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Abstract

Although the physiology of dinosaurs is still a matter of controversy, there is no doubt that some of them were able to live in

environments that were too cold for ectothermic reptiles, as shown by discoveries of Jurassic and Cretaceous polar vertebrate

assemblages which contain dinosaurs but lack turtles and crocodiles. This adaptation of dinosaurs to cool climates invalidates

hypotheses according to which dinosaur extinction at the end of the Cretaceous was a result of long-term climatic cooling. The

pattern seen at the K/T boundary, with the disappearance of dinosaurs and the survival of ectothermic reptiles, is completely

different from that seen in Arctic regions during the Late Cretaceous, where ectotherms disappeared, while dinosaurs subsisted,

during cooler periods. The idea of an intense and enduring cold spell at the K/T boundary, caused by the Chicxulub impact, is

extremely unlikely in view of the pattern of vertebrate extinction (survival of endotherms, extinction of dinosaurs). Models of

environmental events following the impact must take this palaeontological constraint into consideration.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Dinosaurs are still frequently seen as btropicalQ
animals, which flourished under the warm equable

climates of the Mesozoic. This picture of warmth-

loving dinosaurs probably applies to many dinosaur

assemblages, but recent discoveries of bpolarQ dino-
saurs, which lived close to the Mesozoic poles, have
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shown that some of these animals lived under climatic

conditions which cannot be considered as tropical.

Beyond the interesting problems posed by the

adaptation of dinosaurs to life at high latitudes (and

notably to extensive periods of darkness), these finds

of polar dinosaurs have a bearing on the question of

dinosaur extinction. Gradual climate change—usually

seen as change towards colder and/or more contrasted

climates, although a trend towards warmer temper-

atures has also been suggested (Cowles, 1939,

Cloudsley-Thompson, 1978)—has frequently been

put forward as one of the main causes of dinosaur
laeoecology 214 (2004) 225–231
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extinction, a hypothesis clearly advocated by Audova

as early as 1929 (Audova, 1929). As noted by

Cloudsley-Thompson (1978, p. 68), buntil 1939, it

had been tacitly assumed that the extinction of the

dinosaurs might have been caused by gradually falling

temperatures. . .Q, and this assumption is still an

important component of many theories about the K/T

mass extinction. Climatic cooling is often mentioned

as one of the main factors in an extinction event

brought about by a combination of causes (Swinton,

1970; Sloan et al., 1986; Taquet, 1994), it plays a key

role in some hypotheses linking dinosaur extinction

with a major regression at the end of the Cretaceous

(Ginsburg, 1964, 1984, 1986; Jaeger, 1986), and it

resurfaces again and again as one of the important

components in more elaborate hypotheses involving

complex causes, such as the bvolcanism plus

regressionQ hypothesis of Officer et al. (1987) or the

bPele hypothesisQ of changes in atmospheric compo-

sition (Landis et al., 1996). Sloan (1976, p. 134)

summarised his view about the extinction of North

American dinosaurs in straightforward terms: bIn view
of the progressive reduction in numbers of dinosaurs

and the simultaneous changes in plants over this

stratigraphic interval, a change to a cooler, more

continental climate provides both a sufficient and an

observed cause for the extinction of this community of

dinosaursQ. In an extreme form, a glaciation (for which

there is no factual evidence, although mountain

glaciers may have existed: see Spicer and Corfield,

1992) was postulated to account for both marine

regression and climatic cooling in the Late Cretaceous

(Ginsburg, 1986). One of the reasons why climate

change has been considered as so important in

dinosaur extinction is that these animals have often

been portrayed as sensitive to climatic fluctuations

(Ginsburg, 1986), largely on the basis of extrapola-

tions from living reptiles which are in all likelihood

unwarranted. The purpose of the present short review

is to discuss what polar dinosaurs can tell us about the

climatic adaptability of dinosaurs, and the role that

climate change may have played in their extinction.
2. Temperature requirements of dinosaurs

Dinosaurs were once generally considered as

indicative of warm climates, under the assumption
that they were basically giant versions of modern

reptiles, at least from a physiological point of view.

Colbert (1962, p. 230), for instance, considered that

bby virtue of their limited temperature tolerances the

dinosaurs, like modern crocodilians, could have lived

only in tropical and subtropical climatesQ. The tropical
distribution of present-day large reptiles, such as

crocodiles and the largest terrestrial turtles, lizards

and snakes, was widely considered as indicating that

the even larger dinosaurs must have lived in warm

environments—hence the well-known reconstructions

by Charles Knight, Zdenek Burian and other artists of

dinosaurs wallowing in tropical swamps.

