

Dr David Hone is a paleontologist, writer and lecturer at Queen Mary, University of London. His research focuses on the behaviour and ecology of the dinosaurs and their flying relatives, the pterosaurs. He writes about dinosaurs for The Guardian, the Telegraph, National Geographic and The Huffington Post.





Acknowledgements

Special thanks to Jordan Mallon for reading the whole damned thing and making suggestions and comments on the content, at least one of which I actually followed and changed.

Also thanks to Sarah Labelle, Marissa Livius, Bryan Moore, Mathew Roloson and for discussion and feedback on the book.

Numerous colleagues helped me to obtain photos or provided them for this book and so I also thank Caleb Brown, Sara Burch, Andrea Cau, Julia Clarke, Mick Ellison, David Evans, Peter Falkingham, Pascal Godefroit, Scott Hartman, Donald Henderson, Thierry Hubin, ReBecca Hunt-Foster, Evan Johnson-Ransom, Martin Kundrát, Hans Larsson, Xing Lida, Jordan Mallon, Maria McNamara, Alejandro Otero, Diego Pol, Eric Snively, Larry Witmer, Xu Xing and Matt Zeher.

I also need to thank my agent Max Edwards, and Huw Armstrong, Maddie Price and Barry Johnston at Hodder for shepherding this work from an original idea into its final form.





1

Extinction

What actually killed off the dinosaurs has understandably occupied a great many minds for a great deal of time. After all, how did, how could, such large and diverse animals vanish so abruptly? There has therefore been perhaps more thought (and also more speculative nonsense) devoted to this idea than any other in dinosaur research. Yet, as with so many other fields, we know an awful lot that is certainly not true, a great deal about what likely happened, and recognise too there is more to come.

There are literally dozens of ideas out there that have been advocated in print at one time or another for the extinction of the dinosaurs. Many are, by modern standards at least, unscientific or even downright absurd. To be fair, at least some of these were probably put forwards with tongue firmly in cheek, though others are equally implausible and yet were lobbied for by serious scientists with some apparent real conviction.

Dinosaurs did not die out because as a lineage they became collectively senile and forgot how to breed, nor were they hunted to extinction by alien invaders (and yes, both of those have actually been suggested). Plenty more theories can be ruled out quite simply because, while they might be plausible under the right circumstances, they do not explain the overall pattern of loss that happened at the end of the Cretaceous. The idea that mammals ate all their eggs could potentially explain the death of the dinosaurs (if very unlikely in reality), but it doesn’t explain why crocodiles and turtles were not as badly affected, nor why the various marine reptiles that gave birth to live young also went extinct.

Other ideas are biologically unlikely, such as that a wave of diseases took out the dinosaurs. While obviously there are some nasty and dangerous infections in the world, and no doubt dinosaurs had their fair share, the suggestion that these could kill all dinosaurs everywhere more or less simultaneously (even on distant continents) is essentially impossible. Given the vast range of species involved and different environments inhabited, it’s most unlikely that all dinosaurs everywhere would have suffered to the same degree; not least when very few infections have an exceedingly high mortality rate and there are almost none that we know of that are 100 per cent fatal in a single species, let alone across thousands. Again, the idea also fails to account for the loss of other lineages on land and in water, or the survival of birds, so can be safely rejected as a reason for a mass extinction.

Plenty of these ideas came thick and fast in the Victorian era, when people were first getting to grips with the idea that organisms could even go extinct. In the early days of geological sciences, a clear change in the types of fossils in various layers of rocks was used to help identify and separate out major periods in Earth’s history. Geological formations in different places, both within countries and even between continents, could be aligned based on the sequences of various strata and in particular the fossils they contained. While most of these were done with the much more common marine shellfish such as ammonites and brachiopods, the dinosaurs and their kin had their place, too.

The ‘Age of Reptiles’ is not simply a colloquial term for the Mesozoic, but was in common use in the Victorian era as a formal name for this period. Rocks of this age could be easily identified because they would contain the bones of huge reptiles, most notably the dinosaurs on land, but also plesiosaurs and ichthyosaurs in the sea, and various other now long-gone reptiles such as pterosaurs and rhynchosaurs.

It is now firmly established that the Mesozoic Era ran from 252 to 66 million years ago and consisted of three major periods – the Triassic, Jurassic and Cretaceous (which were themselves subdivided into various categories). The relative positions were generally easy to establish, and while no accurate numbers might be in place, it was clear that the Late Jurassic came before the Early Cretaceous and that, within it, one could place certain fossils as coming before or after others. Each new find fitted the framework, and it was shown to be robust, with correlates from across continents soon to be discovered allowing us to understand, for example, that Iguanodon-being from the Early Cretaceous – came after the Late Jurassic Diplodocus, and before the Late Cretaceous Triceratops of North America.

