from her 
diminutive size.

Two years after Lucy’s discovery, at Laetoli in Tanzania Mary Leakey found 
footprints left by two individuals from -it is thought-the same family of 
hominids. The prints had been made when two australopithecines had 
walked through muddy ash following a volcanic eruption. The ash had 
later hardened, preserving the impressions o f their feet for a distance of 
over twenty-three meters.

The American Museum o f Natural History in New York has an absorb­
ing diorama that records the moment o f their passing. It depicts life-sized 
re-creations of a male and a female walking side by side across the ancient 
African plain. They are hairy and chimplike in dimensions, but have a bear­
ing and gait that suggest humanness. The most striking feature o f the dis­
play is that the male holds his left arm protectively around the female’s 
shoulder. It is a tender and affecting gesture, suggestive o f close bonding.

The tableau is done with such conviction that it is easy to overlook the 
consideration that virtually everything above the footprints is imaginary. 
Almost every external aspect o f the two figures-degree o f hairiness, facial 
appendages (whether they had human noses or chimp noses), expres­
sions, skin color, size and shape o f the female’s breasts-is necessarily sup­
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positional. We can’t even say that they were a couple. The female figure 
may in fact have been a child. Nor can we be certain that they were aus- 
tralopithecines. They are assumed to be australopithecines because there 
are no other known candidates.

I had been told that they were posed like that because during the 
building o f the diorama the female figure kept toppling over, but Ian Tat- 
tersall insists with a laugh that the story is untrue. "Obviously we don’t 
know whether the male had his arm around the female or not, but we do 
know from the stride measurements that they were walking side by side 
and close together-close enough to be touching. It was quite an exposed 
area, so they were probably feeling vulnerable. That’s why we tried to give 
them slightly worried expressions."

I asked him if he was troubled about the amount of license that was 
taken in reconstructing the figures. "It’s always a problem in making re­
creations," he agreed readily enough. "You wouldn’t believe how much dis­
cussion can go into deciding details like whether Neandertals had 
eyebrows or not It was just the same for the Laetoli figures. We simply 
can’t know the details o f what they looked like, but we can convey their 
size and posture and make some reasonable assumptions about their 
probable appearance. If I had it to do again, I think I might have made 
them just slightly more apelike and less human. These creatures weren’t 
humans. They were bipedal apes."

Until very recently it was assumed that we were descended from Lucy 
and the Laetoli creatures, but now many authorities aren’t so sure. Al­
though certain physical features (the teeth, for instance) suggest a possible 
link between us, other parts o f the australopithecine anatomy are more 
troubling. In their book Extinct Humans, Tattersall and Schwartz point out 
that the upper portion of the human femur is very like that o f the apes but 
not o f the australopithecines; so if Lucy is in a direct line between apes and 
modem humans, it means we must have adopted an australopithecine 
femur for a million years or so, then gone back to an ape femur when we 
moved on to the next phase of our development They believe, in fact that 
not only was Lucy not our ancestor, she wasn’t even much of a walker.

"Lucy and her kind did not locomote in anything like the modem 
human fashion," insists Tattersall. "Only when these hominids had to
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travel between arboreal habitats would they find themselves walking 
bipedally, ‘forced’ to do so by their own anatomies." Johanson doesn’t ac­
cept this. "Lucy’s hips and the muscular arrangement o f her pelvis," he has 
written, "would have made it as hard for her to climb trees as it is for mod­
em humans."

Matters grew murkier still in 2001 and 2002 when four exceptional 
new specimens were found. One, discovered by Meave Leakey o f the fa­
mous fossil-hunting family at Lake Turkana in Kenya and called Kenyan- 
thropus platyops ("Kenyan flat-face"), is from about the same time as Lucy 
and raises the possibility that it was our ancestor and Lucy was an unsuc­
cessful side branch. Also found in 2001 were Ardipithecus ramidus kad- 
abba, dated at between 5.2 million and 5.8 million years old, and Orrorin 
tugenensis, thought to be 6 million years old, making it the oldest hominid 
yet found-but only for a brief while. In the summer o f2002 a French team 
working in the Djurab Desert o f Chad (an area that had never before 
yielded ancient bones) found a hominid almost 7 million years old, which 
they labeled Sahelatithropus tchadensis. (Some critics believe that it was not 
human, but an early ape and therefore should be called SahelpithecusJ All 
these were early creatures and quite primitive but they walked upright, 
and they were doing so far earlier than previously thought

Bipedalism is a demanding and risky strategy. It means refashioning 
the pelvis into a full load-bearing instrument To preserve the required 
strength, the birth canal must be comparatively narrow. This has two very 
significant immediate consequences and one longer-term one. First, it 
means a lot o f pain for any birthing mother and a greatly increased dan­
ger of fatality to mother and baby both. Moreover to get the baby’s head 
through such a tight space it must be bom while its brain is still small- 
and while the baby, therefore, is still helpless. This means long-term infant 
care, which in turn implies solid male-female bonding.

All this is problematic enough when you are the intellectual master of 
the planet but when you are a small, vulnerable australopithecine, with a 
brain about the size of an orange,* the risk must have been enormous.

‘ Absolute brain size does not tell you eveiything-or possibly sometimes even 
much. Elephants and whales both have brains larger than ours, but you wouldn’t
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So why did Lucy and her kind come down from the trees and out of 
the forests? Probably they had no choice. The slow rise of the Isthmus of 
Panama had cut the flow of waters from the Pacific into the Atlantic, di­
verting warming currents away from the Arctic and leading to the onset of 
an exceedingly sharp ice age in northern latitudes. In Africa, this would 
have produced seasonal drying and cooling, gradually turning jungle into 
savanna. Tt was not so much that Lucy and her like left the forests," John 
Gribbin has written, "but that the forests left them."

But stepping out onto the open savanna also clearly left the early ho- 
minids much more exposed. An upright hominid could see better, but 
could also be seen better. Even now as a species, we are almost preposter­
ously vulnerable in the wild. Nearly every large animal you can care to 
name is stronger, faster, and toothier than us. Faced with attack, modem 
humans have only two advantages. We have a good brain, with which we 
can devise strategies, and we have hands with which we can fling or bran­
dish hurtful objects. We are the only creature that can harm at a distance. 
We can thus afford to be physically vulnerable.

All the elements would appear to have been in place for the rapid evo­
lution o f a potent brain, and yet that seems not to have happened. For over 
three million years, Lucy and her fellow australopithecines scarcely 
changed at all. Their brain didn’t grow and there is no sign that they used 
even the simplest tools. What is stranger still is that we now know that for 
about a million years they lived alongside other early hominids who did 
use tools, yet the australopithecines never took advantage o f this useful 
technology that was all around them.

At one point between three and two million years ago, it appears 
there may have been as many as six hominid types coexisting in Africa. 
Only one, however, was fated to last: Homo, which emerged from the 
mists beginning about two million years ago. No one knows quite what

have much trouble outwitting them in contract negotiations. It is relative size that 
matters, a point that is often overlooked. As Gould notes, A. africatius had a brain 
o f only 450 cubic centimeters, smaller than that of a gorilla. But a typical africatius 
male weighed less than a hundred pounds, and a female much less still, whereas 
gorillas can easily top out at 600 pounds (Gould pp. 181-83).
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the relationship was between australopithecines and Homo, but what is 
known is that they coexisted for something over a million years before all 
the australopithecines, robust and gracile alike, vanished mysteriously, 
and possibly abruptly, over a million years ago. No one knows why they 
disappeared. "Perhaps,* suggests Matt Ridley, "we ate them."

Conventionally, the Homo line begins with Homo habilis, a creature 
about whom we know almost nothing, and concludes with us, Homo sapi­
ens (literally "man the thinker"). In between, and depending on which 
opinions you value, there have been half a dozen other Homo species: 
Homo ergaster, Homo neanderthalensis, Homo rudolfensis, Homo heidelber- 
gensis, Homo erectus, and Homo antecessor.

Homo habilis ("handy man") was named by Louis Leakey and col­
leagues in 1964 and was so called because it was the first hominid to use 
tools, albeit very simple ones. It was a fairly primitive creature, much 
more chimpanzee than human, but its brain was about 50 percent larger 
than that o f Lucy in gross terms and not much less large proportionally, 
so it was the Einstein of its day. No persuasive reason has ever been ad­
duced for why hominid brains suddenly began to grow two million years 
ago. For a long time it was assumed that big brains and upright walking 
were directly related-that the movement out o f the forests necessitated 
cunning new strategies that fed off o f or promoted braininess-so it was 
something o f a surprise, after the repeated discoveries o f so many bipedal 
dullards, to realize that there was no apparent connection between them 
at all.

"There is simply no compelling reason we know o f to explain why 
human brains got large," says TattersalL Huge brains are demanding or­
gans: they make up only 2 percent o f the body’s mass, but devour 20 per­
cent o f its energy. They are also comparatively picky in what they use as 
fuel. If you never ate another morsel o f fat, your brain would not complain 
because it won’t touch the stuff. It wants glucose instead, and lots o f it  
even if  it means short-changing other organs. As Guy Brown notes: "The 
body is in constant danger o f being depleted by a greedy brain, but cannot 
afford to let the brain go hungry as that would rapidly lead to death." A big 
brain needs more food and more food means increased risk.
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Tattersall thinks the rise of a big brain may simply have been an evo­
lutionary accident He believes with Stephen Jay Gould that if you replayed 
the tape of life-even if you ran it back only a relatively short way to the 
dawn of hominids-the chances are "quite unlikely" that modem humans 
or anything like them would be here now.

"One of the hardest ideas for humans to accept" he says, "is that we are 
not the culmination of anything. There is nothing inevitable about our 
being here. It is part of our vanity as humans that we tend to think of evo­
lution as a process that, in effect was programmed to produce us. Even an­
thropologists tended to think this way right up until the 1970s." Indeed, as 
recently as 1991, in the popular textbook The Stages o f  Evolution, C. Loring 
Brace stuck doggedly to the linear concept acknowledging just one evolu­
tionary dead end, the robust australopithecines. Everything else repre­
sented a straightforward progression-each species of hominid carrying 
the baton of development so far, then handing it on to a younger, fresher 
runner. Now, however, it seems certain that many of these early forms fol­
lowed side trails that didn’t come to anything.

Luckily for us, one did-a group of tool users, which seemed to arise 
from out o f nowhere and overlapped with the shadowy and much dis­
puted Homo habilis. This is Homo erectus, the species discovered by Eu­
gene Dubois in Java in 1891. Depending on which sources you consult, it 
existed from about 1.8 million years ago to possibly as recently as twenty 
thousand or so years ago.

According to the Jav a  M an authors, Homo erectus is the dividing line: 
everything that came before him was apelike in character; everything that 
came after was humanlike. Homo erectus was the first to hunt the first to 
use fire, the first to fashion complex tools, the first to leave evidence of 
campsites, the first to look after the weak and frail. Compared with all that 
had gone before, Homo erectus was extremely human in form as well as 
behavior, its members long-limbed and lean, very strong (much stronger 
than modem humans), and with the drive and intelligence to spread suc­
cessfully over huge areas. To other hominids, Homo erectus must have 
seemed terrifyingly powerful, fleet, and gifted.