Our general conception of dinosaurs has changed

drastically since the late 1960s, and it has become

clear that they were not simply scaled-up lizards or

crocodilians. In particular, the question of the thermal

physiology of dinosaurs has been the subject of much

controversy. The debate on the bwarm-blooded

dinosaursQ, which started in the 1970s, cannot really

be considered as having reached its conclusion,

insofar as there is no complete consensus on whether

dinosaurs were endothermic or not. Besides the point

that there were certainly physiological differences

among dinosaurs, they may have had physiologies

that have no exact equivalents in the present world

(Padian, 1997; Reid, 1997), which would make them

difficult to reconstruct. Be that as it may, the concept

of dinosaurs as strictly bound to warm climates, like

modern giant reptiles, has also been challenged by

discoveries of dinosaur remains in polar regions,

which in the Mesozoic already were at high latitudes

[in the Maastrichtian, the North Slope of Alaska, for

instance, may have been at about 858N (Spicer and

Parrish, 1990), i.e., farther north than today]. There is

considerable evidence that such polar dinosaurs,

whatever their metabolism was, lived under climates

which were definitely not btropicalQ. This has inter-

esting implications for temperature tolerance in

dinosaurs, irrespective of their physiology.
3. Polar dinosaurs

The first record of polar dinosaurs is probably that

of Iguanodon footprints from Svalbard, discovered

during an excursion of the International Geological

Congress (Lapparent, 1960). Since then, dinosaur
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discoveries from localities which were beyond the

northern or southern polar circle in the Mesozoic, or

close to it, have multiplied (see Rich et al., 1997, for a

review, and Case et al., 2000, Fiorillo and Gangloff,

2000 and Rich et al., 2002, for complements about

more recent finds). Jurassic polar dinosaurs are known

from Antarctica, Australia, Siberia and Alaska. Creta-

ceous polar dinosaurs are known from Antarctica,

New Zealand, Australia, Siberia, Svalbard, Canada

and Alaska. They belong to various taxa, including

large and small theropods, prosauropods, hypsilopho-

dontids, iguanodontids, hadrosaurs, ankylosaurs and

ceratopsians. Admittedly, relatively few detailed

studies have yet been published about those polar

assemblages (the most thoroughly studied fauna

probably being that from the Lower Cretaceous of

Australia: see Rich and Vickers-Rich, 2000 and Rich

et al., 2002, and references therein), and no very clear

pattern emerges in terms of systematic distribution of

polar dinosaurs, except that fairly diverse taxa

apparently were able to live under polar conditions.

However, some groups of dinosaurs have not yet been

found in such environments, notably sauropods

[interestingly, in the Late Cretaceous of North

America, sauropods appear to be restricted to the

southern part of the continent (Lehman, 1987), which

may indicate a preference for warmer climates].

What exactly polar environments were in the

Mesozoic is an important but incompletely understood

point. As shown by palaeobotanical evidence, there

can be no doubt that polar regions were warmer in the

Mesozoic than they are today, with no development of

extensive ice caps. However, it would be misleading

to think of a single bMesozoicQ polar climate, as

climatic conditions clearly changed over time (Spicer

and Parrish, 1990), some periods being warmer than

others. The Turonian–Coniacian time interval thus

seems to have been remarkably warm, notably on the

basis of vertebrates from Axel-Heiberg Island in

Arctic Canada: an estimated mean annual temperature

above 14 8C has been suggested (Tarduno et al.,

1998). Temperature estimates for other places and

periods are much lower, however (Spicer and Parrish,

1990). A mean annual temperature of about 5 8C has

been suggested (Spicer and Parrish, 1990; Spicer and

Corfield, 1992) for the early Maastrichtian of northern

Alaska, on the basis of plant remains. Rich et al.

(1988) indicate mean annual temperatures below 5 8C
for the Early Cretaceous of southeastern Australia,

based on oxygen isotopes in diagenetic calcite, which

may be supported by cryoturbation structures (Vick-

ers-Rich et al., 1999). In both instances, cold spells

below freezing point probably occurred.

An aspect of polar conditions which cannot have

been much different from the present situation,

however, is polar night. How polar dinosaurs (and

other vertebrates) responded to long periods of dark-

ness is uncertain—both overwintering by feeding on

low-quality forage and migration to lower latitudes

have been suggested (Parrish et al., 1987). Fiorillo and

Gangloff (2000) have interpreted the dominance of

the small large-eyed theropod Troodon in Maastrich-

tian tooth assemblages from Alaska as a result of

adaptation to low light conditions while overwintering

at a high latitude. Similarly, the Early Cretaceous

hypsilophodontids from southeastern Australia are

interpreted by Vickers-Rich et al. (1999) as having

been adapted to year-round activity at high latitudes,

whereas the supposed ornithomimosaur Timimus may

have hibernated.

