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in some way through time. Th e evidence for evolution 
was everywhere, not least in the so-called “progression” of 
life through time: geologists reported that truly ancient 
rocks—broadly speaking, those from furthest down—
contained either no fossils or just fossils of rather sim-
ple or “primitive” sea bed creatures. As one moved up 
through the rock record, ever more complex life forms 
were found—fi rst fi shes, then amphibians, then reptiles 
and fi nally mammals and birds. Th e same was true of 
plants: at fi rst there seemed to be no plants on land, then 
some small waterside plants, then trees of rather fern-
like appearance, then conifers like the modern monkey 
puzzle or pine and fi nally the fl owering plants.

Darwin presented many revolutionary new ideas 
in the Origin but two stand out: natural selection and 
descent with modifi cation. Darwin saw the entire evolu-
tion of life as a great evolutionary tree that linked all 
species and that ran back in time many millions of years 
to the origin of life (see Figure 1). Fossils, he argued, 
should illustrate the lower branches of the tree. But 
what of the “imperfection of the geological record”?

What is missing?

Darwin realised that a key criticism of his model for ev-
olution would be the apparent absence of missing links 
or “intermediate varieties”. Th is is still a strong claim by 
modern creationists. Th e fossil record, they say, consists 
of many isolated fossils but no missing links—or at least 
not enough. Where are the fossils that are half-fi sh, half-
amphibian or half-reptile, half-mammal—or half-ape 
and half-man?

We do have some missing links. Th e most famous 
of them is Archaeopteryx, from the Late Jurassic, some 

The completeness of the 
fossil record

Darwin’s On the Origin of Species has been identifi ed by 
many modern scientists as the most infl uential book ever 
written. Above even Shakespeare’s Hamlet or Newton’s 
Principia? It is a bold claim. Th e book’s argument is based 
on fossils, the treasure trove of ancient life preserved in 
stone. Yet Chapter 9 is entitled “On the imperfection of 
the geological record”. In this chapter, Darwin explained 
that the majority of plants and animals that ever lived 
are not preserved as fossils at all. Indeed, anyone can 
see this today: think of all the shells on the beach be-
ing ground up by the waves or of a mouse that dies in 
the woods whose tiny carcass is stripped by insects and 
whose bones may be attacked by microbes and acids in 
the soil. Th ere would not be much left to be preserved as 
a fossil in either case.

Fossils are the data for evolution. In the end, we 
must ask how much data is missing. Is the record incom-
plete or is it woefully incomplete? Does the fossil record 
show us 50% or 90% or 99.99999% of extinct species? 
Th is can never be determined, of course. A more sensi-
ble question might be: how adequate is the fossil record? 
Is it good enough to show us the broad outlines of the 
evolution of life or are the fossils so sporadic that we can 
learn very little from it?

Darwin sought to be scrupulously honest in his 
Chapter 9; indeed, that was true of the whole of the 
Origin. He knew that there would be many critics of his 
new theory of evolution and he realised that the best 
approach would be to try to deal with all their possible 
objections in a straightforward way. 

Darwin did not invent the concept of evolution. 
Indeed, most observers of nature at the time understood 
that the Earth was very ancient—presumably many mil-
lions of years old—and that life had changed, or evolved, 

Fossils are the data for evolution. The fossil record was already well 
known 150 years ago, when Charles Darwin published On the Origin 
of Species, and it is central to Darwin’s theories; yet it is commonly 
claimed that the fossil record is woefully incomplete. Creationists 
say that it does not show the missing links that evolution predicts. 
Michael Benton asks if the gaps are too big to fill in. 