The obvious issue was that outside of these various geological formations that make up the Mesozoic, the great reptiles were no longer to be found. They were no longer alive to be preserved in the fossil record and therefore must have been extinct. To the Victorian naturalists and ‘undergroundologists’ of the time, extinction was a fairly new concept. It had been demonstrated for the first time only at the very end of the eighteenth century by the great French anatomist Baron Georges Cuvier.FN5

The French aristocrat was an influential scientist, who had a long interest in palaeontology, and was the first to describe a pterosaur, as well as having communicated with Mantell over the original Iguanodon teeth (in a rare error, Cuvier thought they might belong to a rhinoceros, something for which he later apologised to the doctor). In his treatise on elephant bones from France, Cuvier noted that they were distinct from the known Asian and African elephants and must both represent a different species – one that was no longer alive in France, or anywhere else. Thus, he concluded, at least some species must go extinct.

At the time, the community of academics looking at dinosaurs included a number of people we would now consider to have some form of creationist view – that the Bible was there to be interpreted at least somewhat literally and that the Earth and all things living and dead were created.

William Buckland (the first person to name a dinosaur – Megalosaurus – and later a canon in the Church) was among those prominent proponents of joining up these new fossil discoveries with religious texts and suggested that the great reptiles being found were those of the ‘behemoth’ and other biblical creatures.

However, even figures such as Buckland conceded that the dinosaurs were gone by the modern age, in contrast to modern-day creationists who bizarrely claim that dinosaurs still live in the Congo or Amazon basins (or even less credibly, the US Midwest). Of course, aside from the birds (which are represented by more than ten thousand living species), the dinosaurs are clearly gone from the modern world and, despite numerous claims from fiction writers (and occasionally even scientists), they are not coming back.

There had to be some explanation for why these huge and powerful animals were no longer around, and plenty of scientists filled plenty of paper with their suggestions. These came and went as they fell in and out of vogue, or were simply impossible to prove. Numerous disasters were proposed at various times (cosmic radiation, massive floods, massive droughts, glaciation) to explain the end of the Age of Reptiles, but eventually one appeared that was both biologically plausible and had some evidence to support it. This was the suggestion in 1980 by the father-and-son team of Luis and Walter Alvarez that some kind of asteroid hit the Earth and resulted in a mass extinction.

The evidence presented was meagre to say the least: two bands of reddish and mineral-rich clay that immediately overlay the end of the Cretaceous and were rich in iridium. This is an element rare on Earth but very common in extraterrestrial rocks.

The logic was simple: a large interstellar body had hit the Earth, presumably relatively close to where the material was at its thickest, and scattered enough dust and particles into the atmosphere that bits of it could still be seen all over the world. That alone implied a huge body and a massive collision, one potentially big enough to create something of a nuclear winter where the sun was blocked out, chilling the planet and killing the plants, with the herbivores and carnivores inevitably following in turn. It would explain the global nature of the extinction and why so many disparate lineages died out and so quickly.

This hypothesis immediately caused something of a furore in geological and palaeontological circles, not least because the senior Alvarez was a physicist rather than a geologist (he won the Nobel Prize for Physics in 1968), as well as the suggestion that such a major rethink of a long-standing puzzle could be proposed based on two data points. Where, scientists somewhat reasonably asked, was the crater? A global killer would surely leave a sizeable hole in the Earth and one that might still be visible even 65 million years later.
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The K-Pg boundary in Canada: here it is a layer of clay that is several centimetres thick and is rich in iridium. The scale bar is alongside this dark band, which has bright orange flecks in it. Photo by Hans Larsson.

 

Decades of research have now vindicated the family Alvarez (and their numerous collaborators). First of all, there are now multiple sites known around the world where the red clay layer is known and this shows a clear pattern of something that centred around North America and was progressively less and less important further and further away. In addition to the iridium, the mineral layer also contains a number of other features associated with major impacts, not least something called shocked quartz, which is formed only under extremely high-energy collisions. More critically, we now have a crater, and it is largely where you might expect it to be based on the distribution of the iridium – the Yucatán Peninsula of south-eastern Mexico.

The reason why it took a while to find was the fact that, perhaps unsurprisingly given how much of the Earth is covered in water, the asteroid hit on land but the rocks were marine in origin. The pieces that were scattered around therefore gave the impression that it had landed in the sea and, for a while at least, people were looking in the wrong place. The crater itself collapsed and was filled back in, so it’s not exactly a nice clear circular deposit on the surface and is buried and largely inaccessible. But it’s the right age, in the right place, with the right proportions of various minerals, and contains huge amounts of the shocked quartz that forms from such impacts.

All of these point to the landing of a major extraterrestrial body. With the crater known, we can also begin to piece together the likely size of the impact. An asteroid several times the mass of Mount Everest hit the planet travelling many times the speed of sound. The impact would have resulted in a transfer of energy in the realm of a billion times the force of a nuclear bomb. This is the kind of occasionally jaw-dropping figure in the sciences that is hard to put into perspective sufficiently for anyone to grasp, but, with all the British understatement I can muster, it was definitely quite big.