An especially interesting point, from the point of

view of temperature tolerance in dinosaurs, is the

occurrence of polar vertebrate assemblages containing

dinosaurs in which ectothermic reptiles (known to

have been so because they have living representatives)

are absent or very scarce. While isolated finds of

dinosaur remains in polar regions are not significant in

this regard, several sites are known at which fossil

remains occur in sufficient abundance to provide a

reliable picture of vertebrate diversity. Both the Early

Cretaceous assemblage from the Otway Group of

Australia (Rich and Vickers-Rich, 2000, Rich et al.,

2002, and references therein) and the Maastrichtian

assemblage from the Kogosukruk Tongue (Prince

Creek Formation) of northern Alaska (Parrish et al.,

1987; Clemens and Nelms, 1993) are especially

important in this respect. Both are characterised by

the presence of various dinosaurs. In the Otway

Group, some apparently scarce ectothermic tetrapods

occur, as shown by the presence of crocodilians (Rich

and Vickers-Rich, 2000), turtles (Gaffney et al., 1998)

and temnospondyl amphibians (Warren et al., 1997).

The temperature requirements of temnospondyls are

unknown, but the occurrence of crocodilians and

turtles is not consistent with prolonged cold spells. No

ectothermic reptiles such as crocodiles and turtles
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(which occur in abundance in contemporaneous

vertebrate assemblages from lower latitudes) are

known from the Prince Creek Formation of Alaska.

An inescapable conclusion seems to be that dinosaurs

were able to withstand climatic conditions which were

too harsh for ectothermic reptiles. Thus, despite the

uncertainties which remain concerning dinosaur met-

abolic rates, palaeoecological evidence strongly sug-

gests that they were more resistant to cool temper-

atures than, for instance, crocodiles and turtles.
Fig. 1. A diagrammatic comparison of extinction patterns during the

Late Cretaceous in Arctic North America (A) and at the Cretaceous–

Tertiary boundary (B) worldwide. Whereas both dinosaurs and

ectothermic reptiles (such as turtles) are present in Arctic North

America at the beginning of the Late Cretaceous, by Maastrichtian

times, ectothermic forms have disappeared while dinosaurs are stil

present, suggesting that climatic deterioration led to the loca

extinction of ectotherms but was not fatal to polar dinosaurs. A

completely different pattern is seen at the Cretaceous–Tertiary

boundary, with dinosaurs becoming extinct world-wide while

ectotherms were little affected. Whatever happened at the Creta-

ceous–Tertiary boundary, it is therefore unlikely that temperature

decline was an important factor in the mass extinction.
4. Consequences for dinosaur extinction

The now well-attested occurrence of polar dino-

saurs which were able to withstand cool climates

unsuitable for ectothermic reptiles has a bearing on

the question of the causes of the mass extinction at the

Cretaceous–Tertiary boundary. To put it simply, the

fact that ectothermic reptiles generally survived the

boundary, whereas dinosaurs did not, shows that

climate deterioration was not a significant extinction

factor. Our understanding of climate change during

the Late Cretaceous is still fraught with uncertainties,

although a cooling trend from the extremely high

temperatures of the Turonian seems perceptible, with,

probably, a warming up at the end of the Maastrichtian.

What can be said, however, is that cooler climates at the

end of the Cretaceous are extremely unlikely to have

led to dinosaur extinction. It has already been pointed

out (Tatarinov, 1986; Buffetaut, 1987) that tropical

dinosaurs also became extinct at the K/T boundary, in

environments which certainly did not become signifi-

cantly cooler. More importantly in view of the above-

mentioned discoveries in the polar regions, the

predictable results of a cooling trend are that ectother-

mic reptiles would have been more affected than

dinosaurs. The fossil record shows exactly the reverse.

One can thus compare the effects of Late Cretaceous

cooling on polar vertebrate assemblages with those of

K/T boundary events on vertebrate assemblages world-

wide (Fig. 1). In mid-Cretaceous times, both dinosaurs

and turtles occurred in Alaska (Parrish et al., 1987), and

there is convincing evidence from Arctic Canada that

relatively high temperatures still prevailed there in the

Turonian–Coniacian, at a time when turtles were still

present on Axel-Heiberg Island (Tarduno et al., 1998).