Erectus was "the velociraptor o f its day," according to Alan Walker o f
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Penn State University and one of the world’s leading authorities. If you 
were to look one in the eyes, it might appear superficially to be human, but 
"you wouldn’t connect You’d be prey." According to Walker, it had the 
body of an adult human but the brain of a baby.

Although erectus had been known about for almost a century it was 
known only from scattered fragments-not enough to come even close to 
making one full skeleton. So it wasn’t until an extraordinary discovery in 
Africa in the 1980s that its importance-or, at the very least possible im- 
portance-as a precursor species for modem humans was fully appreci­
ated. The remote valley o f Lake Turkana (formerly Lake Rudolf) in Kenya 
is now one o f the world’s most productive sites for early human remains, 
but for a very long time no one had thought to look there. It was only be­
cause Richard Leakey was on a flight that was diverted over the valley that 
he realized it might be more promising than had been thought A team 
was dispatched to investigate, but at first found nothing. Then late one af­
ternoon Kamoya Kimeu, Leakey’s most renowned fossil hunter, found a 
small piece of hominid brow on a hill well away from the lake. Such a site 
was unlikely to yield much, but they dug anyway out o f respect for 
Kimeu’s instincts and to their astonishment found a nearly complete 
Homo erectus skeleton. It was from a boy aged between about nine and 
twelve who had died 1.54 million years ago. The skeleton had "an entirely 
modem body structure," says TattersalL in a way that was without prece­
dent The Turkana boy was "very emphatically one o f us."

Also found at Lake Turkana by Kimeu was KNM-ER 1808, a female 
1.7 million years old, which gave scientists their first clue that Homo erec­
tus was more interesting and complex than previously thought The 
woman’s bones were deformed and covered in coarse growths, the result 
o f an agonizing condition called hypervitaminosis A, which can come 
only from eating the liver o f a carnivore. This told us first o f all that Homo 
erectus was eating meat Even more surprising was that the amount of 
growth showed that she had lived weeks or even months with the disease. 
Someone had looked after her. It was the first sign of tenderness in ho­
minid evolution.

It was also discovered that Homo erectus skulls contained (or, in the
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view o f some, possibly contained) a Broca’s area, a region o f the frontal 
lobe o f the brain associated with speech. Chimps don’t have such a feature. 
Alan Walker thinks the spinal canal didn’t have the size and complexity to 
enable speech, that they probably would have communicated about as well 
as modem chimps. Others, notably Richard Leakey, are convinced they 
could speak.

For a time, it appears, Homo erectus was the only hominid species on 
Earth. It was hugely adventurous and spread across the globe with what 
seems to have been breathtaking rapidity. The fossil evidence, if  taken lit­
erally, suggests that some members of the species reached Java at about the 
same time as, or even slightly before, they left Africa. This has led some 
hopeful scientists to suggest that perhaps modem people arose not in 
Africa at all but in Asia-which would be remarkable, not to say miracu­
lous, as no possible precursor species have ever been found anywhere out­
side Africa. The Asian hominids would have had to appear, as it were, 
spontaneously. And anyway an Asian beginning would merely reverse the 
problem of their spread; you would still have to explain how the Java peo­

ple then got to Africa so quickly.
There are several more plausible alternative explanations for how 

Homo erectus managed to turn up in Asia so soon after its first appearance 
in Africa. First, a lot of plus-or-minusing goes into the dating of early 
human remains. If the actual age of the African bones is at the higher end 
of the range o f estimates or the Javan ones at the lower end, or both, then 
there is plenty o f time for African erects to find their way to Asia. It is also 
entirely possible that older erectus bones await discovery in Africa. In ad­
dition, the Javan dates could be wrong altogether.

Now for the doubts. Some authorities don’t believe that the Turkana 
finds are Homo erectus at all. The snag, ironically, was that although the 
Turkana skeletons were admirably extensive, all other erectus fossils are in­

conclusively fragmentary. As Tattersall and Jeffrey Schwartz note in Extinct 
Humans, most o f the Turkana skeleton "couldn’t be compared with any­
thing else closely related to it because the comparable parts weren’t 
known!" The Turkana skeletons, they say, look nothing like any Asian 
Homo erectus and would never have been considered the same species ex­
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cept that they were contemporaries. Some authorities insist on calling the 
Turkana specimens (and any others from the same period) Homo ergaster. 
Tattersall and Schwartz don’t believe that goes nearly far enough They be­
lieve it was ergaster "or a reasonably dose relative" that spread to Asia from 
Africa, evolved into Homo erectus, and then died out

What is certain is that sometime well over a million years ago, some 
new, comparatively modem, upright beings left Africa and boldly spread 
out across much o f the globe. They possibly did so quite rapidly, increas­
ing their range by as much as twenty-five miles a year on average, all while 
dealing with mountain ranges, rivers, deserts, and other impediments and 
adapting to differences in dimate and food sources. A particular mystery 
is how they passed along the west side o f the Red Sea, an area o f famously 
punishing aridity now, but even drier in the past It is a curious irony that 
the conditions that prompted them to leave Africa would have made it 
much more difficult to do so. Yet somehow they managed to find their way 
around every barrier and to thrive in the lands beyond.

And that I’m afraid, is where all agreement ends. What happened next 
in the history of human development is a matter o f long and rancorous de­
bate, as we shall see in the next chapter.

But it is worth remembering, before we move on, that all o f these evo­
lutionary jostlings over five million years, from distant puzzled australop- 
ithecine to fully modem human, produced a creature that is still 98.4 
percent genetically indistinguishable from the modem chimpanzee. There 
is more difference between a zebra and a horse, or between a dolphin and 
a porpoise, than there is between you and the furry creatures your distant 
ancestors left behind when they set out to take over the world.
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SOMETIME ABOUT A million and a half years ago, some forgotten genius 
o f the hominid world did an unexpected thing. He (or very possibly she) 
took one stone and carefully used it to shape another. The result was a 
simple teardrop-shaped hand axe, but it was the world’s first piece o f ad­
vanced technology.

It was so superior to existing tools that soon others were following the 
inventor’s lead and making hand axes o f their own. Eventually whole so­
cieties existed that seemed to do little else. T hey  made them in the thou­
sands," says Ian Tattersall. T here are some places in Africa where you 
literally can’t move without stepping on them. It’s strange because they are 
quite intensive objects to make. It was as if  they made them for the sheer 
pleasure o f it"

From a shelf in his sunny workroom Tattersall took down an enor­
mous cast, perhaps a foot and a half long and eight inches wide at its 
widest point and handed it to me. It was shaped like a spearhead, but one 
the size o f a stepping-stone. As a fiberglass cast it weighed only a few 
ounces, but the original, which was found in Tanzania, weighed twenty-five 
pounds. "It was completely useless as a tool," Tattersall said. "It would have

453
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taken two people to lift it adequately, and even then it would have been ex­
hausting to tty to pound anything with it"

"What was it used for then?"
Tattersall gave a genial shrug, pleased at the mystery of it  "No idea. It 

must have had some symbolic importance, but we can only guess what"
The axes became known as Acheulean tools, after St Acheul, a suburb 

of Amiens in northern France, where the first examples were found in the 
nineteenth century, and contrast with the older, simpler tools known as 
Oldowan, originally found at Olduvai Gorge in Tanzania. In older text­
books, Oldowan tools are usually shown as blunt rounded, hand-sized 
stones. In fact, paleoanthropologists now tend to believe that the tool part 
o f Oldowan rocks were the pieces flaked off these larger stones, which 
could then be used for cutting.

Now here’s the mystery. When early modem humans-the ones who 
would eventually become us-started to move out of Africa something over 
a hundred thousand years ago, Acheulean tools were the technology of 
choice. These early Homo sapiens loved their Acheulean tools, too. They 
carried them vast distances. Sometimes they even took unshaped rocks 
with them to make into tools later on. They were, in a word, devoted to 
the technology. But although Acheulean tools have been found through­
out Africa, Europe, and western and central Asia, they have almost never 
been found in the Far East This is deeply puzzling.

In the 1940s a Harvard paleontologist named Hallum Movius drew 
something called the Movius line, dividing the side with Acheulean tools 
from the one without The line runs in a southeasterly direction across Eu­
rope and the Middle East to the vicinity o f modern-day Calcutta and 
Bangladesh. Beyond the Movius line, across the whole o f southeast Asia 
and into China, only the older, simpler Oldowan tools have been found. 
We know that Homo sapiens went far beyond this point so why would 
they carry an advanced and treasured stone technology to the edge o f the 
Far East and then just abandon it?

"That troubled me for a long time," recalls Alan Thome o f the Aus­
tralian National University in Canberra. "The whole o f modem anthropol­
ogy was built round the idea that humans came out o f Africa in two 
waves-a first wave o f Homo erectus, which became Java Man and Peking
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Man and the like, and a later, more advanced wave of Homo sapiens, which 
displaced the first lot Yet to accept that you must believe that Homo sapi­
ens got so far with their more modem technology and then, for whatever 
reason, gave it up. It was all very puzzling, to say the least"

As it turned out there would be a great deal else to be puzzled about 
and one of the most puzzling findings o f all would come from Thome’s 
own part of the world, in the outback of Australia. In 1968, a geologist 

named Jim Bowler was poking around on a long-dried lakebed called 
Mungo in a parched and lonely comer o f western New South Wales when 
something very unexpected caught his eye. Sticking out o f a crescent­
shaped sand ridge o f a type known as a lunette were some human bones. 
At the time, it was believed that humans had been in Australia for no more 
than 8,000 years, but Mungo had been diy for 12,000 years. So what was 
anyone doing in such an inhospitable place?

The answer, provided by carbon dating, was that the bones’ owner had 
lived there when Lake Mungo was a much more agreeable habitat a dozen 
miles long, full o f water and fish, fringed by pleasant groves o f casuarina 
trees. To everyone’s astonishment, the bones turned out to be 23,000 years 
old. Other bones found nearby were dated to as much as 60,000 years. This 
was unexpected to the point of seeming practically impossible. At no time 
since hominids first arose on Earth has Australia not been an island. Any 
human beings who arrived there must have come by sea, in large enough 
numbers to start a breeding population, after crossing sixty miles or more 
of open water without having any way of knowing that a convenient land­
fall awaited them. Having landed, the Mungo people had then found then- 
way more than two thousand miles inland from Australia’s north coast- 
the presumed point o f entiy-which suggests, according to a report in the 
Proceedings o f the National Academy o f Sciences, "that people may have 
first arrived substantially earlier than 60,000 years ago."

How they got there and why they came are questions that can’t be an­
swered. According to most anthropology texts, there’s no evidence that 
people could even speak 60,000 years ago, much less engage in the sorts 
o f cooperative efforts necessary to build ocean-worthy craft and colonize 
island continents.