The effects of such an impact locally are also hard to conceive. There would have been an incredible earthquake, and the very air itself would have been set on fire by the pressure and heat generated by the blast. We can expect there to have been tidal waves and floods radiating out across the entire ocean, as well as potentially the triggering of multiple volcanic eruptions and other seismic events. For thousands of miles in every direction, affecting both land and sea, there would have been absolute devastation. One only has to look at the footage of events such as tsunamis and earthquakes to see how entire regions can be wrecked in minutes, but these effects would have been both considerably stronger in effect and massively more widespread.

Anything in the immediate vicinity of the impact site, and probably anything in a radius of hundreds of kilometres, would have been killed. Entire forests would have been flattened, coral reefs or other areas both in North America and well beyond would have been utterly annihilated. These effects alone would have made many species extinct. Where a dinosaur species lived in a localised area, or was reliant on some limited resource to survive, it would have perished, but that would hardly have made a huge difference globally. However, after this initial impact and local effect (if you can call a tsunami crashing on the far side of the Atlantic ‘local’), the real long-term and global effects of a nuclear winter would start to kick in.

As a result of the dust and ash cloud blocking out the sun, the whole planet would cool, and rapidly too. Plants would start struggling or dying, meaning there was little or no food for herbivores of all kinds, and what was available would be of poor quality. With herbivore numbers dwindling, so too would those of carnivores. Add to this the altered climate, likely toxic water sources from ash and dust, and possible disrupted breeding seasons from the odd light and heat, and things would have become very difficult for organisms worldwide.

You don’t have to wipe out every member of a species directly to doom it to extinction. Take out enough individuals of a population and they simply can’t find a mate, or if they can, the gene pool is too shallow to adapt to changing conditions. Being in poor health might make them too weak to resist any diseases or parasites doing the rounds, or not healthy enough to undertake a critical migration or hibernation. They might not all be killed right away, but they can be doomed as a species, even if it may take years or perhaps decades for the last of them to go.

As more species go under or take a hit, so too will others. An insect might die off because it is too cold, but if it’s the primary pollinator for a tree, then that species is also now only marking time until it goes extinct. The chain continues: anything that relies on that tree for food or shelter will become extinct eventually, and anything that ate those who sheltered in the tree are also now in terminal decline. In this way, the damage to only a few species or populations can ultimately trigger the collapse of entire ecosystems, and huge numbers of species, slowly or quickly, will go extinct.

Thus we now have an explanation in place for the death of the dinosaurs (and many other big reptiles). As large animals, they would have been especially vulnerable – larger animals have smaller populations, need more food and take longer to mature and breed than do small ones. When a crisis hits, there might be enough food left over for dozens or hundreds of rodent-sized animals, but not even one tyrannosaur. The biggest part of the biggest mystery of the dinosaurs seems to have been solved.

Or perhaps not.

Volcanic destruction

In April of 1815, the Tambora volcano in Indonesia erupted. It was one of the largest volcanic eruptions to have taken place in recorded history. Huge clouds of ash and dust were put into the atmosphere and what followed in 1816 became known as the ‘year without summer’. Crops failed across Europe, North America and Asia, there were summer frosts in Europe, and southern Canada saw 30 cm of snow fall in June. Summers were cold in 1815, 1816 and 1817, and returned to normal only in 1818.

All of this was from one single volcano that exploded once, so imagine the effects of a whole chain of volcanoes that erupted sufficiently to produce a rock layer some two kilometres deep over an area of half a million square kilometres. These are the Deccan Traps of India and they represent the output of tens of thousands of years of eruptions across the subcontinent at the end of the Cretaceous.

As it happens, these eruptions occurred around a million years before the asteroid impact and one can easily imagine what the effects might have been, not least as they would have been strikingly similar to much of what has just been described. Dust, ash, varied temperatures, species suffering, ecosystem collapse. The asteroid impact almost certainly would have killed off the dinosaurs, but it may have been merely a timely cosmic coup de grâce for a great lineage already in terminal decline.

At various times a few studies have suggested that the dinosaurs may have been on their way out even before the asteroid struck. They point to low levels of diversity and reduced numbers of new species forming to suggest that there may have been some severe strains on the dinosaurs. This could certainly line up with the environmental pressures that might come from the Deccan eruptions. Still, the jury is very much out on this, as dinosaurs are not that numerous as fossils compared to many other animals. As a result, when there’s an apparent fall in numbers, it is hard to determine if this is a real signal or a blip caused by the limited data.

Added to that, the variations seen in at least some numbers for the timing of the eruptions versus the loss of species makes them hard to reconcile accurately, and harder still to determine if the Deccan eruptions had anything other than (geologically speaking) a short-term effect. However, it does remain a strong possibility that, had the asteroid sailed past Earth without so much as a scratch, the dinosaurs would still have suffered enormous losses – and may have gone extinct regardless, if over a longer timeframe of slow depletion.