By Maastrichtian times, however, temperatures in
l

l

Arctic North America had cooled so much that turtles

no longer occurred there (Brinkman, 2003), but

dinosaurs were still present. At the K/T boundary, a

completely different pattern emerges: Assemblages in

which both dinosaurs and turtles (and other ectothermic

reptiles) occur are replaced everywhere by impover-

ished faunas which still contain turtles (and other

ectothermic reptiles), but from which dinosaurs are

absent. The effects of a long-term cooling trend on

Cretaceous vertebrate assemblages at high latitudes are

thus clear (survival of dinosaurs, local disappearance of

ectotherms), and they are completely unlike those of K/

T boundary events (global extinction of dinosaurs,

survival of ectotherms).
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According to Clemens and Nelms (1993), the

occurrence of dinosaurs in the Maastrichtian of

northern Alaska, where no ectothermic reptiles were

present, shows that (1) dinosaurs (or at least the polar

forms) were endothermic, and 2) the pattern of

extinction seen at the K/T boundary contradicts the

hypothesis of an impact-induced period of cold and

darkness as the cause of dinosaur extinction. Their

first conclusion is in all likelihood correct, as it

convincingly explains the unusual composition of the

Alaskan assemblage (and of other Mesozoic polar

faunas). Their second conclusion is based on the idea

that endothermic polar dinosaurs, being adapted to

cold and darkness, should not have perished during

the bimpact darknessQ following the Chixculub

impact, at a time when ectothermic reptiles survived.

As noted by Buffetaut (1994), the evidence from the

Maastrichtian of Alaska does contradict simplistic

models of impact-induced extinction, in which dino-

saurs simply bfroze to deathQ during a sudden and

severe cold spell—which in all likelihood never

happened, as shown by the survival of ectothermic

reptiles. According to more sophisticated models

(Buffetaut, 1984, 1990; Sheehan and Fastovsky,

1992), selective extinctions at the K/T boundary are

mainly the result of food-chain collapse caused by the

cessation or reduction of photosynthesis, itself a result

of reduced light intensity caused by the introduction

of huge amounts of bdustQ in the atmosphere at the

time of the impact. Clemens and Nelms (1994, p. 192)

have countered that polar dinosaurs stayed at high

latitudes throughout the year and bwere adapted to

survive through periods of darkness of several

month’s duration when there was cessation of primary

productivity of the plantsQ. This is based on their

claim that the Maastrichtian dinosaurs of Alaska did

not migrate southward during the winter because of

the occurrence of remains of very young individuals,

possibly hatchlings, which supposedly would not

have been able to engage in long migrations. This,

however, does not explain how those dinosaurs

subsisted during the polar night. Based on comparison

with musk-oxen, Parrish et al. (1987) have suggested

that Alaskan herbivorous dinosaurs may have sur-

vived on poor-quality food consisting of dead foliage

and twigs. However, such a possible adaptation to the

polar night implies that this kind of winter food

supply was renewed every year during the polar
summer. Things would have been different in the case

of impact-induced darkness, which was not of a

seasonal character. Plant devastation at the K/T

boundary occurred both in the northern and southern

hemispheres (Vajda et al., 2001), and probably

corresponds to a period of reduced light having lasted

longer than the duration of polar night (although

estimates of that duration are variable). Even if polar

dinosaurs were able to subsist on poor-quality food for

some time, a photosynthetic crisis of some duration

would have been fatal to them because even this food

resource would have become exhausted.
5. Conclusions

The idea that dinosaurs were simply scaled-up

versions of present-day reptiles has long been

discredited. However, the implications of this new

interpretation in terms of temperature tolerance are not

always perceived, especially concerning the possible

causes of dinosaur extinction. The metabolism of

dinosaurs is not yet completely understood, however.

The Mesozoic vertebrate assemblages from polar

regions which contain dinosaurs, but sometimes lack

other reptiles, show that dinosaurs were able to live

under relatively cool climates. The diversity of taxa

found at high latitudes shows that this resistance to

cold was widespread among dinosaurs.

One obvious conclusion to be drawn from the

existence of polar dinosaurs is that global cooling

cannot be considered as a significant factor in

dinosaur extinction, all the more so that it should

have resulted in extinctions among other reptiles

which are not shown by the fossil record at the K/T

boundary. More generally, it should be remembered

that in the geologically recent past, global cooling has

not resulted in mass extinction, as shown by the

example of Pleistocene glaciations, which casts

serious doubt on gradual temperature decline as a

potential cause for the extinctions of the K/T

boundary. On the other hand, the survival of those

reptiles also clearly shows that there cannot have been

an intense protracted cold spell as a consequence of

the Chicxulub impact. Models of the consequences of

the impact must take this piece of palaeontological

evidence into account if a realistic picture of what

happened at the K/T boundary is to be achieved.
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The question of what polar dinosaurs did during

the polar night remains largely unanswered. However,

even if they were able to subsist on low-quality food

during the annual periods of darkness, it is unlikely

that they could have survived a year or two bwithout a
summerQ, following the Chicxulub impact, since food

resources would not have been renewed because of

enduring reduction of photosynthetic activity.
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