"There’s just a whole lot we don’t know about the movements of peo-
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pie before recorded history," Alan Thome told me when I met him in Can­
berra. "Do you know that when nineteenth-century anthropologists first 
got to Papua New Guinea, they found people in the highlands of the inte­
rior, in some of the most inaccessible terrain on earth, growing sweet po­
tatoes. Sweet potatoes are native to South America. So how did they get to 
Papua New Guinea? We don’t know. Don’t have the faintest idea. But what 
is certain is that people have been moving around with considerable as­
suredness for longer than traditionally thought and almost certainly shar­
ing genes as well as information."

The problem, as ever, is the fossil record. "Very few parts o f the world 
are even vaguely amenable to the long-term preservation o f human re­
mains," says Thome, a sharp-eyed man with a white goatee and an intent 
but friendly manner. "If it weren’t for a few productive areas like Hadar and 
Olduvai in east Africa we’d know frighteningly little. And when you look 
elsewhere, often we do know frighteningly little. The whole o f India has 
yielded just one ancient human fossil from about 300,000 years ago. Be­
tween Iraq and Vietnam-that’s a distance o f some 5,000 kilometers-there 
have been just two: the one in India and a Neandertal in Uzbekistan." He 
grinned. "That’s not a whole hell of a lot to work with. You’re left with the 
position that you’ve got a few productive areas for human fossils, like the 
Great Rift Valley in Africa and Mungo here in Australia, and very little in 
between. It’s not surprising that paleontologists have trouble connecting 
the dots."

The traditional theory to explain human movements-and the one still 
accepted by the majority o f people in the field-is that humans dispersed 
across Eurasia in two waves. The first wave consisted o f Homo erectus, who 
left Africa remarkably quickly-almost as soon as they emerged as a 
species-beginning nearly two million years ago. Over time, as they settled 
in different regions, these early erects further evolved into distinctive 
types-into Java Man and Peking Man in Asia, and Homo heidelbergensis 
and finally Homo neanderthalensis in Europe.

Then, something over a hundred thousand years ago, a smarter, lither 
species o f creature—the ancestors o f every one o f us alive today—arose on 
the African plains and began radiating outward in a second wave. Wher­
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ever they went according to this theory, these new  Homo sapiens displaced 
their duller, less adept predecessors. Quite how they did this has always 
been a matter o f disputation. No signs o f slaughter have ever been found, 
so most authorities believe the newer hominids simply outcompeted the 
older ones, though other factors may also have contributed. "Perhaps we 
gave them smallpox," suggests Tattersall. "There’s no real way o f telling. 
The one certainty is that we are here now and they aren’t"

These first modem humans are surprisingly shadowy. We know less 
about ourselves, curiously enough, than about almost any other line o f ho­
minids. It is odd indeed, as Tattersall notes, "that the most recent major 
event in human evolution-the emergence o f our own species-is perhaps 
the most obscure o f all." Nobody can even quite agree where truly modem 
humans first appear in the fossil record. Many books place their debut at 
about 120,000 years ago in the form o f remains found at the Klasies River 
Mouth in South Africa, but not everyone accepts that these were fully 
modem people. Tattersall and Schwartz maintain that "whether any or all 
of them actually represent our species still awaits definitive clarification."

The first undisputed appearance o f Homo sapiens is in the eastern 
Mediterranean, around modem-day Israel, where they begin to show up 
about 100,000 years ago-but even there they are described (by Trinkaus 
and Shipman) as "odd, difficult-to-classify and poorly known." Neandertals 
were already well established in the region and had a type o f tool kit 
known as Mousterian, which the modem humans evidently found worthy 
enough to borrow. No Neandertal remains have ever been found in north 
Africa, but their tool kits turn up all over the place. Somebody must have 
taken them there: modem humans are the only candidate. It is also known 
that Neandertals and modem humans coexisted in some fashion for tens 
of thousands of years in the Middle East "We don’t know if  they time- 
shared the same space or actually lived side by side," Tattersall says, but the 
modems continued happily to use Neandertal tools-hardly convincing ev­
idence of overwhelming superiority. No less curiously, Acheulean tools are 
found in the Middle East well over a million years ago, but scarcely exist 
in Europe until just 300,000 years ago. Again, why people who had the 
technology didn’t take the tools with them is a mystery.
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For a long time, it was believed that the Cro-Magnons, as modem hu­
mans in Europe became known, drove the Neandertals before them as 
they advanced across the continent eventually forcing them to its western 
margins, where essentially they had no choice but to fall in the sea or go 
extinct In fact it is now known that Cro-Magnons were in the far west o f 
Europe at about the same time they were also coming in from the east 
"Europe was a pretty empty place in those days," Tattersall says. "They may 
not have encountered each other all that often, even with all their comings 
and goings." One curiosity of the Cro-Magnons’ arrival is that it came at a 
time known to paleo climatology as the Boutellier interval, when Europe 
was plunging from a period of relative mildness into yet another long spell 
o f punishing cold. Whatever it was that drew them to Europe, it wasn’t the 
glorious weather.

In any case, the idea that Neandertals crumpled in the face o f compe­
tition from newly arrived Cro-Magnons strains against the evidence at least 
a little. Neandertals were nothing if not tough For tens o f thousands of 
years they lived through conditions that no modem human outside a few 
polar scientists and explorers has experienced. During the worst o f the ice 
ages, blizzards with hurricane-force winds were common. Temperatures 
routinely fell to 50 degrees below zero Fahrenheit Polar bears padded 
across the snowy vales o f southern England. Neandertals naturally re­
treated from the worst o f i t  but even so they will have experienced 
weather that was at least as bad as a modem Siberian winter. They suf­
fered, to be sure-a Neandertal who lived much past thirty was lucky in- 
deed-but as a species they were magnificently resilient and practically 
indestructible. They survived for at least a hundred thousand years, and 
perhaps twice that over an area stretching from Gibraltar to Uzbekistan, 
which is a pretty successful m n for any species o f being.

Quite who they were and what they were like remain matters o f dis­
agreement and uncertainty. Right up until the middle o f the twentieth 
century the accepted anthropological view o f the Neandertal was that he 
was dim, stooped, shuffling, and simian-the quintessential caveman. It 
was only a painful accident that prodded scientists to reconsider this view. 
In 1947, while doing fieldwork in the Sahara, a Franco-Algerian paleon­
tologist named Camille Arambourg took refuge from the midday sun
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under the wing o f his light airplane. As he sat there, a tire burst from the 
heat, and the plane tipped suddenly, striking him a painful blow on the 
upper body. Later in Paris he went for an X-ray of his neck, and noticed 
that his own vertebrae were aligned exactly like those of the stooped and 
hulking Neandertal. Either he was physiologically primitive or Neander- 
tal’s posture had been misdescribed. In fact, it was the latter. Neandertal 
vertebrae were not simian at all. It changed utterly how we viewed Nean- 
dertals-but only some o f the time, it appears.

It is still commonly held that Neandertals lacked the intelligence or 
fiber to compete on equal terms with the continent’s slender and more 
cerebrally nimble newcomers, Homo sapiens. Here is a typical comment 
from a recent book: "Modem humans neutralized this advantage [the Ne- 
andertal’s considerably heartier physique] with better clothing, better fires 
and better shelter; meanwhile the Neandertals were stuck with an oversize 
body that required more food to sustain." In other words, the very factors 
that had allowed them to survive successfully for a hundred thousand 
years suddenly became an insuperable handicap.

Above all the issue that is almost never addressed is that Neandertals 
had brains that were significantly larger than those o f modem people-1.8 
liters for Neandertals versus 1.4 for modem people, according to one cal­
culation. This is more than the difference between modem Homo sapiens 
and late Homo erectus, a species we are happy to regard as barely human. 
The argument put forward is that although our brains were smaller, they 
were somehow more efficient I believe I speak the truth when I observe 
that nowhere else in human evolution is such an argument made.

So why then, you may well ask, if  the Neandertals were so stout and 
adaptable and cerebrally well endowed, are they no longer with us? One 
possible (but much disputed) answer is that perhaps they are. Alan Thome 
is one o f the leading proponents o f an alternative theory, known as the 
multiregional hypothesis, which holds that human evolution has been 
continuous—that just as australopithednes evolved into Homo habilis and 
Homo heidelbergensis became over time Homo neanderthalens is, so mod­
em  Homo sapiens simply emerged from more ancient Homo forms. Homo 
erectus is, on this view, not a separate species but just a transitional phase. 
Thus modem Chinese are descended from ancient Homo erectus forebears
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in China, modem Europeans from ancient European Homo erectus, and so 
on. "Except that for me there are no Homo erectus," says Thome. "I think 
it's a term which has outlived its usefulness. For me, Homo erectus is sim­
ply an earlier part o f us. I believe only one species o f humans has ever left 
Africa, and that species is Homo sapiens."

Opponents o f the multiregional theory reject i t  in the first instance, on 
the grounds that it requires an improbable amount o f parallel evolution by 
hominids throughout the Old World-in Africa, China, Europe, the most 
distant islands of Indonesia, wherever they appeared. Some also believe 
that multiregionalism encourages a racist view that anthropology took a 
very long time to rid itself o f In the early 1960s, a famous anthropologist 
named Carleton Coon of the University of Pennsylvania suggested that 
some modem races have different sources of origin, implying that some of 
us come from more superior stock than others. This hearkened back un­
comfortably to earlier beliefs that some modem races such as the African 
"Bushmen* (properly the Kalahari San) and Australian Aborigines were 
more primitive than others.

Whatever Coon may personally have felt the implication for many 
people was that some races are inherently more advanced, and that some 
humans could essentially constitute different species. The view, so instinc­
tively offensive now, was widely popularized in many respectable places 
until fairly recent times. I have before me a popular book published by 
Time-Life Publications in 1961 called The Epic o f  M an based on a series o f 
articles in Life magazine. In it you can find such comments as "Rhodesian 
m an. . .  lived as recently as 25,000 years ago and may have been an ances­
tor o f the African Negroes. His brain size was close to that o f Homo sapi­
ens." In other words black Africans were recently descended from creatures 
that were only "close" to Homo sapiens.

Thome emphatically (and I believe sincerely) dismisses the idea that 
his theoiy is in any measure racist and accounts for the uniformity of 
human evolution by suggesting that there was a lot o f movement back and 
forth between cultures and regions. "There’s no reason to suppose that 
people only went in one direction," he says. "People were moving all over 
the place, and where they met they almost certainly shared genetic mate­
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rial through interbreeding. New arrivals didn’t replace the indigenous pop­
ulations, they joined  them. They became them" He likens the situation to 
when explorers like Cook or Magellan encountered remote peoples for the 
first time. "They weren’t meetings o f different species, but o f the same 
species with some physical differences."