Darwin knew that 
a key criticism of 
evolution would 
be the absence of 
fossils of missing 
links
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Figure 1. The Tree of Life, as seen by Ernst Haeckel, a follower of Darwin, in The Evolution of Man (1869) 
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150 million years ago, in southern Germany. 
Th is is clearly a bird because it has wings, feath-
ers, a beak and so on but it reveals its ancestry 
in its long bony tail, numerous teeth and bony 
fi ngers with claws on its wings. All of which 
makes it pretty nearly a dinosaur as well. Th e 
fi rst fossil was found in 1860—perfect timing 
as a key piece of evidence for Darwinian evolu-
tion, coming, as it did, a year after publication 
of the Origin. Creationists claim that Archaeop-
teryx  is a fake or that it is a bird and that is all 
or that its discovery merely increases the need 
for yet more fossils.

Th ese criticisms can be answered readily. 
First, Archaeopteryx is not a fake—numerous 
tests have shown that such fossils, which pre-
serve the skeleton of a bird and impressions 
of its feathers, can arise by natural causes quite 
easily. And of course the critics were ignorant in 
thinking that there was only one specimen: in 
fact there are now ten specimens of this remark-
able early bird and recent discoveries have been 
witnessed and fi lmed so there was no crude tam-
pering or pressing of modern feathers into clay, 
which was one of the more outlandish claims 
of some creationists. Second, Archaeopteryx is 
indeed a bird but its skeleton retains numerous 
primitive characters that modern birds lack. 
Indeed, stripped of its feathers, the skeleton of 
Archaeopteryx is nearly identical to that of a 
dromaeosaurid dinosaur, such as Deinonychus 
or Velociraptor. Th e third criticism is a smart 
one: modern creationists, sometimes called 
“intelligent design” advocates, generally accept 
that the fossils are correctly identifi ed and inter-
preted but they then say: “Before Archaeopteryx 
was found there was just a gap for one missing 
link between reptiles and birds. After it was 
found, this creates gaps for two missing links, 
one above and one below”. Th is is a wonderful, 
if nonsensical, argument. As every new fossil is 
found, and it slots into the tree of life, more and 
more, but smaller and smaller, gaps remain. Th e 
palaeontologist can never win because the better 
the fossil record becomes (by discovery of more 
new fossils) the greater the number of gaps. Th e 
fact that these gaps become smaller and smaller, 
as the lower branches of the evolutionary tree 
of birds fi lls up with scores of twittering new 
fossils, seems to escape the critic! And indeed 
that is just what has happened.

Filling the gaps

When I began my career as a palaeontologist 
in the 1980s, there was a huge gap in time 
between Archaeopteryx and the next decent 
specimens of birds. Indeed the gap was es-
sentially the whole of the Early Cretaceous, 
some 50 million years. However, since 1980 

palaeornithologists have unearthed thou-
sands of complete fossil birds, with feathers, 
that fi ll this long gap in time. Just pause for 
a moment—thousands of exceptionally pre-
served fossil birds now fi ll the gap. Th is was 
entirely unexpected. First, new localities in 
Spain produced a dozen or so specimens and 
then these were overshadowed by specimens 
from the astonishing deposits of the Jehol 
Group in Liaoning and other provinces in 
north-east China. I have visited the Sihetun 
locality, which has so far been the source of 
2000 complete specimens of Confuciusornis 
and other basal birds, and there are dozens of 
other localities. Palaeontologists had drawn 
the outlines of the base of the tree of bird evo-
lution based on what they knew at the time, 
and the new material has hugely enriched our 
knowledge about the range of habits—diets, 
habitats, fl ying ability—of the early birds.

Th e wealth of detailed information on 
anatomy has allowed palaeornithologists to 
place each new fossil fi nd into the evolutionary 
tree. As they did so, one of two things could 
have happened: the new fi nds could have 
proved so extraordinary that they would have 
thrown the whole pattern of evolution that 
had been based on previous patchy evidence 
into disarray or the new fi nds could simply 
fi ll predicted gaps. In fact, the latter was the 
case: no big surprises. Th e new fossils show 
us the progressive reduction of the bird’s long 
bony tail down to the stumpy pygostyle we see 
today—the “parson’s nose” in a cooked chicken. 
Th ey show how some groups lost their teeth 
and others kept them until the end of the Cre-
taceous, 65 million years ago. Th ey show us 
the deepening of the sternum, the breast bone, 
as the fl ight muscles strengthened and other 
changes in the wings as diff erent bird lineages 
specialised in accurate woodland fl ying or high 
soaring in uncluttered habitats.

