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ABSTRACT

Oxygen isotope ratios of fossil remains of coexisting taxa from several different localities
can be used to help investigate dinosaur thermoregulation, Focusing on the Late Cretaceous,
oxypen isotope ratios of crocodile tooth enamel from four separate localities exhibit less of a de-
crease with latitude than do ratios of tooth enamel from cocxisting theropod dinosaurs. A shal-
lower latitudinal gradient for erocodiles is consistent with how oxygen isotope ratios should vary
for heterothermic animals having body temperatures coupled with their environments (“cold
Mooded™), while a steeper gradient for theropods is consistent with how these ratios should vary
for homeothermic animals having constant body temperatures independent. of their environ-
ments (“warm blooded””). This inferred homoethermy in theropods is Jikely due to higher rates
of metabolic heat production relative to crocediles and is not an artifact of body size. '
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INTRODUCTION

Despite several decades of smdy, the paleobio-
logical particulars of dinosaurizn thermoregulation
have remained enigmatic. Among extant verte-
brates, the thermoregulatory strategies of reptiles,
on one hand, and birds and mammals, on the other,
have long served as a basis for elucidating di-
nosaurian function. Reptiles are characterized by
low rates of metabolic heat production and a re-
liance on external heat sources to maintain body
temperatures (bradymetabolic ectothermy), and
ihere is typically a daily to seasonal covariance be-
tween environmental and body temperatures
(“cold-blooded” heterothermy). In conirast, birds
and mammals maintain higher rates of metabolic
heat production (tachymetabolic endethermy),
and this allows their body temperatures (o remain
relatively constant (2 °C) regardless of changes in
environmental temperature with season or geo-
graphic location (“warm blooded” homeothermy).
It is also possible thit large dinosaurs had low
metabolic rates similar to those of reptiles, but
were able to maintain relatively constant body
temperatures at any given location as a result of
body size (gigantothermy; Paladino et al., 198%;
Spotila et al., 1991; O"Connor and Dodsen, 1999),
or that some dinosaur groups may have had meta-
bolic rates and body temperatures _mtcnnediate be-
tween those of reptiles and birds and/or mammals
(Greenberg, 1980)-

STRATEGY _

Conclusive evidence relating to the above hy-
potheses has been difficult to obtain via waditional
analyses of fossil remains. Even cases of excep-
tionally preserved internal organs (Ruben et al.,
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1999; Fisher et al., 2000} have led to differing
interpretations of dinosaur physiology, and thus
the nature of their thermoregulation remains elu-
sive. A fundamentally different way to address this
question is to measure the oxygen isotope ratio
(5!80 = [(13“6Osamplé_\"1Bnﬁosmndard)!la]wosmndard]
3 1000) of phosphate found in vertebrate fossils

" themselves, Tooth enamel and bone are composed

of apatite, and oxygen bound to phospordus in this
mineral is resistant to isotopic exchange during dia~
genesis (Kolodny et al,, 1983). More important is
that oxygen isotope ratios can be used to make in-
ferences about the body temperatures at which the
phosphate formed. These characteristics were first
explored by Barrick and Showers (1994, 1996).
who used 8'80 values of phosphate in bone apatite
to provide evidence for seasonal homeothermy in
theropods from a locality in Montana.

Here we report a new, independent way in
which oxygen isotope ratios of biogenic phos-
phate can be used to delineate the thermoregula-
tory strategies of extinct terrestrial vertebrates. In
this case, ratios are measured from phosphate in
tooth enamel (%0, ) rather than bone. However,
the most unigque.aspect of this research is that
880 values of fossil teeth are compared among a
suite of localities to create a broad latitudinal
framework of isotopic data. This comparative
strategy is advantageous because the way in
which 830 of enamel phosphate varies with: lat-
itude is predicted to depend on taxon-specific
thermoregulation strategies.

In general, 3'%0 of precipitation decreases reg-
ularly from the equator to the poles due to
changes in mean annual temperature (MAT,
Dansgaard, 1964). Animals ingest water {rom
surface resetvoirs, sugh.as streams, ponds, and
plants, that have an ultimate source in jocal
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precipitation, with the result that the 5180 of
body water for all animals also decreases with
increasing latitude (Fig. 1). What is most im-
portant to consider, however, is the tempera-
ture dependency of oxygen isotope fractiona-
tion (Longinelli and Nuti, 1973) that occurs
during the subsequent precipitation of enamel
phosphate from the body water of an animal. Be-
cause of this dependency, the way in which ani-
mals regulate their body temperatures relative to
the local environment has a strong influence on
the-way in which 580, decreases with latitude.