What you actually see in the fossil record, Thome insists, is a smooth, 
continuous transition. "There’s a famous skull from Petralona in Greece, 
dating from about 300,000 years ago, that has been a matter o f contention 
among traditionalists because it seems in some ways Homo erectus but in 
other ways Homo sapiens. Well, what we say is that this is just what you 
would expect to find in species that were evolving rather than being dis­
placed."

One thing that would help to resolve matters would be evidence of 
interbreeding, but that is not at all easy to prove, or disprove, from fossils. 
In 1999, archeologists in Portugal found the skeleton o f a child about four 
years old that died 24,500 years ago. The skeleton was modem overall, 
but with certain archaic, possibly Neandertal, characteristics: unusually 
sturdy leg bones, teeth bearing a distinctive "shoveling" pattern, and 
(though not everyone agrees on it) an indentation at the back o f the skull 
called a suprainiac fossa, a feature exclusive to Neandertals. Erik Trinkaus 
o f Washington University in S t Louis, the leading authority on Neander­
tals, announced the child to be a hybrid: proof that modem humans and 
Neandertals interbred. Others, however, were troubled that the Neander­
tal and modem features weren’t more blended. As one critic put it: "If you 
look at a mule, you don’t have the front end looking like a donkey and 
the back end looking like a horse."

Ian Tattersall declared it to be nothing more than "a chunky modem 
child." He accepts that there may well have been some "hanky-panky" be­
tween Neandertals and modems, but doesn’t believe it could have resulted 
in reproductively successful offspring.* "I don’t know of any two organisms

*One possibility is that Neandertals and Cro-Magnons had different numbers of  
chromosomes, a complication that commonly arises when species that are close 
but not quite identical conjoin. In the equine world, for example, horses have 64
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from any realm of biology that are that different and still in the same 
species,* he says.

With the fossil record so unhelpful, scientists have turned increasingly to 
genetic studies, in particular the part known as mitochondrial DNA. Mito­
chondrial DNA was only discovered in 1964, but by the 1980s some in­
genious souls at the University of California at Berkeley had realized that 
it has two features that lend it a particular convenience as a kind o f mo­
lecular clock: it is passed on only through the female line, so it doesn’t be­
come scrambled with paternal DNA with each new generation, and it 
mutates about twenty times faster than normal nuclear DNA, making it 
easier to detect and follow genetic patterns over time. By tracking the rates 
o f mutation they could work out the genetic history and relationships of 
whole groups of people.

In 1987, the Berkeley team, led by the late Allan Wilson, did an analy­
sis o f mitochondrial DNA from 147 individuals and declared that the rise 
o f anatomically modem humans occurred in Africa within the last 140,000 
years and that "all present-day humans are descended from that popula­
tion." It was a serious blow to the multiregionalists. But then people began 
to look a little more closely at the data. One o f the most extraordinary 
points-almost too extraordinary to credit really-was that the "Africans" 
used in the study were actually African-Americans, whose genes had obvi­
ously been subjected to considerable mediation in the past few hundred 
years. Doubts also soon emerged about the assumed rates o f mutations.

By 1992, the study was largely discredited. But the techniques o f ge­
netic analysis continued to be refined, and in 1997 scientists from the Uni­
versity o f Munich managed to extract and analyze some DNA from the 
arm bone o f the original Neandertal man, and this time the evidence stood 
up. The Munich study found that the Neandertal DNA was unlike any 
DNA found on Earth now, strongly indicating that there was no genetic

chromosomes and donkeys 62. Mate the two and you get an offspring with a re- 
productively useless number o f chromosomes, 63. You have, in short, a sterile mule.
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connection between Neandertals and modem humans. Now this really 
was a blow to multiregionalism.

Then in late 2000 Nature and other publications reported on a 
Swedish study of the mitochondrial DNA of fifty-three people, which sug­
gested that all modem humans emerged from Africa within the past
100,000 years and came from a breeding stock of no more than 10,000 in­
dividuals. Soon afterward, Eric Lander, director o f the Whitehead Insti- 
tute/Massachusetts Institute o f Technology Center for Genome Research, 
announced that modem Europeans, and perhaps people farther afield, are 
descended from "no more than a few hundred Africans who left their 
homeland as recently as 25,000 years ago."

As we have noted elsewhere in the book, modem human beings show 
remarkably little genetic variability-"there’s more diversity in one social 
group of fifty-five chimps than in the entire human population," as one au­
thority has put it-and this would explain why. Because we are recently de­
scended from a small founding population, there hasn’t been time enough 
or people enough to provide a source o f great variability. It seemed a pretty 
severe blow to multiregionalism "After this," a Penn State academic told 
the Washington Post, "people won’t be too concerned about the multire- 
gional theory, which has very little evidence."

But all o f this overlooked the more or less infinite capacity for surprise 
offered by the ancient Mungo people of western New South Wales. In early 
2001, Thome and his colleagues at the Australian National University re­
ported that they had recovered DNA from the oldest of the Mungo speci- 
mens-now dated at 62,000 years-and that this DNA proved to be 
"genetically distinct"

The Mungo Man, according to these findings, was anatomically mod­
em -just like you and m e-but carried an extinct genetic lineage. His mito­
chondrial DNA is no longer found in living humans, as it should be if, like 
all other modem people, he was descended from people who left Africa in 
the recent past

"It turned everything upside down again," says Thome with undis­
guised delight

Then other even more curious anomalies began to turn up. Rosalind
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Harding, a population geneticist at the Institute o f Biological Anthropology 
in Oxford, while studying betaglobin genes in modem people, found two 
variants that are common among Asians and the indigenous people of 
Australia, but hardly exist in Africa. The variant genes, she is certain, arose 
more than 200,000 years ago not in Africa, but in east Asia-long before 
modem Homo sapiens reached the region. The only way to account for 
them is to say that ancestors o f people now living in Asia included archaic 
hominids-Java Man and the like. Interestingly, this same variant gene-the 
Java Man gene, so to speak-tums up in modem populations in Oxford­

shire.
Confused, I went to see Harding at the institute, which inhabits an old 

brick villa on Banbury Road in Oxford, in more or less the neighborhood 
where Bill Clinton spent his student days. Harding is a small and chirpy 
Australian, from Brisbane originally, with the rare knack for being amused 
and earnest at the same time.

"Don’t know," she said at once, grinning, when I asked her how peo­
ple in Oxfordshire harbored sequences of betaglobin that shouldn’t be 
there. "On the whole," she went on more somberly, "the genetic record 
supports the out-of-Africa hypothesis. But then you find these anomalous 
clusters, which most geneticists prefer not to talk about There’s huge 
amounts o f information that would be available to us if only we could un­
derstand it, but we don’t yet We’ve barely begun." She refused to be drawn 
out on what the existence of Asian-origin genes in Oxfordshire tells us 
other than that the situation is clearly complicated. "All we can say at this 
stage is that it is very untidy and we don’t really know why."

At the time of our meeting, in early 2002, another Oxford scientist 
named Biyan Sykes had just produced a popular book called The Seven 
Daughters o f Eve in which, using studies o f mitochondrial DNA, he had 
claimed to be able to trace nearly all living Europeans back to a founding 
population o f just seven women—the daughters o f Eve of the title—who 
lived between 10,000 and 45,000 years ago in the time known to science as 
the Paleolithic To each of these women Sykes had given a name-Ursula, 
Xenia, Jasmine, and so on-and even a detailed personal history. ("Ursula 
was her mother’s second child. The first had been taken by a leopard when 
he was only two__ *)
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When I asked Harding about the book, she smiled broadly but care­
fully, as if  not quite certain where to go with her answer. 'Well, I suppose 
you must give him some credit for helping to popularize a difficult sub­

ject" she said and paused thoughtfully "And there remains the rem ote pos­
sibility that he’s right" She laughed, then went on more intently: "Data 
from any single gene cannot really tell you anything so definitive. If  you 
follow the mitochondrial DNA backwards, it will take you to a certain 
place-to an Ursula or Tara or whatever. But if  you take any other bit o f 
DNA, any gene at all, and trace it back, it will take you someplace else al­
together."

It was a little, I gathered, like following a road randomly out o f Lon­
don and finding that eventually it ends at John O’Groats, and concluding 
from this that anyone in London must therefore have come from the north 
o f Scotland. They m ight have come from there, o f course, but equally they 
could have arrived from any o f hundreds o f other places. In this sense, ac­
cording to Harding, every gene is a different highway, and we have only 
barely begun to map the routes. "No single gene is ever going to tell you 
the whole story," she said.

So genetic studies aren’t to be trusted?
"Oh you can trust the studies well enough, generally speaking. What 

you can’t trust are the sweeping conclusions that people often attach to 
them."

She thinks out-of-Africa is "probably 95 percent correct," but adds: "I 
think both sides have done a bit o f a disservice to science by insisting that 
it must be one thing or the other. Things are likely to turn out to be not 
so straightforward as either camp would have you believe. The evidence is 
clearly starting to suggest that there were multiple migrations and disper­
sals in different parts of the world going in all kinds o f directions and gen­
erally mixing up the gene pool. That’s never going to be easy to sort out"

Just at this time, there were also a number o f reports questioning the 
reliability o f claims concerning the recovery o f very ancient DNA. An aca­
demic writing in Nature had noted how a paleontologist, asked by a col­
league whether he thought an old skull was varnished or not had licked 
its top and announced that it was. "In the process," noted the Nature arti­
cle, "large amounts o f modern human DNA would have been transferred
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to the skull" rendering it useless for future study. I asked Harding about 
this. "Oh, it would almost certainly have been contaminated already," she 
said. "Just handling a bone will contaminate it  Breathing on it will con­
taminate it  Most o f the water in our labs will contaminate it  We are all 
swimming in foreign DNA In order to get a reliably clean specimen you 
have to excavate it in sterile conditions and do the tests on it at the site. It 
is the trickiest thing in the world not to contaminate a specimen."

So should such claims be treated dubiously? I asked.
Harding nodded solemnly. "Very," she said.

If you wish to understand at once why we know as little as we do about 
human origins, I have the place for you. It is to be found a little beyond the 
edge o f the blue Ngong Hills in Kenya, to the south and west o f Nairobi 
Drive out o f the city on the main highway to Uganda, and there comes a 
moment o f startling gloiy when the ground falls away and you are pre­
sented with a hang glider’s view o f boundless, pale green African plain.

This is the Great Rift Valley, which arcs across three thousand miles of 
east Africa, marking the tectonic rupture that is setting Africa adrift from 
Asia. Here, perhaps forty miles out o f Nairobi along the baking valley 
floor, is an ancient site called Olorgesailie, which once stood beside a large 
and pleasant lake. In 1919, long after the lake had vanished, a geologist 
named J. W. Gregory was scouting the area for mineral prospects when he 
came across a stretch of open ground littered with anomalous dark stones 
that had clearly been shaped by human hand. He had found one of the 
great sites of Acheulean tool manufacture that Ian Tattersall had told me 
about

Unexpectedly in the autumn of 2002 I found myself a visitor to this ex­
traordinary site. I was in Kenya for another purpose altogether, visiting 
some projects run by the charity CARE International, but my hosts, know­
ing of my interest in humans for the present volume, had inserted a visit 
to Olorgesailie into the schedule.