Survivors

While we have theoretical knowledge of the effects some combination of asteroid and Deccan Trap eruptions may well have had, what remains are some fascinating questions about exactly what occurred around, and especially after, the extinction. The most basic of these questions is why did all of the dinosaurs die out? As noted above, in some ways they were rather vulnerable in generally being large animals with long generation times; being small gives you a much better chance of survival.

Small animals need only limited resources to keep going (individually and for a viable population), so what will not even feed one elephant for a week or two could keep a dozen mice going for a year. They tend, therefore, to have much larger populations with more variation, and so a greater chance that some of them will have the genetic makeup to survive. They will breed faster, which can produce still more variation, and small animals can escape into microhabitats (like into burrows or hollow trees) that can help them avoid the worst of climate changes, especially keeping warm. So while the large dinosaurs were going to be vulnerable, there were also a good number of small lineages that should not have been at such risk.

Many were not only small, but seem to have been comparable to various species that did make it through the extinction event. In particular, there were numerous bird-like dinosaurs that were small and feathered, some of which could at least glide if not fly fully. Whatever traits that led to the survival of the birds might at least have allowed a few dinosaur groups to slip over the line and keep going. To be fair, the birds also took a hammering and many bird lineages went extinct at the end of the Cretaceous, though this merely opens up another question as to why some birds survived and others did not.

A 2018 study noted that the most vulnerable bird lineages were those that lived in trees, whereas those that were more terrestrial were the ones that survived. If anything, that suggests that smaller terrestrial dinosaurs (of which there were also plenty) might have been okay, so again, it seems odd that no small bird-like dinosaurs made it.

On a related note, various groups that we think of as being vulnerable to mass extinctions and especially climate change (most notably amphibians) seem to have got through comparatively unscathed, suggesting there were places that may have been relatively untouched by these cataclysms. If so, why didn’t some dinosaurs persist there? As far as we know, dinosaurs were present and diverse in almost every terrestrial environment, so would they not also have been there in some tucked-away corner of the Earth?

This point belies a greater one: it really is unlikely that the dinosaurs (and again, so many other lineages) essentially went out in the geological blink of an eye, over a handful of generations and perhaps a few hundred, or even a few thousand, years. As shown by the survivorship of various lineages of mammals, birds, reptiles, amphibians and others, enough of the world was not so utterly devastated that various animals in various continents could not scratch together a living and survive, or even thrive.

There are numerous late surviving species and lineages alive today that are crawling on in low numbers or in isolated places (the tuatara in New Zealand, platypus in Australia, sloths in South America, lemurs on Madagascar, the coelacanth in the Indian ocean), despite their heyday having been and gone many millions of years earlier. These animals have persevered through many extinction events, so the survival of some dinosaurs would hardly rank as a great novelty.

Sure, there would have been tremendous pressure on these isolated ecosystems, but that hardly excludes the presence of the odd dinosaur here or there, and indeed some areas may have remained all but pristine. It’s perfectly possible, even probable, that some large tracts of land continued largely unchanged for tens or hundreds of thousands of years after the extinction crisis with various dinosaurs doing just fine.

We have barely a fraction of a per cent of the world’s surface available as bare rock for palaeontologists to explore, and of that tiny bit of area, we would need to have rocks that are not only from the right place where these dinosaurs may have survived, but also from the right narrow window in time, too. Thus, while it is perfectly possible that some dinosaurs survived for thousands, or even some millions of years beyond the extinction, it’s probably all but impossible that we would ever find fossils from those sites.

Some recent studies have noted that the general situation in the aftermath of the extinction may actually have been more complex than we previously thought, but also perhaps not as hostile to life as imagined. Studying the life in the ocean is easier than on the land (where the fossil record is much poorer), and while it may be a poor proxy, it will at least give an idea of how things are going generally. Around the impact site itself, there was a functioning marine ecosystem within 30,000 years, and while that’s obviously still a long time, it is very small in geological terms; if the impact site itself was recovering in tens of thousands of years, then perhaps others really were untouched to the point of allowing dinosaurs to (initially) survive.

Periodically, dinosaur fossils (generally teeth) do pop up in post-Cretaceous rocks and there is generally great excitement in the media (and among creationists) about the possibility of the non-extinction of the dinosaurs, and that there has been some terrible error by palaeontologists in assuming that the dinosaurs went extinct at all. However, we can be assured that they certainly did go extinct, though a few animals struggling over the line would hardly be a surprise, even if it would be very nice to find some evidence of this.

Unfortunately, to date, each example that has appeared has ultimately turned out to be a fossil that is out of place. Plant roots, rodent burrows, some re-deposition of eroded rocks, poor documentation, and the misreading of the geological layers can all lead to a fossil appearing to be in a place different to its origins. There remains the chance that one of these will eventually prove to be a true ‘surviving’ dinosaur, but for now we are left with a great unknown – did any dinosaurs actually survive one of the single greatest disasters to ever befall this planet? Certainly one can hope.
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Coverings

Although fossils of soft tissues are very rare compared to bones and teeth, among the most common of those that do preserve are the various parts of dinosaur skin. Skin (especially scaly skin) is a much tougher structure than the internal organs, since it is there to protect the owner from the elements, so it’s perhaps not a surprise that we have quite a lot of it.