But it is not the Chinese birds, but the 
Chinese feathered dinosaurs that really hit the 
headlines. When the fi rst dinosaur with feath-
ers was reported in 1998 the world was agog. 
Th en, as more and more dinosaurian species 
with feathers emerged from the ancient lake 
deposits of the Jehol Group, palaeontologists 
began to rethink their scenarios for the origin of 
birds. Birds are an evolutionary twig of theropod 

(fl esh-eating) dinosaurs that adapted to fl ight. 
Th e new fi nds confi rmed this again and again. 
But feathers have been reported even deeper 
in the evolutionary tree and a 2009 report sug-
gests that even the plant-eating ornithischian 
dinosaurs also had simple fi lament-like feathers. 
If true, then all dinosaurs had feathers of some 
kind. Th at might re-shape the way we think of 
Tyrannosaurus rex, just for starters… 

Either way, the eff ect of all the new fi nds 
has been a “backwards smearing” of nearly all 
the bird characters back down the evolutionary 
tree. Once it was thought that birds, and only 
birds, had a furcula—the “wishbone”—made 
from the two clavicles fused together. Now we 
know that even early theropods had a furcula. 
Feathers, as we have seen, appeared much ear-
lier in the tree than had been thought. Even 
wings and fl ight might have appeared before 
Archaeopteryx: an astonishing fi nd in 2000, 
the little dromaeosaurid Microraptor, seen in 
Figure 2, had fl ight feathers on its arms and 
legs. Th e wings were too small to support its 
weight in fl ight but Microraptor seems to have 
been a glider, maybe even modelled after a bi-
plane, with two wings, one fore and one aft, to 
sustain it aloft as it glided from tree to tree.

In 20 years the fossil record of basal birds 
and their ancestors, the theropod dinosaurs, 
has been enriched hugely. Clearly, palaeon-
tologists do not know every species of Jurassic 
and Cretaceous bird, but perhaps they know 
enough to see the broad picture. Th is story il-
lustrates two points: one, that the fossil record 
may be adequate for many purposes without 
being complete and, two, that new fi nds can 
help us understand the nature of completeness 
of the record.

Completeness and the collector curve

Knowledge of the fossil record could change in 
one of two ways. If we believe the newspaper 
headlines then every new fossil dinosaur or 
early human “rewrites the history of life”. If this 
were true, palaeontologists would exist in a 
constant state of astonishment where each new 
fossil was entirely unexpected. One day they 
might fi nd a human fossil in the Jurassic, living 
side by side with dinosaurs, and the next per-
haps a trilobite or graptolite in the Miocene, 20 
million years ago, more than 200 million years 
after they are supposed to have gone extinct. 
In fact, nothing much has changed since 1859. 
Darwin knew that truly ancient rocks were 
devoid of life and that fossils then appeared 
in a predictable kind of way—trilobites in the 
Cambrian, armoured fi shes in the Devonian, 
amphibians in the Carboniferous, dinosaurs in 
the Triassic, mammals and birds in the Jurassic 

2000 newly found fossils have 
hugely enriched our knowedge 

of the earliest birds
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and so on. By diligent searching, these ranges 
have been pushed back a little and we have 
certainly added a huge amount to knowledge 
of the oldest and simplest life forms and to the 
record of early humans.