After its discovery by Gregory, Olorgesailie lay undisturbed for over 
two decades before the famed husband-and-wife team of Louis and Mary
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Leakey began an excavation that isn’t completed yet What the Leakeys 
found was a site stretching to ten acres or so, where tools were made in in­
calculable numbers for roughly a million years, from about 1.2 million 
years ago to 200,000 years ago. Today the tool beds are sheltered from the 
worst o f the elements beneath large tin lean-tos and fenced off with 
chicken wire to discourage opportunistic scavenging by visitors, but other­
wise the tools are left just where their creators dropped them and where 
the Leakeys found them

Jillani Ngalli, a keen young man from the Kenyan National Museum 
who had been dispatched to act as guide, told me that the quartz and ob­
sidian rocks from which the axes were made were never found on the val­
ley floor. ‘They had to carry the stones from there," he said, nodding at a 
pair o f mountains in the hazy middle distance, in opposite directions from 
the site: Olorgesailie and Ol EsakuL Each was about ten kilometers, or six 
miles, away-a long way to carry an armload o f stone.

Why the early Olorgesailie people went to such trouble we can only 
guess, o f course. Not only did they lug hefty stones considerable distances 
to the lakeside, but perhaps even more remarkably, they then organized 
the site. The Leakeys’ excavations revealed that there were areas where 
axes were fashioned and others where blunt axes were brought to be re­
sharpened. Olorgesailie was, in short a kind of factory; one that stayed in 
business for a million years.

Various replications have shown that the axes were tricky and labor- 
intensive objects to make—even with practice, an axe would take hours to 
fashion-and yet curiously, they were not particularly good for cutting or 
chopping or scraping or any of the other tasks to which they were pre­
sumably put So we are left with the position that for a million years-far, 
far longer than our own species has even been in existence, much less en­
gaged in continuous cooperative efforts-early people came in considerable 
numbers to this particular site to make extravagantly large numbers of 
tools that appear to have been rather curiously pointless.

And who were these people? We have no idea actually. We assume 
they were Homo erectus because there are no other known candidates, 
which means that at their peak-their peak-the Olorgesailie workers
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would have had the brains o f a modem infant But there is no physical ev­
idence on which to base a conclusion. Despite over sixty years o f search­
ing, no human bone has ever been found in or around the vicinity of 
Olorgesailie. However much time they spent there shaping rocks, it ap­
pears they went elsewhere to die.

"It’s all a mystery," Jillani Ngalli told me, beaming happily.
The Olorgesailie people disappeared from the scene about 200,000 

years ago when the lake dried up and the Rift Valley started to become the 
hot and challenging place it is today. But by this time their days as a species 
were already numbered. The world was about to get its first real master 
race, Homo sapiens. Things would never be the same again.



30 GOOD-BYE

IN THE EARLY 1680s, at just about the time that Edmond Halley and his 
friends Christopher Wren and Robert Hooke were settling down in a Lon­
don coffeehouse and embarking on the casual wager that would result 
eventually in Isaac Newton’s Principia, Hemy Cavendish’s weighing of the 
Earth, and many of the other inspired and commendable undertakings that 
have occupied us for much of the past four hundred pages, a rather less de­
sirable milestone was being passed on the island o f Mauritius, far out in the 
Indian Ocean some eight hundred miles off the east coast o f Madagascar.

There, some forgotten sailor or sailor’s pet was harrying to death the 
last of the dodos, the famously flightless bird whose dim but trusting na­
ture and lack of leggy zip made it a rather irresistible target for bored 
young tars on shore leave. Millions o f years o f peaceful isolation had not 
prepared it for the erratic and deeply unnerving behavior o f human beings.

We don’t know precisely the circumstances, or even year, attending the 
last moments of the last dodo, so we don’t know which arrived first a 
world that contained a Principia or one that had no dodos, but we do 
know that they happened at more or less the same time. You would be 
hard pressed, I would submit to find a better pairing o f occurrences to

4G9
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illustrate the divine and felonious nature o f the human being-a species of 
organism that is capable o f unpicking the deepest secrets o f the heavens 
while at the same time pounding into extinction, for no purpose at all, a 
creature that never did us any harm and wasn’t even remotely capable o f 
understanding what we were doing to it as we did it  Indeed, dodos were 
so spectacularly short on insight it is reported, that if  you wished to find 
all the dodos in a vicinity you had only to catch one and set it to squawk­
ing, and all the others would waddle along to see what was up.

The indignities to the poor dodo didn’t end quite there. In 1755, some 
seventy years after the last dodo’s death, the director o f the Ashmolean 
Museum in Oxford decided that the institution’s stuffed dodo was becom­
ing unpleasantly musty and ordered it tossed on a bonfire. This was a sur­
prising decision as it was by this time the only dodo in existence, stuffed 
or otherwise. A passing employee, aghast tried to rescue the bird but 
could save only its head and part of one limb.

As a result of this and other departures from common sense, we are 
not now entirely sure what a living dodo was like. We possess much less 
information than most people suppose-a handful o f crude descriptions by 
"unscientific voyagers, three or four oil paintings, and a few scattered os­
seous fragments," in the somewhat aggrieved words of the nineteenth- 
century naturalist H. E. Strickland. As Strickland wistfully observed, we 
have more physical evidence of some ancient sea monsters and lumbering 
saurapods than we do of a bird that lived into modem times and required 
nothing of us to survive except our absence.

So what is known of the dodo is this: it lived on Mauritius, was plump 
but not tasty, and was the biggest-ever member o f the pigeon family, 
though by quite what margin is unknown as its weight was never accu­
rately recorded. Extrapolations from Strickland’s "osseous fragments" and 
the Ashmolean’s modest remains show that it was a little over two and a 
half feet tall and about the same distance from beak tip to backside. Being 
flightless, it nested on the ground, leaving its eggs and chicks tragically 
easy prey for pigs, dogs, and monkeys brought to the island by outsiders. 
It was probably extinct by 1683 and was most certainly gone by 1693. Be­
yond that we know almost nothing except o f course that we will not see
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its like again. We know nothing of its reproductive habits and diet, where 
it ranged, what sounds it made in tranquility or alarm. We don’t possess a 
single dodo egg.

From beginning to end our acquaintance with animate dodos lasted 
just seventy years. That is a breathtakingly scanty period-though it must 
be said that by this point in our history we did have thousands of years of 
practice behind us in the matter o f irreversible eliminations. Nobody 
knows quite how destructive human beings are, but it is a fact that over the 
last fifty thousand years or so wherever we have gone animals have tended 
to vanish, in often astonishingly large numbers.

In America, thirty genera of large animals-some very large indeed- 
disappeared practically at a stroke after the arrival of modem humans on 
the continent between ten and twenty thousand years ago. Altogether 
North and South America between them lost about three quarters of their 
big animals once man the hunter arrived with his flint-headed spears and 
keen organizational capabilities. Europe and Asia, where the animals had 
had longer to evolve a useful wariness o f humans, lost between a third and 

a half o f their big creatures. Australia, for exactly the opposite reasons, lost 
no less than 95 percent

Because the early hunter populations were comparatively small and 
the animal populations truly monumental-as many as ten million mam­
moth carcasses are thought to lie frozen in the tundra o f northern Siberia 
alone—some authorities think there must be other explanations, possibly 
involving climate change or some kind o f pandemic As Ross MacPhee of 
the American Museum o f Natural History put it: 'There’s no material ben­
efit to hunting dangerous animals more often than you need to-there are 
only so many mammoth steaks you can eat" Others believe it may have 
been almost criminally easy to catch and clobber prey. 'In Australia and the 
Americas," says Tim Flannery, "the animals probably didn’t know enough 

to run away."
Some o f the creatures that were lost were singularly spectacular and 

would take a little managing if  they were still around. Imagine ground 
sloths that could look into an upstairs window, tortoises nearly the size of 
a small Fiat monitor lizards twenty feet long basking beside desert high­
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ways in Western Australia. Alas, they are gone and we live on a much di­
minished planet. Today, across the whole world, only four types of really 
hefty (a metric ton or more) land animals survive: elephants, rhinos, hip­
pos, and giraffes. Not for tens of millions of years has life on Earth been 
so diminutive and tame.

The question that arises is whether the disappearances of the Stone 
Age and disappearances of more recent times are in effect part o f a single 
extinction event-whether, in short, humans are inherently bad news for 
other living things. The sad likelihood is that we may well be. According 
to the University of Chicago paleontologist David Raup, the background 
rate of extinction on Earth throughout biological history has been one 
species lost every four years on average. According to one recent calcula­
tion, human-caused extinction now may be running as much as 120,000 
times that level.

In the mid-1990s, the Australian naturalist Tim Flannery, now head o f the 
South Australian Museum in Adelaide, became struck by how little we 
seemed to know about many extinctions, including relatively recent ones. 
"Wherever you looked, there seemed to be gaps in the records-pieces 
missing, as with the dodo, or not recorded at all," he told me when I met 
him in Melbourne a year or so ago.

Flannery recruited his friend Peter Schouten, an artist and fellow Aus­
tralian, and together they embarked on a slightly obsessive quest to scour 
the world’s major collections to find out what was lost what was left and 
what had never been known at all. They spent four years picking through 
old skins, musty specimens, old drawings, and written descriptions-what- 
ever was available. Schouten made life-sized paintings of every animal they 
could reasonably re-create, and Flannery wrote the words. The result was 
an extraordinary book called A Gap in Nature, constituting the most com- 
plete-and, it must be said, moving-catalog of animal extinctions from the 
last three hundred years.

For some animals, records were good, but nobody had done anything 
much with them, sometimes for years, sometimes forever. Steller’s sea
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cow, a walrus-like creature related to the dugong, was one of the last really 
big animals to go extinct It was truly enormous-an adult could reach 
lengths o f nearly thirty feet and weigh ten tons-but we are acquainted 
with it only because in 1741 a Russian expedition happened to be ship­

wrecked on the only place where the creatures still survived in any num­
bers, the remote and foggy Commander Islands in the Bering Sea.

Happily, the expedition had a naturalist Georg Steller, who was fasci­
nated by the animal. "He took the most copious notes," says Flannery. "He 
even measured the diameter o f its whiskers. The only thing he wouldn’t 
describe was the male genitals-though, for some reason, he was happy 
enough to do the female’s. He even saved a piece o f skin, so we had a good 
idea of its texture. We weren’t always so lucky."

The one thing Steller couldn’t do was save the sea cow itself. Already 
hunted to the brink o f extinction, it would be gone altogether within 
twenty-seven years o f Steller’s discovery o f it  Many other animals, how­
ever, couldn’t be included because too little is known about them. The Dar­
ling Downs hopping mouse, Chatham Islands swan, Ascension Island 
flightless crake, at least five types o f large turtle, and many others are for­
ever lost to us except as names.