The skin and its component structures (better called the integument) are the barrier between an animal and its environment and play a major role in basics such as regulating heat and keeping out the elements, or nasty things like diseases and the teeth of predators, and its colour, texture and composition can have all manner of roles in communication. The integument is therefore a major component of dinosaur biology and yet there is much to work out here.

The basic appearance of the dinosaurs was arrived at quickly by the original discoverers of the dinosaurs: they were large reptiles and would have had scaly skin. These fundamentals were soon supported by various finds of fossil skins (or at least their impressions), but the discovery at the end of the last century of feathered dinosaurs opened up a huge realm of new possibilities. Since then, ever more numerous discoveries of dinosaurs with odd kinds of scales, filaments, fuzz, horns, and feathers has made this once simple field (all scales) much more complicated and confusing, but also more intriguing and interesting.

Some of the earliest illustrations of dinosaurs show them as having lizard-like scales, even at a time when they were known from a handful of bones and before any fossilised skin had been recovered. These went beyond the usual polygonal scales that make up most of the skin of reptiles, early illustrations often also including a tall row of triangular scales, which rose up along the spine in a rather saw-toothed effect. These are present on many of the larger iguanas (perhaps again the early influence through Iguanodon shows up) and this feature has also become typical of many fictional reptilian beasts as well. Larger dinosaurs like the sauropods were usually shown with elephantine skins of thick hides full of folds and wrinkles, while armoured dinosaurs such as the ankylosaurs were shown with large scales over their spines and plates, in the same way that modern crocodiles have scales over their bony armour.

Such simple comparisons and extrapolations were more than reasonable at the time and were still acceptable right into the 1990s. By then, of course, a huge amount of information had been accumulated about dinosaur skin and appearances, and this supported fairly well the various reptilian morphologies that were illustrated by the Victorians 150 years earlier. Huge numbers of footprints are known for various dinosaurs, and while few show fine details, there are some that preserve clear impressions of scales on the feet and also the claws of the toes. Skin impressions are known, too, either where animals lay down in mud (leaving essentially what is a ‘footprint’ but of a flank, or neck, or tail), or where an animal died and the sediments that buried the skeleton also preserved some of the impression of the skin of the creature.

Such fossil remains gave us some pretty big hints about what kind of coverings dinosaurs had and how they looked. It supported the idea that they were reptiles and rather lizard-like ones at that, though it’s rather more complicated than this.

Scales

Surprisingly common are actual parts of fossilised skin – the original biological tissue having turned to stone, as opposed to merely having left an impression of it. Skin is known for a variety of dinosaurs, though it is especially common for the hadrosaurs of the Late Cretaceous, and numerous examples of these have been recovered, generally associated with skeletons. Many remains of skin are little more than patches of only a few centimetres across, but occasionally skin appears in great swathes and whole limbs may be covered, or even most of the body recovered.

More than a few such finds have been described as ‘mummies,’ where almost the entire skin has shrink-wrapped around the skeleton and so the whole animal is preserved, including traces of muscles (and potentially internal organs), if in a rather desiccated state. In these cases, presumably the animals died in the open under a hot sun and shrivelled up before any large scavengers could get to them, or for that matter any bacteria or insects. Such carcasses are not uncommon today, especially in deserts, so there is a good model among living animals as to how skin can preserve under the right conditions.

These various examples clearly show that dinosaurs had different shapes of scales on different parts of the body. While there is some major variation between dinosaur groups, as a broad generalisation most dinosaurs were covered in a network of fine scales, often only a few millimetres across, even in the largest giants. Some, including several of the biggest hadrosaurs, also had much larger scales in rows in various places, often including circular ones that can be 10 centimetres across. There are also mainly smaller scales in the various joints, which would add a degree of flexibility to the skin of the elbows, knees and toes.

Those Armoured and plated dinosaurs often did have large scales that sat on the little armour pieces (these scales are sometimes called ‘scutes’, a word incorrectly used for the underlying bony pieces, which are properly called ‘osteoderms’ – literally meaning ‘bone-skin’). Larger bones and pieces that stuck out, such as the plates and shoulder spines of stegosaurs, the horns of the ceratopsians, domes of pachycephalosaurs, and various spikes and knobs such as iguanodontid thumb spikes, would have been covered in a thicker layer of keratin. This tough material makes up skin, hair, fingernails, claws and feathers, as well as eyelashes, and is therefore a very versatile suite of proteins.