In 1948, the ecologist F. W. Preston wrote 
about the commonness and rarity of species, 
and he devised a simple graph to indicate when 
an ecologist had made enough observations 
to draw up an accurate species list from any 
particular locality. Th e collector curve seen in 
Figure 3 shows the number of new species on 
the y-axis against some measure of eff ort on 
the x-axis. Eff ort might be the number of days 
spent hunting for new species or the number 

of specimens observed. Th e curve should be 
sigmoid in shape, represented by a logistic 
function. Th is is because the ecologist might 
spend a little time becoming acclimatised, not 
fi nding much new, and then every specimen is 
something new so the curve shoots up. After 
a while, though, all the common species have 
been identifi ed, and the eff ort of fi nding each 
new species increases. As the curve bends over, 
and the rate of recovery of new species slows, 
an asymptote is approached. At this point 
the ecologists can stop: they know they have 
found 95% or more of all species, and they can 
save themselves a huge extra eff ort by simply 
predicting from the plot the actual fi nal total.

Th e collector curve approach can be applied 
to fossil examples, either in a single geological 
formation or for the whole world. At the lower 
level a palaeontologist might be collecting fossils 
from a particular rock unit, a geological forma-
tion, and, like the ecologist, may simply want to 
compile a complete species list. Alternatively, he 
or she might want to know whether we are any-
where close to knowing all the species of fossil 
birds or dinosaurs that ever existed. In such cases 
the measure of eff ort might be number of speci-
mens, for the local-scale example, but it might be 
number of years of study for the larger questions. 
For example, the fi rst dinosaur, Megalosaurus, 
was named in 1824 and new dinosaurs are still 
being named at the rate of one a fortnight, some 
30 per year (see Figure 4). Th is might suggest 
that we are still on the rising phase of the col-
lector curve and cannot yet predict when the 
new fi nds will end. In fact, the bird curve and 
the dinosaur curve are interesting: they appeared 
to reach the beginnings of the slow-down about 
1980 but have since picked up as search eff orts 
have intensifi ed, especially in new territory such 
as Australia, South America, India and particu-
larly China. But for other fossil groups, such as 
trilobites, the slow-down has already begun and 
we can say that the fossil record of these ma-
rine invertebrates is currently more completely 
known than that of dinosaurs or fossil birds.

Th e collector curve is an example of a rar-
efaction curve. Rarefaction is a technique that is 
used to standardise and compare species rich-
ness computed from samples of diff erent sizes. 
Th e investigator may wish to compare samples 
of many diff erent sizes and wishes to know 
whether any or all are adequately sampled to 
show the true number of species or whatever 
else is being estimated. Th e plot may be number 
of species against eff ort (e.g. sample size) and 
the steepness of the curve indicates whether 
sampling is adequate or not. Figure 5 shows that 
sampling of one group of pterosaurs or fl ying 
reptiles, the rhamphorhynchoids, is much less 
complete than that of another, the pterodactyls.

Figure 2. Photograph of Microraptor fossil, showing beautifully preserved aerodynamic wings composed of 
fl ight feathers along the arms and the legs. Courtesy of Xu XCing, Institute of Vertebrate Paleontology and 
Paleoanthropology, Beijing

Figure 3. Sigmoid curve graph

Collector 
curve

Ne
w

 s
pe

ci
es

Effort



121september2009

In comparing several samples some may 
have steep curves, indicating the need for 
further sampling, whereas others may show 
levelling as the asymptote is approached. Th e 
technique does not ask why some samples are 
better than others but it allows the palaeon-
tologist to reject cases that are undersampled 
and to compare samples of very diff erent sizes.

Proxies for sampling

A key question is always: how much of the 
fossil record represents evolution (i.e. is a 
biological signal) and how much represents 
the vagaries of the rock record and sampling 
eff ort (i.e. is a geological signal)? Of course, 
the fact that truly startling new fossil fi nds are 
rare—see above—tends to confi rm that the 
broad outline of the evolutionary tree based 
on fossils is good. Also, the fact that the order 
of fossils in the rocks matches the order pre-
dicted from molecular trees (evolutionary trees 
based on DNA sequencing and assumptions 
of the molecular clock) is further startling, and 
convincing, evidence that the fossil record is, 

broadly, an accurate record of evolution. But 
palaeontologists continue to make troubling 
observations about sampling—the mix of 
geological and human factors that can bias our 
understanding of the fossil record.