A great deal o f extinction, Flannery and Schouten discovered, hasn’t 
been cruel or wanton, but just kind of majestically foolish. In 1894, when 
a lighthouse was built on a lonely rock called Stephens Island, in the tem­
pestuous strait between the North and South Islands of New Zealand, the 
lighthouse keeper’s cat kept bringing him strange little birds that it had 
caught The keeper dutifully sent some specimens to the museum in 
Wellington. There a curator grew very excited because the bird was a relic 
species of flightless wrens-the only example of a flightless perching bird 
ever found anywhere. He set off at once for the island, but by the time he 
got there the cat had killed them all. Twelve stuffed museum species o f the 
Stephens Island flightless wren are all that now exist

At least we have those. All too often, it turns out we are not much bet­
ter at looking after species after they have gone than we were before they 
went Take the case of the lovely Carolina parakeet Emerald green, with a 
golden head, it was arguably the most striking and beautiful bird ever to
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live in North America-parrots don’t usually venture so far north, as you 
may have noticed-and at its peak it existed in vast numbers, exceeded only 
by the passenger pigeon. But the Carolina parakeet was also considered a 
pest by farmers and easily hunted because it flocked tightly and had a pe­
culiar habit o f flying up at the sound o f gunfire (as you would expect), but 
then returning almost at once to check on fallen comrades.

In his classic American Ornithology, written in the early nineteenth 
centuiy, Charles Willson Peale describes an occasion in which he repeat­
edly empties a shotgun into a tree in which they roost:

At each successive discharge, though showers of them fell, yet the 
affection of the survivors seemed rather to increase; for, after a few 
circuits around the place, they again alighted near me, looking 
down on their slaughtered companions with such manifest symp­
toms of sympathy and concern, as entirely disarmed me.

By the second decade of the twentieth century, the birds had been so 
relentlessly hunted that only a few remained alive in captivity. The last one, 
named Inca, died in the Cincinnati Zoo in 1918 (not quite four years after 
the last passenger pigeon died in the same zoo) and was reverently stuffed. 
And where would you go to see poor Inca now? Nobody knows. The zoo 
lost it

What is both most intriguing and puzzling about the stoiy above is that 
Peale was a lover o f birds, and yet did not hesitate to kill them in large 
numbers for no better reason than that it interested him to do so. It is a 
truly astounding fact that for the longest time the people who were most 
intensely interested in the world’s living things were the ones most likely 
to extinguish them.

No one represented this position on a larger scale (in every sense) than 
Lionel Walter Rothschild, the second Baron Rothschild. Scion of the great 
banking family, Rothschild was a strange and reclusive fellow. He lived his 
entire life in the nursery wing of his home at Tring, in Buckinghamshire,
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using the furniture of his childhood-even sleeping in his childhood bed, 
though eventually he weighed three hundred pounds.

His passion was natural history and he became a devoted accumulator 
o f objects. He sent hordes o f trained m en-as many as four hundred at a 
tim e-to every quarter o f the globe to clamber over mountains and hack 
their way through jungles in the pursuit o f new specimens-particularly 
things that flew. These were crated or boxed up and sent back to Roth­
schild’s estate at Tring, where he and a battalion of assistants exhaustively 
logged and analyzed everything that came before them, producing a con­
stant stream o f books, papers, and monographs-some twelve hundred in 
all. Altogether, Rothschild’s natural history factory processed well over two 
million specimens and added five thousand species o f creature to the sci­
entific archive.

Remarkably, Rothschild’s collecting efforts were neither the most ex­
tensive nor the most generously funded of the nineteenth century. That 
title almost certainly belongs to a slightly earlier but also very wealthy 
British collector named Hugh Cuming, who became so preoccupied with 
accumulating objects that he built a large oceangoing ship and employed 
a crew to sail the world full-time, picking up whatever they could find- 
birds, plants, animals o f all types, and especially shells. It was his unrivaled 
collection of barnacles that passed to Darwin and served as the basis for 
his seminal study.

However, Rothschild was easily the most scientific collector o f his age, 
though also the most regrettably lethal, for in the 1890s he became inter­
ested in Hawaii, perhaps the most temptingly vulnerable environment 
Earth has yet produced. Millions of years of isolation had allowed Hawaii 
to evolve 8,800 unique species of animals and plants. O f particular interest 
to Rothschild were the islands' colorful and distinctive birds, often consist­
ing of very small populations inhabiting extremely specific ranges.

The tragedy for many Hawaiian birds was that they were not only dis­
tinctive, desirable, and rare-a dangerous combination in the best o f cir- 
cumstances-but also often heartbreakingly easy to take. The greater koa 
finch, an innocuous member of the honeycreeper family, lurked shyly in 
the canopies of koa trees, but if someone imitated its song it would aban­
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don its cover at once and fly down in a show o f welcome. The last o f the 
species vanished in 1896, killed by Rothschild’s ace collector Harry Palmer, 
five years after the disappearance o f its cousin the lesser koa finch, a bird 
so sublimely rare that only one has ever been seen: the one shot for Roth­
schild's collection. Altogether during the decade or so o f Rothschild’s most 
intensive collecting, at least nine species o f Hawaiian birds vanished, but it 
may have been more.

Rothschild was by no means alone in his zeal to capture birds at more 
or less any cost Others in fact were more ruthless. In 1907 when a well- 
known collector named Alanson Bryan realized that he had shot the last 
three specimens of black mamos, a species of forest bird that had only 
been discovered the previous decade, he noted that the news filled him 
with "joy."

It was, in short, a difficult age to fathom-a time when almost any an­
imal was persecuted if it was deemed the least bit intrusive. In 1890, New 
York State paid out over one hundred bounties for eastern mountain lions 
even though it was clear that the much-harassed creatures were on the 
brink of extinction. Right up until the 1940s many states continued to pay 
bounties for almost any kind of predatory creature. West Virginia gave out 
an annual college scholarship to whoever brought in the most dead pests- 
and "pests" was liberally interpreted to mean almost anything that wasn’t 
grown on farms or kept as pets.

Perhaps nothing speaks more vividly for the strangeness o f the times 
than the fate o f the lovely little Bachman's warbler. A native o f the south­
ern United States, the warbler was famous for its unusually thrilling song, 
but its population numbers, never robust gradually dwindled until by the 
1930s the warbler vanished altogether and went unseen for many years. 
Then in 1939, by happy coincidence two separate birding enthusiasts, in 
widely separated locations, came across lone survivors just two days apart 
They both shot the birds, and that was the last that was ever seen o f Bach­
man’s warblers.

The impulse to exterminate was by no means exclusively American. In 
Australia, bounties were paid on the Tasmanian tiger (properly the thy- 
lacine), a doglike creature with distinctive "tiger" stripes across its back,
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until shortly before the last one died, forlorn and nameless, in a private Ho­
bart zoo in 1936. Go to the Tasmanian Museum today and ask to see the 
last o f this species-the only large carnivorous marsupial to live into mod­
em times-and all they can show you are photographs. The last surviving 
thylacine was thrown out with the weekly trash.

I mention all this to make the point that if  you were designing an organ­
ism to look after life in our lonely cosmos, to monitor where it is going 
and keep a record of where it has been, you wouldn’t choose human be­
ings for the job.

But here's an extremely salient point: we have been chosen, by fate or 
Providence or whatever you wish to call it  As far as we can tell we are the 
best there is. We may be all there is. It’s an unnerving thought that we may 
be the living universe’s supreme achievement and its worst nightmare si­
multaneously.

Because we are so remarkably careless about looking after things, both 
when alive and when nob we have no idea-really none at all-about how 
many things have died off permanently, or may soon, or may never, and 
what role we have played in any part of the process. In 1979, in the book 
The Sinking Ark, the author Norman Myers suggested that human activi­
ties were causing about two extinctions a week on the planet By the early 
1990s he had raised the figure to some six hundred per week. (That’s ex­
tinctions of all types-plants, insects, and so on as well as animals.) Others 
have put the figure even higher-to well over a thousand a week. A United 
Nations report o f 1995, on the other hand, put the total number o f known 
extinctions in the last four hundred years at slightly under 500 for animals 
and slightly over 650 for plants-while allowing that this was "almost cer­
tainly an underestimate," particularly with regard to tropical species. A few 

interpreters think most extinction figures are grossly inflated.
The fact is, we don’t know. Don’t have any idea. We don't know when 

we started doing many of the things we've done. We don’t know what we 
are doing right now or how our present actions will affect the future. What 
we do know is that there is only one planet to do it on, and only one
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species of being capable o f making a considered difference. Edward O. Wil­
son expressed it with unimprovable brevity in The D iversity o f  Life: "One 
planet, one experiment"

If this book has a lesson, it is that we are awfully lucky to be here-and 
by "we" I mean every living thing. To attain any kind of life in this universe 
of ours appears to be quite an achievement As humans we are doubly 
lucky, o f course: We enjoy not only the privilege of existence but also the 
singular ability to appreciate it and even, in a multitude of ways, to make 
it better. It is a talent we have only barely begun to grasp.

We have arrived at this position of eminence in a stunningly short 
time. Behaviorally modem human beings-that is, people who can speak 
and make art and organize complex activities-have existed for only about 
0.0001 percent of Earth’s history. But surviving for even that little while has 
required a nearly endless string of good fortune.

We really are at the beginning of it all The trick, o f course, is to make 
sure we never find the end. And that almost certainly, will require a good 
deal more than lucky breaks.
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395 "Having m arried his ow n cou sin . . ." Desmond and Moore, p. 575.
395 "Darwin w as often  honored in  his lifetim e..."  Clark, T he Survival a f  

Charles Darwin, p. 148.
395 Darwin's theory didn't really gain  w idespread accep tan ce. . ." Tattersall 

and Schwartz, Extinct Humans, p. 45.
395 "seemed set to claim  M endel’s insights as his o w n ..."  Schwartz, p. 187.

C H A P T E R  2 6  T H E  S T U FF O F L IF E
PAGE
398 "roughly one nucleotide base  in  every thou san d . . ." Sulston and Feriy, 

p. 198.
399 "T he exceptions are  red blood  cells ..."  Woolfson, L ife W ithout Genes,

p. 12.
399 "guaranteed to b e  unique against a ll conceivable odds ..." D e  Duve, vol. 2, 

p. 314.
399 "to stretch fr o m  the Earth to th e  M o o n . . ." Dennett, p. 151.
399 "twenty m illion  kilom eters o f  D N A . . ." Gribbin and Gribbin, Being 

Human, p. 8.
399 "among the m ost nonreactive, chem ically inert m olecu les. . ." Lewontin, 

p. 142.
399 "It w as discovered as f a r  b a ck  as 1 8 6 9 .. ." Ridley, Genome, p. 48.
400 "DNA didn’t do  anything a t a ll ..."  Wallace et aL, Biology: T he Science o f  

Life, p. 211.
400 " T he necessary com plexity, it w as thou ght . .."  De Duve, vol. 2, p. 295.
401 'Working out o f  a  sm all l a b ..."  Clark, T he Survival o f  Charles D arwin, 

p. 259.
402 "no consensus ‘as to w hat the genes are’ . . Keller, p. 2.
402 “w e are in  much the sam e position to d a y . . ." Wallace et al„ p. 211.
403 "worth tw o N obel P rizes. . ." Maddox, R osalind Franklin, p. 327.
403 "not to g ive A very a  N obel Prize." White, Rinds, p. 251.
403 "a m em ber o f  a  highly popular radio program  called  The Quiz Kids..."  