_ For example, ideal endothermic homeotherms
presumably have a constant bedy temperatore
regardiess of location and/or latitude, and therefore
oxygen isotope fractionations will be constant
(Fig. 1). If we use a body temperature of 38 °C, the

result is a 8180, latitude relation for the present

day with a siope of 0.19%«/°lat (Fig. 1), which is
consistent with empirical data for mammals and
birds (Kohn, 1996). In contrast, body temperatures
of ideat ectothermic heterotherms are assumed to
mitror those of their envirorument, and therefore
mean annual temperature, at a given latitude. The
resulting 3'%0,,-latitude gradient is shallower than
the one for endothermic animals, because oxygen
isotope fractionation is smaller at higher tempera-
tures relative to cooler temperatures (Fig. 1).

In the case of gigantotherms, it is more diffi-
cult to estimate body temperatures and hence
predict the nature of the 3'30,,-latitude rela-
tion. Thermoreguiatory models suggest that gi-
gantothermy has the potential to produce sea-
sonally constant body temperatures that arc
greater than ambient conditions at any given lo-
cation (e.g., Paladino et al., 1989; Spotila et al.,
1991; O’ Corinor and Dodson, 1999). The degree
1o which gigantothermy can modify body tem-
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Figure 1. Decrease in §'°0 of ename! phos-
phate for animals with different thermoregula-
tory strategies predicted using present-day
mean annual temperature (MAT) and isotopic
data. Body water 580 (lower part of figure,
5180y,,) Is first determined by combining the
observed decrease in 580 of precipitation over
middie latitudes (Dansgaard, 1964) with physi-
ological model that accounts for fluxes and
fractionations of oxygen into and out of body
of animal (Kohn, 1996). Resulting refations be-
tween 8'80,,, and 5180 of precipitation are not
one to one (Kohn, 1996), but they are predicted
to have similar slopes of ~0.75 regardless of
type of animal, and here we use relation for
mammallan herbivores (590, ~ [0.74}:5'%0,
+ 2.47) to represent generalized terrestriai ani-
mai (Kohn, 1996). Using these §'%0 values of
pody water, we then calculate 5'%0 of enamel
phosphate (5'%0,;} for heterothermic, homeo-
thermic, and gigantothermic animals using
body temperatures as described for each in
text (upper part of figure). In casa of hetero-
therms, note how isotopic fractionation be-
tween phosphate and water {dashed lines)
increases as MAT decreases, while for homeo-
therms Isotopic¢ fractionation vemains con-
stant regardless of MAT. As result, homeo-
therms have steeper 3180,,—latitude gradient.

peratures, however, depends in part on the radia-
tive input of heat via solar insolation, and both
solar insolation and MAT decrease with latitude.
Therefore latitudinal changes in the body temn-
peratures of gigantothermic animals should re-
main coupled to changes in MAT, even if the two
temperatures are not identical (O’ Connor and
Dodson, 1999). Body temperatures of gigan-
totherms are thus assumed to be 10 °C higher
than MAT at each latitude. The resulting 8:%0,,-
latitude relation has a siope that is the same as
that for ectotherms, but with fower 8'%0,, values
because of the higher body temperatures and/or
smaller isotopic fractionation (Fig. 1).

It is nmportant to note that these different
81%Q,,,-latitude relations depend primarily on dif-
ferences in thermoregulation. As a result, they
should remain detectable even if latitudinal gra-
dients in MAT and 8'80 of precipitation change
aver time.

SAMPLES

In this study we characterize the thermo-
tegulatory strategies of extinct taxa by comparing
isotopic data obtained from fossil samples with
the preceding predictions. Teeth of theropod dino-
saurs and coexisting crocodiles from six different
formations in North America, Madagascar, and
India are used ta construct latitudinai gradients in
8'%0,,. The North American localities ¢Judith
River Formation, Montana: Aguja Formation,
Texas; Dinosaur Park Formation, Alberta; Prince
Creek Formation, Alaska) can all be placed in the
late Campanian to early Maastrictian (Conrad
et al., 1990; Rowe et al, 1992; Eberth and
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Hamblin, 1993; Rogers et al., 1993). Until re-
cently, the Maevarano Formation of Madagascar
was also considered to be Campanian, but new
stratigraphic data indicate that upper reaches of
the unit are most likely Maastrichtian (Rogers
et al., 2000). The Lameta Formation of India is
also Maastrictian in age (Khajuria et al., 1954).