For example, the record of diversity 
through time correlates closely with the rock 
record (see Figure 6). As diversity rises there 
was apparently more rock and as diversity falls 
so too do the measures of rock availability. 
Could it be that the fossil diversity pattern is 
simply a record of rock availability? If a great 
deal of sedimentary rock was deposited dur-
ing a particular time interval then many fossils 
might be found. If no rock is deposited—or at 
least none that remains to the present day—
during another time interval then, of course, 
no fossils would be found.

Palaeontologists have tried to model this 
possible geological bias by taking various proxies 
for sampling such as the area of rock of diff erent 
ages shown on geological maps (“outcrop area”) 
or the number of named geological formations 
(a formation is a rock unit of a particular age in 
a particular place, such as the Solnhofen Lime-
stone Formation in southern Germany, source 
of the fossils of Archaeopteryx). Analyses so far 
show a very close correlation between number 
of fossil species and number of formations and 
a looser correlation with outcrop area. A pes-
simist might then suggest that the fossil record 
is more bias than true record, whereas an op-
timist might scrutinise the sampling proxies 
closely and ask whether they are independent 
of the fossil record they seek to correct.

It turns out that neither sampling proxy is 
entirely independent. Geological formations are 
more fi nely divided when fossils are abundant 
and outcrop area may refl ect the availability of 
suitable ancient habitats for life. So, to some ex-
tent, variations in number of formations depend 

on fossil abundance and outcrop areas may re-
fl ect environmental or geographic changes that 
drive both the volume of rock deposited and the 
abundance and diversity of life at the time.

Another sampling proxy is “palaeontolo-
gist interest units”, the number of palaeontolo-
gists or the number of publications concerning 
fossils of a particular age. Clearly, dinosaurs are 
more heavily studied than fossil turtles, say, and 
there is a risk that the number of dinosaur spe-
cies may be relatively infl ated for that reason. 
But, to some extent, it works both ways: lots 
of publications or lots of palaeontologists may 
simply mean fossils are rich and abundant.

Correcting for heterogeneity in sampling 
is crucial for future studies of diversity through 
deep time. But analysts must be careful that their 
sampling proxies are not blunt instruments that 
“correct” any meaningful record out of existence. 
Th is is a fruitful current fi eld for research.

Broadly, however, the astonishing agree-
ment between evolutionary trees based on 
molecular (DNA) data and the fossil record, 
and the fact that the detailed pattern of the ev-
olution of life has not changed much over 200 
years of study, suggests that the fossil record is 
adequate for the purpose we have put it to. It 
provides incontrovertible evidence of Darwin-
ian evolution. And it can still supply surprise, 
astonishment and wonder.

Michael Benton is Professor of Vertebrate Palaeontol-
ogy at the University of Bristol. He works on large-
scale aspects of dating the tree of life and the use of 
phylogenetics to assess the quality of the rock and 
fossil records.

Figure 4. Collector curve of trilobites, dinosaurs, birds and mammals from 1817 to 1997

Figure 6. Marine diversity and formations. Global 
genus richness (black line) and rock quantity (shaded 
area) plotted at age of interval base. Genus data are 
from Sepkoski’s global compendium. Rock quantity 
is measured as the total number of sedimentary 
rock sections. Ordinate corresponds to eight times 
the number of sections. Note break in ordinate to 
accommodate Cenozoic increase in genus richness. 
Courtesy of Shanan Peters, University of Wisconsin

Figure 5. Rarefaction curve comparing samples of two 
groups of pterosaurs, showing that one group (the 
rhamphorhynchoids) is much less well sampled than 
the other (pterodactyloids)
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