Judson, T he Eighth D ay  o f  Creation, p. 46.
404 "without my learning any chem istry . . ." Watson, T he D ouble Helix, p. 28.
404 "the results o f  w hich w ere obtained fortuitously’ . . Jardine, Ingenious 

Pursuits, p. 356.
405 "In a  severely unflattering portra it. . Watson, T he D ouble Helix, p. 26.
406 "in the sum m er o f  1952 she posted a  m ode notice..."  White, Rivals, 

p. 257; and Maddox, p. 185.
406 "apparently w ithout her  know ledge o r  consent"  PBS website, "A Science 

Odyssey," undated.
406 "Years later W atson conceded..." Quoted in Maddox, p. 317.
407 "a 900-w ord article by  W atson and C rick titled ‘A  Structure f o r  Deoxyri- 

bose Nucleic A cid.’ * De Duve, vol. 2, p. 290.
407 "It received a  sm all m ention in the  News Chronicle..."  Ridley, Genome, 

p. 50.
407 "Franklin rarely w ore a  lead  ap ron . . . ’ Maddox, p. 144.
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407 Tt to o k  ov er tw enty-five y ea rs ..."  Crick, W hat M ad Pursuit, p. 74.
407 " T h at W as th e M olecu lar B iology T h at W as.” Keller, p. 25.
408 "rather lik e  th e  keys o f  a  p ia n o ..."  N ation al G eographic, "Secrets of the 

Gene," October 1995, p. 55.
408 "Guanine, fo r  in stan ce, is th e sam e s t i f f . .."  Pollack, p. 23.
410 "you could say  a ll hum ans sh are n oth in g . .."  D iscover, "Bad Genes, Good 

Drugs," April 2002, p. 54.
410 “they are g ood  a t gettin g them selves du plicated"  Ridley, G enom e, p. 127.
411 A ltogether, alm ost h a lf o f  hum an g en es..."  Woolfson, p. 18.
411 "Empires fa ll, id s ex p lo d e . . . ’  Nuland, p. 158.
411 "Here w ere tw o creatu res. . ."  B BC  H orizon, "Hopeful Monsters," first 

transmitted 1998.
411 "At least 90 percent correlate a t som e le v e l. . ."  N ature, "Sorry, D ogs- 

Man’s Got a New Best Friend," December 19-26, 2002, p. 734.
411 “We even  h av e th e sam e genes fo r  m akin g  a  t a il ..  .* L os A ngeles T im es 

(reprinted in Valley N ew s}, December 9, 2002.
412 "dubbed hom eotic (from  a  G reek w ord m eaning ‘sim ilar" ) . . BBC H ori­

zon , "Hopeful Monsters," first transmitted 1998.
412 "We h av e fo rty -six  chrom osom es. . . “ Gribbin and Cherfas, p. 53.
412 " T he lungfish, on e o f  th e least ev o lv ed . . . '  Schopf, p. 240.
412 "Perhaps th e apogee (or nadir) ■ ■." Lewontin, p. 215.
413 "How fa s t  a  m an ’s beard  g row s..."  W all S treet Jou rn al, "What Distin­

guishes Us from the Chimps? Actually, Not Much," April 12,2002, p. 1.
414 "the proteom e is m uch m ore com plicated  th an  th e genom e.” Scientific 

A m erican, "Move Over, Human Genome," April 2002, pp. 44-45.
414 “they w ill allow  them selves to b e phosphory lated , glycosylated, acety- 

la ted  u biqu itin ated . . T he B ulletin , "The Human Enigma Code," Au­
gust 21, 2001, p. 32.

414 "Drink a  g lass o f  w in e . . .” Scientific A m erican, 'Move Over, Human 
Genome," April 2002, pp. 44-45.

415 "Anything th a t is true o f  E. c o li. . . ’  N ature, "From E. coli to Elephants," 
May 2, 2002, p. 22.

C H A P T E R  27  IC E  T IM E
PAGE
419 "The Times ran  a  sm all sto ry ..."  Williams and Montaigne, p. 198.
419 'Spring n ever cam e an d  sum m er n ever w arm ed." Officer and Page, 

pp. 3 -6 .
420 "One French n atu ralist n am ed de L u c. . .' Hallam, p. 89.
420 "and th e oth er abundant d u es . . ." Hallam, p. 90.
421 " T he n atu ralist Jea n  de C harpentier to ld  d ie  sto ry ..."  Hallam, p. 90.
421 "He len t A gassiz  his n o tes ..."  Hallam, pp. 92-93.
421 "there are three stages in  scientific d iscov ery . . .' Ferris, T he W hole She­

bang, p. 173.
422 “In  h is qu est to  understand th e dynam ics o f  g la c ia tion ..."  McPhee, In  

Suspect Terrain, p. 182.
422 ' W illiam  H opkins, a  C am bridge p ro fesso r ..." Hallam, p. 98.
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424 "He began  to  fin d  eviden ce fo r  g la c iers . . ." Hallam, p. 99.
424 "ice h ad  once covered  th e w hole E a rth ..."  Gould, T im e’s A rrow , p. 115.
424 “W hen h e d ied  in  1873 H arvard fe lt  it  n ecessary . . ." McPhee, In  Suspect 

Terrain, p. 197.
424 "Less than  a  decade a fter h is d ea th . . . ’  McPhee, In Suspect Terrain, p. 197.
425 "For th e n ex t tw enty y ea rs . ■.” Gribbin and Gribbin, Ice A ge, p. 51.
426 '  T he cau se o f  ice a g es . . ."  Choriton, Ice A ges, p. 101.
426 "It is n ot necessarily  th e  amount o f  sn ow . . ." Schultz, p. 72.
426 “T he process is self-en latg in g . . ." McPhee, In  Suspect Terrain, p. 205.
426 'you w ould h av e been  hard  pressed  to  fin d  a  g eo log ist..."  Gribbin and 

Gribbin, Ice A ge, p. 60.
427 *w e are still very  m uch in  an  ice a g e ..."  Schultz, Ice A ge L o s t  p. 5.
427 "a situ ation  th a t m ay b e  unique in  E arth ’s history." Gribbin and Gribbin, 

F ire on E arth, p. 147.
427 "at least seven teen  severe g lac ia l ep iso d es . . ." Flannery, T he E ternal Fron­

tier, p. 148.
428 "about fifty  m ore g lacia l ep iso d es . . . ’  McPhee, In  Suspect Terrain, p. 4.
428 "Earth had  no regular ice a g es . . ." Stevens, p. 10.
428 "the C ryogenian, or super ice age." McGuire, p. 69.
428 " T he en tire surface o f  th e p lan et..."  Valley N ew s (from W ashington  

Post), "The Snowball Theory," June 19, 2000, p. Cl.
429 "the w ildest w eather it has ever ex p erien ced . . ." BBC H orizon  transcript, 

"Snowball Earth," February 22, 2001, p. 7.
430 *know n to scien ce as th e Younger D ryas," Stevens, p. 34.
431 "a v ast unsupervised ex p erim en t. . ."  N ew  Yorker, "Ice Memory," January 

7, 2002, p. 36.
431 "a slight w arm ing w ould enhance ev ap oration  ra tes . . ." Schultz, p. 72.
432 "No less intriguing are th e know n ran g es..."  Drury, p. 268.
432 "a retreat to w arm er clim es w asn't possible."  Thomas H. Rich, Patricia 

Vickers-Rich, and Roland GanglofF, 'Polar Dinosaurs," unpublished 
manuscript

432 "there is a  lo t m ore w ater fo r  them  to  draw  o n ..."  Schultz, p. 159.
432 "If so, sea  levels g lobally  w ould r is e . . . ’  Ball, p. 75.
433 " ‘D id you h av e a  g ood  ice age?'" Flannery, T he E ternal Frontier, p. 267.

C H A P T E R  2 8  T H E  M Y S T E R IO U S  B IP E D
PAGE
434 'Just before C hristm as 1 8 8 7 .. ."N ation al G eographic, May 1997, p. 87.
435 fou n d  by railw ay  w orkers in  a  c a v e ..."  Tattersall and Schwartz, p. 149.
435 "T he fir s t  fo rm a l d escrip tion . . . ’  Trinkaus and Shipman, p. 173.
435 "the n am e and cred it fo r  th e d iscov ery . . . ’  Trinkaus and Shipman, 

pp. 3 -6 .
435 "T. H. H uxley in  England drily ob serv ed ..."  Trinkaus and Shipman, 

p. 59.
436 "He d id  no digging h im se lf..."  Gould, E ight L ittle P iggies, pp. 126-27.
436 "In fa c t, m any an thropologists th in k  it  is m od em . . . ’  Walker and Ship- 

man, The W isdom  o f  th e B ones, p. 47.
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436 "If it is art erectus b o n e . . . “ Trinkaus and Shipman, p. 144.
436 ’w ith  nothing but a  scrap erf cranium and one to o th . . .“ Trinkaus and 

Shipman, p. 154.
436 "Schw albe thereupon produced a  m on ograph . . . '  Walker and Shipman,

437
p. 50.
"Dart could see a t  on ce ..  ." Walker and Shipman, p. 90.

438 "he w ould som etim es bury their b od ies ..."  Trinkaus and Shipman, 
p. 233.

438 "Dart spent f iv e  years w orking up a  m on ograph ..."  Lewin, Bones o f  Con­
tention, p. 82.