The skin or its components of all vertebrates also has a lot of keratin in it, but here we’re concerned with the bigger units such as scales. Occasionally chunks of keratin are preserved around distinctive anatomical features of dinosaurs like horns and plates. As such, we know that these bony structures were covered in this way, just as cow and sheep horns are today.

Some of these can also reveal some novelties. Dinosaurs are best illustrated with a zigzag row of spines along their back, so that they look like a child’s drawing of a mountain range, but at least a few species did have something like this. Only relatively recently were some small and triangular bones found associated with a specimen of the famous Diplodocus, which shows it did have a line of little spikes running along its back, quite possibly from the back of the head to near the tip of the tail. This is not likely to be a one-off and many sauropods could have had something similar.

One other area covered by keratin that is important are the claws. More correctly, the last bones of the hand or foot are called unguals and these bear the keratinous claws.FN20 Ungual and claw shape vary dramatically between species and occasionally between fingers on a single manus or pes. Theropods typically have pointed, curved and narrow claws on the hand, which would be sharp, with more rounded and flattened ones on the feet. The early sauropodomorphs tended to have quite large and spiky claws on hands and feet, with the later sauropods having one large claw on each limb, and much more rounded and thin claws on the other fingers and toes. The ornithischians generally had something close to a miniature of a horse’s hoof on each digit, though there were some exceptions, like the thumb spikes of the iguanodontids.

We do occasionally get claw sheathes preserved alongside the bony unguals of dinosaurs, generally when other things such as beaks or feathers are also preserved, and these have some rather conflicting patterns in their relationships. On the one hand, claws broadly match the unguals such that a very curved bone will hold a very curved keratin sheath, and long ungula will have a longer claw than that of a short one. On the other hand, the relationship between the two is not that close. Some claws greatly exaggerate the curve of an ungula or greatly extend the length of the claw as a whole, such that the shape change and proportions are quite extreme.

The raptorial claws of dromaeosaurs, for example, are already quite curved, but then the sheath can mean that this is more like a semi-circle in its arc and nearly points back on itself, a far greater curve than is seen in the bone alone and hard to predict from it. Thus, while it is clear that some therizinosaurs (the giant-clawed, ‘scythe lizards’) had truly colossal claws and the tyrannosaurs less so, the degrees and differences in all manner of species may be greater or less than we imagine. Such patterns are also true in living species and so this is an area that we may not be able to refine much – getting an accurate and detailed picture of claw shape may ultimately rely on specimens with the sheaths preserved.

In particular, we do not know much about how the scales of the faces of the various dinosaurs were constructed. It is common to see dinosaurs illustrated with big square scales around the eyes, nostrils and especially around the margin of the mouth. This seems to have become something of a trope (or meme, take your choice) based around the nature of the jaws of some of the larger lizards, with Komodo dragons being a great example of this. But this is hardly a universal in the reptiles, and such a feature may not have been present in any dinosaurs, let alone all of them.

We are getting a better handle on this, though, as we gain a better understanding of how different types of skin and cover relate to the underlying bones of the face. There have been a number of papers looking at these issues in living species in order to try and interpret dinosaurs and other extinct animals more accurately, and this does now give us a better feel for the presence of scaled skin versus roughened and thick keratin on various animals.

Beaks and lips?

A still greater puzzle, and one that is currently the subject of some heated debate, is the presence or absence of lips in dinosaurs (and especially, though not exclusively, the tyrannosaurs). Various theropods have been illustrated at times with either excessively toothy grins, giving them a crocodile-like appearance with their upper teeth on display, or a tight-lipped one where the teeth are completely concealed, as seen in modern lizards and snakes.

This may not strike you as especially important to work out (and many facts of dinosaur research have no direct and obvious consequences for other branches of science), but such questions are necessary to resolve in order to discover exactly what dinosaurs were like. Excitement from the media and the public might focus on new species, or bite power or speed, but animals are more than merely statistics, and completing the jigsaw of every detail of their appearance and their lives is what brings them to life metaphorically, and allows us to understand them properly scientifically.

Perhaps surprisingly, there are some strong arguments for both lips and lipless-ness, meaning, like many dinosaurian features, that it’s not so much a guess as an unresolved issue. The main arguments come down to the ancestry of the dinosaurs versus what we think is more normal in terms of ecology. In terms of the former, the birds are not much use to infer anything about dinosaur lips, since all living species have a beak. The crocodiles are the next nearest living relatives of dinosaurs, so we should probably try to take our cues on lip and tooth anatomy from them if possible. They are very much lacking in the lips department, so the argument would seem to end there – dinosaurs did not have lips.FN21

The problem with this line of reasoning is that the living crocodilians are rather unusual, since they have had over a hundred million years to adapt to an aquatic (or at least semi-aquatic) and predatory lifestyle. Moving quickly in water relies on reducing resistance as much as possible – and a crocodile that lunged for its prey with any kind of lips would suffer huge resistance from any water sloshing into the open mouth and staying there. As a result, evolution has cut out their lips and so they may not be a good model for dinosaurs at all – ecology may have trumped ancestry and removed lips from crocodiles.

