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INTRODUCTION



Around 49 million years ago, in Early Eocene times, Messel in Germany was a wooded lakeland inhabited by a wonderful diversity of life. A time-traveller would recognize many of the plants and creatures living there, including the snakes, bats, birds and insects. However, other creatures would seem out of place in Europe today. Altogether there were 35 different kinds of mammals including anteaters, pangolins, large hedgehog-like creatures, opossums and lemur-like primates. There was also a small-dog-sized mammal with hooves on its toes, known as Propalaeotherium, which was one of the earliest horses.

Many of the plants would also be familiar, the laurel, oaks and occasional conifers, but alongside them grew more exotic kinds for northern Europe – palms and citrus trees. Most noticeable to us would be the absence of grasses, which had yet to develop.

We can reconstruct the original scene at Messel in such detail because the lakebed sediments preserved their fossils in wonderful detail, which includes soft tissues such as hair on the mammals and feathers on the birds. Scientists have been able to study the plant and animal fossils because so many have been carefully collected and preserved over decades of collecting from the site. Such is the wealth of fossil material at Messel that it has been declared a World Heritage Site.

Modern analysis of the biota reveals creatures that were thought to be restricted to South America and Asia today. This part of Europe enjoyed a warm temperate climate at the time and was clearly something of a crossroads for migratory animals, many of which subsequently died out as the climate became cooler.

[image: images]

Lakeside life at Messel some 49 million years ago

Unfortunately, rock strata with such well-preserved fossils are rare. As we shall see, most of the fossil record is made up of fossils that do not preserve as much information about the original organisms or the environments in which they lived. Even so, scientists who study fossils (palaeontologists) can recover a surprising amount of information by working like detectives, searching for clues from fossilized shells, bones and teeth. The way they are preserved and the surrounding sediments and their chemistry tell us about where they lived and where they were buried.



WHAT ARE FOSSILS?

Fossils are the remains of once living organisms preserved in ancient sediments and rock strata. As such they are the main evidence for past life and its complex evolutionary history of originations and extinctions. Fossil ‘remains’ vary enormously, from organic molecules that may be billions of years old to footprints of our extinct human relatives and entire skeletons of animals ranging from fish to dinosaurs. Very rarely are delicate organic structures such as DNA, muscle fibres, feathers, hair or flowers fossilized.

Most fossils are made of the toughest and least destructible parts of past organisms. For instance, common plant fossils include microscopic pollen grains and, at the other end of the scale, large pieces of woody tissue found in coal deposits.

The most abundant fossils are seashells. They range from the microscopic shells of unicellular organisms such as foraminifers (see p.80) to those of the more familiar clams that still inhabit our seashores. The bones and teeth of vertebrates are generally much less common.

Altogether, the proportion of life that has any chance of being fossilized is very small. The actual fossil record is highly biased towards common organisms with relatively indestructible hard parts such as shells, bones, teeth or woody tissues. This bias is emphasized by the nature of the sedimentary rock record, which tends to preserve large volumes of shallow sea sediments. Nevertheless, some important geological environments do preserve large volumes of land-based sediment and land-dwelling organisms.

Recognition of fossils as the remains of past life was achieved by some ancient scholars such as Xenophanes of Colphon (c. 570–490 BC). However, many other scholars were puzzled by the strange mixture of organic form and inorganic composition presented by some fossils. And, there were additonal problems. How to interpret the presence of seashell-like fossils on inland mountain tops, and why so many fossils were not the same as living creatures – had some become extinct?
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A minute cluster of embryonic cells from China, 570 million years old

We have to remember that the early development of the study of fossils, known as palaeontology (meaning the study of ancient life), took place in a very different cultural environment. It was only when the scientific evidence for the nature of fossils and their distribution in time and space became so overwhelming that the old interpretations gave way, but that did not happen until the early decades of the 19th century.



HOW ARE FOSSILS PRESERVED?

Under certain rare conditions, such as within ice and amber, the remains of ancient organisms can be preserved almost in their entirety. Even ancient DNA may be preserved in frozen bodies tens of thousands of years old, such as within the famous Siberian mammoths.

The remains of an insect or frog preserved in fossilized tree resin, known as amber, may be perfectly preserved externally but their DNA has not survived (see p.26). Amber-embedded organisms are known from Upper Triassic rock strata some 225 million years old. But these are unusual circumstances for fossil preservation; by far the majority of fossils are preserved by more complex processes in which the original residual material is altered in some way.
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This fish is still fairly intact before burial and fossilization

To understand how fossils are preserved it is necessary to know something about what happens to organisms after they die and the processes by which their remains are recruited to the rock and fossil record. Upon death most organic remains are scavenged by other organisms, ranging in size from big cats down to insect larvae and microbes. The economy of nature is such that most organic matter is recycled unless the organism died in circumstances that prevented scavenging and decay. Very cold and dry or oxygen-poor conditions are ideal for slowing down the processes of decay and degradation.