438 "sat as a  paperw eight on  a  colleague’s desk." Walker and Shipman, p. 93.
438 'announced the discovery o f  Sinanthropus pekinensis. . . '  Swisher, et al., 

Ja v a  M an, p. 75.
439 "enthusiastically sm ashing large pieces into sm all o n e s ..."  Swisher et al., 

p. 77.
439 "Solo People w ere kn o w n . . . ’  Swisher, et al., p. 211.
439 "in 1960 F. C lark H ow ell o f  the University o f  C h icago ..  ." Trinkaus and 

Shipman, pp. 267-68.
440 "our understanding o f  hum an preh istory . . ."  W ashington P ost  "Skull 

Raises Doubts About Our Ancestry." March 22, 2001.
440 "You could f i t  it all into the back  o f  a  pickup tru ck ..."  Ian Tattersall in­

terview, American Museum of Natural History, New York, May 6 ,2002 .
441 "early hand tools w ere m ostly m ade by  antelopes." Walker and Shipman,

p. 82.
442 "males and fem ales  evolving at different r a te s . . Walker and Shipman, 

p. 133.
442 “dism iss it as a  m ere ‘w astebasket species’ ..."  Tattersall and Schwartz,

p. 111.
442 "have confirmed the preconceptions o f  its discoverer." Quoted by Gribbin 

and Cherfas, T he First Chim panzee, p. 60.
442 "perhaps the largest share o f  eg o s ..."  Swisher et al., p. 17.
442 "unpredictable and  high-decibel personal v erbal a ssau lts ..."  Swisher et 

al., p. 140.
443 "For the firs t  99.99999 percent o f  our h is to ry ..."  Tattersall, The Hum an  

Odyssey, p. 60.
443 "She is our earliest an cestor..."  PBS N ova, June 3, 1997, "In Search of 

Human Origins."
444 "discounted the 106 bones o f  the hands and f e e t ..."  Walker and Ship- 

man, p. 181.
445 "Lucy and  her k in d  d id  not locom ote. . . ’  Tattersall, The M onkey in  the  

Mirror, p. 89.
445 "Only w hen these hom inids had  to trav e l. . . ’  Tattersall and Schwartz, 

p. 91.
446 "Lucy’s hips and  the muscular arrangem ent o f  her p e lv is . .."  N ational Ge­

ographic, "Face-to-Face with Lucy’s Family," March 1996, p. 114.
446 'One, discovered by M eave L ea k e y ..."  N ew  Scientist March 24, 2001, 

p. 5.



514 NOTES

44G "the oldest hom inid yet fo u n d ..."  Nature, "Return to the Planet of the 
Apes," July 12, 2001, p. 131.

44G "found a  hom inid alm ost seven m illion years o ld . . .' Scientific American, 
"An Ancestor to Call Our Own," January 2003, pp. 54-G3.

44G "Some critics believe that it w as not hu m an ..."  Nature, "Face to Face 
with Our Past," December 19-2G, 2002, p. 735.

446 "when you are a  small, vulnerable australopithecine..."  Stevens, p. 3; and 
Drury, pp. 33 5 -3  G.

447 “but that the forests  left th e m ..."  Gribbin and Gribbin, Being Human, 
p. 135.

447 "For over three m illion y ea rs . . ." PBS N ova, "In Search of Human Ori­
gins," first broadcast August 1999.

447 "yet the australopithecines never to o k  ad v an tag e . . ." Drury, p. 338.
448 " ‘Perhaps,’ suggests M att Ridley, ‘w e ate them .’ " Ridley, Genome, p. 33.
448 "they m ake  up only 2 percent o f  the body's m a s s . . "  Drury, p. 345.
448 "The body  is in  constant dan ger . . . '  Brown, p. 216.
449 "C. Loring B race stuck doggedly to the linear concept..."  Gould, 

Leonardo’s M ountain o f  C lam s and the D iet o f  Worms, p. 204.
449 "Homo erectus is the dividing lin e . . ." Swisher et al., p. 131.
450 "It w as o f  a  boy  aged betw een  abou t nine and tw elv e . . ." N ational G eo­

graphic, May 1997, p. 90.
450 "the Turkana boy  w as ‘very em phatically one o f  us.'" Tattersall, T he M on­

key  in  the Mirror, p. 105.
450 "Someone had  looked  a fter her." Walker and Shipman, p. 165.
451 "they w ere unprecedentedly adventurous..."  Scientific A merican, "Food 

for Thought," December 2002, pp. 108-15.
451 "couldn’t b e  com pared w ith anything e ls e . . ." Tattersall and Schwartz, 

p. 132.
452 " Tattersall and Schw artz don ’t  believe that goes nearly fa r  enough." Tat­

tersall and Schwartz, p. 1G9.

C H A P T E R  2 9  T H E  R E S T L E S S  A P E
PAGE
453 " They m ade them  in  the thou san ds. . ." Ian Tattersall, interview by au­

thor, American Museum of Natural History, New York, May G, 2002.
455 “people m ay have first arrived substantially earlier..."  Proceedings o f  the 

N ational A cadem y o f  Sciences, January 1G, 2001.
455 " There's just a  w hole lot w e don ’t k n o w . . ." Alan Thome, interview by 

author, Canberra, August 20, 2001.
457 "the m ost recent m ajor event in  hum an evolu tion ..."  Tattersall, The 

Hum an Odyssey, p. 150.
457 "whether any or all o f  them  actually represent our sp ec ies . . ." Tattersall 

and Schwartz, p. 226.
457 "odd, dijficult-to-classify and  poorly kn o w n ..."  Trinkaus and Shipman, 

p. 412.
457 "No N eandertal remains have ever been  fou n d  in  north A frica ..."  Tatter­

sall and Schwartz, p. 209.
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458 "known to paleoclim atology as the Boutellier in terval..."  Fagan, T he 
G reat Journey, p. 105.

458 " They survived fo r  at least a  hundred thousand y ea rs ..."  Tattersall and 
Schwartz, p. 204.

458 "In 1947, w hile doing fie ld w ork  in  the S ah ara ..."  Trinkaus and Ship- 
man, p. 300.

459 "Neandertals lacked the intelligence or fib e r  to com pete..."  Nature, 
"Those Elusive Neanderthals," October 25, 2001, p. 791.

459 "M odem humans neutralized this ad v an tag e. . . ’  Stevens, p. 30.
459 "1.8 liter s fo r  Neandertals versus 1.4 fo r  m odem  p eo p le . .." Flannery, The 

Future Eaters, p. 301.
4G0 "Rhodesian m a n . . .  lived as recently as 25,000 years a g o . . . '  Canby, T he  

Epic o f  M an, page unnoted.
4G1 "the fron t end looking like a  d o n k ey . .."  Science, "W hat-or W ho-D id In 

the Neandertals?" September 14, 2001, p. 1981.
4G2 "all present-day humans are descended from  that popu lation . . ." Swisher 

et aL, p. 189.
4G2 "people began to lo ok  a  little m ore c losely ..." Scientific American, "Is Out 

of Africa Going Out the Door?" August 1999.
4G2 "DN Afrom the arm  bone o f  the original N eandertal m a n . .."  Proceedings 

o f  the N ational A cadem y o f  Sciences, "Ancient DNA and the Origin of 
Modem Humans," January 1G, 2001.

463 "all m odem  humans em erged from  A frica . . Nature, "A Start for Popu­
lation Genomics," December 7, 2000, p. 65, and Natural History, 
"What’s New in Prehistory," May 2000, pp. 90-91.

4G3 "more diversity in one social group o f  fifty-five c h im p s ...’  Science, "A 
Glimpse of Humans’ First Journey Out of Africa," May 12, 2000, p. 950.

4G3 "In early 2001, T h om e and his colleagues ..."  Proceedings o f  th e  N ational 
A cadem y o f  Sciences, "Mitochondrial DNA Sequences in Ancient Aus­
tralians: Implications for Modem Human Origins," January 16, 2001.

4G4 "the genetic record supports the out o f  A frica hypothesis." Rosalind Hard­
ing interview, Institute of Biological Anthropology, February 28, 2002.

4G5 "whether he thought an  old skull w as varnished or n o t ..." Nature, Sep­
tember 27, 2001, p. 359.

46G *had  inserted a  visit to O lorgesailie..." Just for the record, the name is 
also commonly spelled Olorgasailie, including in some official Kenyan 
materials. It was this spelling that I used in a small book I wrote for 
CARE concerning the visit I am now informed by Ian Tattersall that 
the correct spelling is with a median e.

C H A P T E R  30  G O O D -B Y E
PAGE
470 "a handful c f  crude descriptions by  ‘unscientific voyagers. . . ”  Quoted in 

Gould, Leonardo’s M ountain o f  Clams and the D iet c f  Worms, pp. 
237-38.

471 "Australia. . .  lost no less than  95 percent..."  Flannery and Schouten,
p . XV.



471 “there are only so  m any m am m oth steaks you can  eat," N ew  Scientist, 
''Mammoth Mystery/ May 5, 2001/ p. 34.

472 "only fo u r  types o f  really  h e fty . . .  lan d  an im a ls . .  ." Flannery, T he E ternal 
Frontier, p. 195.

472 “hum an-caused extin ction  now  m ay b e  running .. . ' Leakey and Lewin, 
T he S ixth  E xtinction , p. 241.

473 "He set o ff  a t once fo r  th e island..." Flannery, T he Future E aters, 
pp. 62-63 .

474 "At each  su ccessive d isch arg e..."  Quoted in Matthiessen, W ildlife in  
A m erica, pp. 114-115.

474 "the zoo  lost it ..."  Flannery and Schouten, p. 125.
475 'as m any as fo u r  hundred a t a  tim e . . . "  Gould, T he B ook  o f  L ife, p. 79.
475 'Hugh Cum ing, w ho becam e so  preoccu p ied ..."  Desmond and Moore, 

p. 342.
475 "M illions o f  years o f  is o la tio n . . . '  N ation al G eographic, 'O n the Brink: 

Hawaii’s Vanishing Species," September 1995, pp. 2-37.
475 "if som eon e im itated  its son g . .."  Hannery and Schouten, p. 84.
476 "a b ird  so  sublim ely r a r e ..."  Flannery and Schouten, p. 76.
477 *By th e early  1990s h e  h ad  raised  th e fig u re . . . '  Easterbrook, A M om ent 

on  th e E arth , p. 558.
477 "A U nited N ations report o f  199 5 . . . '  Valley N ew s, quoting W ashington  

P ost 'Report Finds Growing Biodiversity Threat' November 27,1995.
478 'One p lan et on e experim ent."  Wilson, The D iversity o f  L ife, p. 182.
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. .  I didn’t know what a proton was,
or a protein, didn’t know a quark from a quasar, didn’t know how an 
atom was put together and couldn’t imagine by what means anyone 
deduced such a thing. Suddenly I had a powerful, uncharacteristic 
urge to know something about these matters and to understand how 
people figured them out. How does anybody know how much the Earth 
weighs? How can they know when the universe started and what it was 
like when it did? How do they know how big it is now? And how can 
scientists be clever enough to know how the continents were arrayed 
six hundred million years ago, and what forces brought them to their 
present positions, but can’t predict an earthquake or tell us whether 
we should take an umbrella with us to the races next Wednesday?

“So I decided that I would devote a portion of my life—three years, 
as it turns out—to reading widely and devotedly and, as necessary, 
finding saintly, patient experts prepared to answer a lot of outstandingly 
dumb questions. The idea was to see if it isn’t possible to understand 
and appreciate—marvel at, enjoy even—the wonder and accomplish­
ments of science at a level that isn’t too technical or demanding, but 
isn’t entirely superficial either.

“That was m> idea and hope, and that is what the book that follows is 
intended to be. . . .”

— F R O M T HE  I N T R O D U C T I O N
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