Although other living reptiles are a little further away from the dinosaurs in evolutionary terms, the presence of lips in almost all of them (except those that have beaks with no teeth such as turtles) suggests that this might be the norm and thus most dinosaurs were lipped.

In the last couple of years, two new lines of evidence have been brought up to try and resolve this issue, though they support opposing positions. First off, it has been noted that animals with their teeth primarily exposed to the air lack enamel (or at least it is very thin). For most vertebrates, teeth are covered with a layer of super-tough enamel, but the tusks of elephants and various pigs, for example, lack this. The difference should help stop teeth drying out and cracking, so enamel loss would appear to go with an absence of lips leaving the teeth exposed to the air. Crocs do have enamel-covered teeth, but then they live in water, which should offset the issue of drying out.

If dinosaurs were lipless then their teeth should lack enamel, but as they do have a full enamel layer, this suggests the teeth were protected and, by extension, that lips were present. In contrast, the texture and structure of the jaws of a new tyrannosaur from Montana have been suggested to be very similar to those of crocodiles. This implies similarly large and thick scales like those that line the edge of the mouths of these animals and therefore that the dinosaur in question, at least, would have lacked lips.

One area where this kind of research would be especially weak is for the various herbivorous dinosaurs. Many, if not all, of these animals had a beak at the front of the jaw, and their main way or cropping or browsing vegetation came not from teeth, but from a large piece of keratin overlying the bones at the end of the snout. This beak was an early feature of the ornithischians and stayed with them for their entire evolutionary history. Many of them were rather large and extended the shape of the face with a saw-toothed margin quite unlike those we see in modern birds or tortoises.

In fact, beaks turn up in numerous reptile groups, not only the living chelonians and birds, but various other groups also had a beak. Some theropods were beaked animals, too, either combining a beak with teeth or possessing only a beak, including the bizarre Limusaurus – apparently a dedicated herbivore, but one of the ceratosaurs, a lin­eage otherwise composed of carnivores. Limusaurus is especially odd, as juveniles of the species had teeth and perhaps lacked a beak, and only later did they lose their teeth and stick simply to a beaked existence. Clearly in pretty much all of these groups, data from tyrannosaur lips (or absence thereof) will be of limited value to us in working out what their jaws looked like, beyond the presence of some tough material at the front.

The second major reason that the ornithischians would likely differ from large theropods in their lips is the nature of their teeth. In various groups the teeth lie in banks along the inside of the jaws and are set up to allow the animals to chew their food effectively, grinding up tough plants to aid digestion. Chewing without lips, or cheeks for that matter, would likely result in food spilling out of the side of the mouth. While dinosaurs didn’t necessarily need to be the neatest of eaters, it does seem unlikely that these animals evolved such a complex food-processing apparatus and yet ‘let’ their mouthfuls spill out of the sides of the jaw with each bite.

While getting direct evidence to support this is clearly tricky, simple analogies with other herbivores suggests that lips would be likely among these animals, at the very least.

Feathers

All of these fleshy possibilities lie on top of the actual issues of the skin itself. We have dealt in some depth with the scales, but as we now know, many dinosaurs were blessed with feathers of various types and other feather-like filaments. Starting in the late 1990s, the first feathered dinosaurs began to be unearthed in China and we now have hundreds, if not thousands, of fossils representing dozens of species from China, Brazil, Germany, Canada and even North Korea that show traces of these different skin coverings.

All true feathers that we know of are in the lineage of the theropods. These comprise a number of tyrannosaurs and various more bird-like lineages, including the immediate ancestors and nearest relatives of birds such as Velociraptor and Oviraptor. Most of these animals possess feathers that are closer to those of bird chicks or birds like the kiwi – thin filaments that resemble long, thick and slightly stiff hairs, rather than those feathers seen on a chicken or eagle. But plenty of dinosaurs did have these more advanced forms of feathers, which include a shaft and various branches and sub-branches to makes up the ‘sides’ of the feather as seen in so many modern birds.

Various dinosaurs had other unusual types of feathers that are not known in modern species. Thick and near-solid quills appear along the neck and back of some herbivorous theropods, and these are thought to have offered some protection from the local carnivores in the way that the spines of hedgehogs and porcupines do. Other dinosaurs had ribbon-like feathers, which were solid sheets of keratin rather than being filaments or branched hollow fibres. Also, as seen in modern birds, some fossils show that juveniles had different feather types and sizes to those of adults, presumably moulting as they grew and shedding one layer for a different one as the demands of their lifestyle changed.

Of the many spectacular feathered fossils, we do have one issue that remains – the interplay between feathers and scales. Not only do we not know what the origins of feathers are (a highly modified form of scale, or a novel structure), but we don’t understand if the two features are compatible.