Generally, soft tissues are removed by scavengers within days or weeks of death, leaving only the toughest and most indestructible hard parts such as shells, bones and teeth. Most of these skeletal materials are composed of inorganic minerals plus a small amount of organic matter. However, in plants and some animals the residual material is wholly or largely organic, composed of compounds such as protein, lignin or waxes. Prolonged exposure at Earth’s surface will gradually destroy even these potential fossil remains through a combination of chemical and physical processes. For fossilization to occur, the remains have to be buried or enclosed in a material that will protect them from further destruction.

For instance, the remains of sea life that typically accumulates on beaches is composed mostly of seashells derived from common clams and snails. There may also be bits of crabs, sea urchins, algae and even occasional remains of fish, seabirds or land-derived plants lying on the shore below high water. But if you dig into the shore deposits, most of the remains are those of shells. If there are pebbles on the beach, they will soon destroy any shells caught in the surf.
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Scavenging and weathering can lead to information loss before burial and fossilization

Even when buried beneath layers of sediment, further geological processes of deeper burial have to take place in order to prevent reworking and destruction of the remains by normal processes of erosion on land and beneath the sea.

Once enclosed in sediment and buried beneath an increasing load of younger sediments, organic remains are subject to further change. Ground water is rarely neutral in its chemistry and, if slightly acidic, may dissolve shells and bone completely. The enclosing sediment sometimes moulds the shape of the shell and, when hardened into rock, may preserve that shape. Enough detail can remain on the sediment mould for experts to identify the species.

The internal space, originally filled by the shell or bone, may be refilled with sediment or mineral to form a cast, which again can sometimes be identified. Replacement and mineralization commonly occur, especially where the original fossil material is unstable. For instance, the carbonate mineral aragonite is common in mollusc shells and is usually replaced by the more stable calcite or dolomite. Mineralization by completely different minerals can also occur, for example, the introduction of silica to porous wood or bone may occasionally mineralize their tissues through the addition of or replacement by siliceous opal or agate.

As sediment is compressed and changed into rock, the original shape of fossil remains is often distorted, mostly by flattening, but also sometimes by other tectonic deformation as part of mountain building. In extreme conditions the fossils may become unrecognizable, but there are techniques for imaging deformed fossils and correcting the deformation. The extent of deformation is itself useful for informing us about the extent to which the surrounding geological environment has been deformed by earth processes.

It was these often complex processes of mineralization and deformation that confused past scholars when they were trying to work out whether fossils had grown within rock strata or represented the altered remains of once-living organisms.



EXCEPTIONAL PRESERVATION

From the investigations of fossils during the first decades of the 19th century, it was realized that some rock strata preserved fossils much better than others. Mining and quarrying of particular rock types uncovered famous fossils, such as the earliest bird Archaeopteryx. Indeed, from the late 18th century onwards the fine-grained limestones around Solnhofen and Eichstatt in Bavaria, southern Germany, were renowned throughout Europe for their beautifully preserved fossils.

These slabs of limestone strata of Jurassic age were used for lithographic printing, but were also found to contain a huge variety of different fossils, from dragonflies to fish. And, most famously in 1861, the remains of a small feathered bird were found. Called Archaeopteryx, it was seen as one of the best fossil examples of Darwin’s theory of evolution by natural selection (see p.25).
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Spiders are common arthropods but they are rarely fossilized; this one is ‘embalmed’ in amber
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Palaeontologists now realize that certain sedimentary environments and geological processes can promote exceptional preservation of organic remains. As we have seen, the process of fossilization normally removes all but the most durable remains of organisms, so there is very little record of soft-bodied creatures. But by targeting the right kinds of rocks throughout the geological record, it has become possible to open privileged windows on the life of the past that is not normally preserved. These give a much better idea of the total diversity of past life in these environments.

For instance, the most common animals alive today are insects, with nearly a million known species (compared with around 5,000 mammal species). The total known rock record contains around 500,000 fossil species for the whole history of life and, of these, the known fossil insect species only amount to a few thousand. Insect bodies tend to be relatively delicate and their remains are readily destroyed by sedimentary processes, except in certain exceptional low energy environments such as lakes and lagoons. Here their remains may become embedded and preserved in fine-grained muddy sediments where there is little or no biological activity such as burrowing.