At first glance, modern birds appear to have scales on their feet; feathers on most, or all, of the rest of the body; and nothing on the beak and occasionally bald patches on the head and neck. But in some birds it is clear that small and simple feathers do poke out between the scales on the feet and, to make life more awkward, bird scales are not like those of reptiles but are very odd feathers in their own right. At some point in their ancestry, birds lost all traces of the reptilian (and presumably dinosaurian) scales and went through a scale-less phase, before reinventing the wheel later on and converting feathers to scales. In short, we cannot say if scales and feathers were mutually exclusive.

A paper in 2017FN22 that manipulated the regulator genes of scale growth in embryonic alligators and feather growth in developing chicks did manage to produce some very long and thin scales and some very odd feathers, which in some cases looked like those filaments preserved on some dinosaurs. The implications of this were clear: feathers might be true scales that have been highly modified, although the evolution process by which this occurred may have been surprisingly simple. This is clearly very leading and informative and promises much more in the future. If it can be definitively shown that feathers truly are scales, this may finally show that the two were incompatible. In other words, when we find scales we could be confident that feathers were absent.

Currently, however, when palaeontologists find fossils of feathered dinosaurs that are mostly imperfectly preserved, it is far from clear if any scales were present. In cases where we have excellent impressions of fossil skin or even preserved skin, we do not know if there might have been some fine feathers poking between the scales that were simply not preserved in coarse-grained sandstones. Thus apparently exclusively scaly dinosaurs may have had feathers, and feathered dinosaurs might still have had scales.

This gets more complex (unfortunately) once we dive into the lineages with feathers. As far as we can tell, once a lineage had feathers they kept them. While many skeletons are preserved without feathers this is generally an issue of fossilisation rather than lack of a structure – when conditions are good enough to preserve feathers, we see them in every representative of feathered lineages. Exact degrees of coverings may come and go and there will be differences in the size and shape and even type of feathers, but feathers seem to be the norm for these groups.

Thus when various tyrannosaurs are known to have had feathers, and indeed been completely covered with them, the obvious conclusion is that all tyrannosaurs had feathers. Most species are known from fossils that have simply been recovered without them because they are not preserved, rather than were genuinely absent. There are only a couple of examples of even bits of feathers preserved in the rocks that Tyrannosaurus heralds from, for example, so it’s hardly surprising that the tyrant king is yet to be known from a feathered specimen. But the logic holds up: it should be feathered, and probably well covered.

However, studies published in 2017 included bits of skin from a number of Mongolian and North American tyrannosaur species, including Tyrannosaurus itself, which showed the clear impressions of scales. This alone doesn’t rule out feathers, but it certainly challenges the idea of a fully feathered rex, which had been the (justified) assumption for some time.

On a similar note, the various early theropod lineages are generally only known from environments that do not preserve fine structures like feathers (or even skin), and so the question remains: how far back do feathers go? Stuck with an absence-of-evidence problem, it’s hard to say if feathers might have been rampant in the theropods, but simply not seen in most of them. Alternatively, feathers might have been a rather late ‘invention’ and thus proliferated once they had first appeared.

Feather-like things

So much for feathers in theropods, but there are other types of filamentous structures known in several ornithischian lineages as well. To date, none have been demonstrated to have been true feathers (i.e., sharing a single evolutionary origin with the feathers of theropods and birds), but the possibility remains. This feeds back into the question of dinosaur origins and the relationships of the great lineages of the Dinosauria. If the ornithischians really did have feathers, and they are the nearest relatives of the theropods, this implies the possibility of a single origin of feathers then inherited by (all?) their descendants. That would mean a great many more of these animals were likely to have possessed feathers of some kind, including all kinds of early theropods such as allosaurs and spinosaurs that we currently think of as being scaly.

On the other hand, if they are more distantly related, it becomes more likely that such features evolved multiple times and filaments might have been in some way ‘easy’ to evolve. The recent study on scale development mentioned above, for example, suggests that only a few minor changes to the genes that control scale formation might throw up filaments.FN23

None of the ornithischians to date found with filaments show the complexity and diversity of form of the later theropods, but they do enjoy some variety of their own. Also, their appearance in different groups on the family tree is rather more scattergun than that of the theropods – two relatively early ornithischians have filaments, but then so too does the Cretaceous Psittacosaurus (an early member of the horned dinosaurs).

The presence of filaments in relatively early lineages gives rise to the possibility that these may have been universal in early dinosaurs and only lost in later groups, and Psittacosaurus suggests that filaments may have easily come back later. It’s certainly not impossible that even the great Triceratops had some kind of shaggy filamentous coat across it’s huge form, though we know that at least some of their close relatives were covered in scales.

Of great importance here is the possible relationship between these various filaments and feathers. Are feathers limited to the theropods alone, or are the ornithischian filaments one and the same thing but by different names? Might this extend even further: are the filaments on pterosaurs the same thing as well? As you might guess, we don’t actually know (despite various claims of relationships between these different structures at one time or another and several researchers calling both ornithischian and pterosaur filaments ‘feathers’, which
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