A good example is the Eocene lake deposits of Florissant, Colorado. About 34 million years old, they preserve remarkable details of a wonderful diversity of insects, fish, plants and birds. Even mosses, fruits and flowers and colour markings on butterfly wings can be seen in the now monochrome fossils. And this is despite being flattened between layers of very fine volcanic ash, which rained down onto the lake waters from a nearby volcano.

Unusual mineralization or entrapment in a good preservative medium, such as amber, oil tar or peat, can also conserve tissues and organisms not normally found in the fossil record. Amber is perhaps the most famous of such preserving media. Within it a whole host of organisms from bacteria to frogs and lizards has been preserved with exceptional detail. Unfortunately, the hope that fossil DNA might also be preserved within amber insects has not been supported by rigorous analysis.

However, our knowledge of fossil insects has been enhanced enormously by the amber record. Sadly, there were relatively few geological situations where resin-producing trees flourished and their amber recruited to the sediment record. Tiny amber-like rodlets of resin have been recovered from Carboniferous deposits but so far they are unfossiliferous. Triassicage amber, some 225 million years old, has been found to contain well-preserved single-celled amoebae. The oldest amber insects come from Cretaceous amber in Lebanon (around 125 million years old), but most famous of all are the Palaeogene amber deposits of the Baltic (around 38 million years old) and the Dominican Republic (between 20 and 40 million years old).

Rapid mineralization of body tissues can produce spectacular fossils, but generally on a small scale. Through the activities of bacteria associated with the degradation of tissue, certain phosphorous and iron minerals can be precipitated over soft tissue. These durable minerals not only replicate tissue surfaces at a very fine scale but may subsequently survive for hundreds of millions of years. Amongst the most famous of recent finds of this kind are the late Precambrian Doushantuo embryos from rocks in China that are about 570 million years old. These microscopic fossils are the fertilized embryos of various invertebrates, such as sponges, that have been preserved by a phosphate mineral and show all stages of early development from first cleavage onwards.



THE VARIETY OF LIFE AND ITS CLASSIFICATION

Living organisms have a huge range of diversity, size and complexity from microscopic viruses to the 2,000-tonne giant redwood trees that grow to 100m high and 150-tonne blue whales that grow to over 30m in length. Over its 3.8 billion year history, life has evolved from microscopic to bigger, more complex and more diverse organisms. By the Late Devonian, around 370 million years ago, life had not only colonized the land but diversified to include tree-sized plants and vertebrates (commonly known as backboned animals). By the Late Jurassic, around 150 million years ago, all the major groups of vertebrates from fish to mammals were established. Some of the dinosaurs would dwarf today’s largest land-living animals – the elephants. Giant plant-eating sauropods grew to over 40m long and over 80 tonnes in weight.

Current estimates put the total number of described living species at around 1.5 million, of which nearly 1 million are insects. The total diversity of life today may be anywhere between 7 and 20 million species. But so far only some 500,000 species of fossils have been described from our record of life’s long evolution and diversification.

To the layperson it might seem a bit odd that scientists do not even know how many different kinds of organisms have been named and described, let alone how many kinds of organisms there are alive today. By comparison, the fact that we do not know how many fossil organisms have lived and died throughout the history of life on Earth might seem a bit more excusable.

To understand the problem, we have to remember that less than 250 years ago, in 1758 when the Swedish botanist Carl Linnaeus first published the 10th edition of his classification of living organisms, the list totalled less than 12,000 species of plants and animals. Since then scientists all over the world have tried to describe, illustrate and name the wonderful variety of life on Earth. Their results have been published in many different languages and hundreds of thousands of publications, many of which were not widely distributed. As a result it has been very difficult to synthesize such a volume of information of varying quality, but computerization of data and worldwide cooperation via the Internet promises to make the task more feasible.

Classification of all this life is traditionally founded upon what is called the Latin binomial (‘two-name’ – genus and species) system formalized by Linnaeus. Thus populations of organisms that can interbreed to produce viable young are called species and are put within a genus grouping that may contain one or more closely related species. For instance, the genus Homo contains at least six species, all of which are extinct except our species Homo sapiens. Biological species have a genetic basis and are different from most extinct fossil species, which are established on physical characters derived from their preserved remains. The essential breeding test cannot be applied to fossil species. They are essentially the constructs of scientists as are other higher level taxonomic groupings from the genus upwards through families, orders, classes, phyla and so on. However, some of these groupings do almost certainly reflect genuinely close biological relationships.
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The pattern of vertebrate evolution has changed significantly over time
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