The teeth used in this analysis were collected as
isolated specimens from localities spanning nar-
row stratigraphic intervals within each formation.
The paleoenvironments of the sampled localities
are broadly similar, representing fluvial and flood-
piain settings likely characterized by seasonal fluc-
tuations in precipitation. Sedimentological data
suggest that the Maevarano Formation may have
been deposited under somewhat more arid condi-
tions than the other units (Rogers et al., 2000). The
theropods analyzed range from the smalt to inter-
mediate body sizes of Spotila et al, (1991), There
is no indication that any of the crocodilians used in
this study ventured from the terrestrial seitings
where their fossils were recovered.

Because of the small size of the teeth, isolopic
measurements were made by removing all of the
enamel on a tooth and analyzing it using a method
of graphite reduction (0" Neil et al., 1594). Not all
theropod teeth from Texas were large enough w©
analyze in this manner, and an ultraviolet laser-
based microanalytical technique was used in two
cases {Jones et al., 1999; Table [ here).

DIAGENESIS AND LATITUDINAL
GRADIENTS

Isotopic exchange and secondary precipita-
tion of apatite during diagenesis are important

TABLE 1. OXYGEN ISOTOPE RATIOS
OF TOOTH ENAMEL FOR CROCODILES
AND THERQPOD DINOSAURS

8180, Ava5'f0,p

Sample

Madagascar (~30°8)
Crocodiie - 3
Crocodile - 2
Crocodile - 3
Theropod — L
Theropod - 2
Theropod ~ 3
Theropod - 4
Theropod - 3
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Texas (~40°N}
Cracodile ~1
Crocodite ~2
Crocodile -3
Crocodile <4
Theropod -1*
Theropod -2*
Theropod -4

17.1

16.7
16.7
17.0
8.3

16.8£02

1.6+ 0.7

-
in

Montana {~55°N})
Crocodile — 1
Crocodile — 2
Crocodile - 3
Crocndtle — 4
Crocodile = 5
Crocodile - 6
Crocodile = 7
Crocodite - 8
Crocodiie - 9
Theropod — 1
Therppod ~ 2
Theropod — 3
Theropod - 4
Theropod - 5
Theropod - 6
Therapod - 7
Theropod - §

147 +£0.8

135+1.2

Eo—swuhdhliabhbaine s
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Alberta (~60°N}
Cracodile - |
Crocodile ~ 2
Crocodile - 3
Crocodile - 4
Theropod -1
Theropod =2
Theropod -3
Theropod —4
Theropod ~3

¢

14206

12.8=0.7

I i el el o
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Alaska (~75°N)
Therapod -]
Therepod -2
Theropad -3
Theropod -4

10207
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India (~30°8)
Crocodile - 1
Crocodile - 2 17.9
Crocodile - 3 16.6

Note. All samples were analyzed using the method
of O'Neit el al. (1994) except where noted by an
aslerisk, Montana, Alberta, and Alaska theropods are
classified as Albertasauries, Madagascar theropods as
Majungathoius, and Texas theropods as the smaller
taxon Saurornitholestes. Crocodilian taxa are not
resolved 1o lower taxonomic levels, Approximate
paieolatitudes are from Scolese (1990) and are shown
in parentheses.

17.2
10.9+0.2

concerns when analyzing fossil samples from
the Late Cretaceous. Unfortunately, there are no
methods of demonstrating conclusively whether
these processes have affected $'40,, values. In
general, oxygen in phosphate should not un-
dergo isotopic exchange as a result of inorganic
processes {Kolodny et al., 1983}, and the crystals
of apatite that make up tooth enamel are large
and densely packed. This arrangement greatly
reduces the surface area available for interaction
with diagenetic fluids and for the secondary pre-
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sipiiation of apatite. More specifically, the data
from each locality indicate that primary oxygen
isotope ratios are preserved by enamel phos-
phate, In each case there is a measurable differ-
ence in average 5/50,, between theropod and
cracodile teeth (Fig. 2). These isotopic offsets
between taxa would not oceur if isotopic alter-
ation was extensive, because isotopic exchange
with groundwaters of secondary precipitation of
apatite during diagenesis would result in uni-
form 3130 values of phosphate. Thus, the exis-
tence of these offsets provides the most concrete
evidence for preservation of primary isotopic in-
formation in these late Mesozoic enamel sam-

ples. Similar offsets have also been ubserved for

early Cenozoic samples (Fricke et al., 1998).

Considering the data from a more global
standpoint, the 880 of enamel phosphate for
both dinosaurs and crocodiles decreases from
Jower to higher paleolatitudes (Fig. 2}, as ob-
served in the teeth of modern animals {Kohn,
1996). These data provide evidence that both
8150 of precipitation and temperature decreased
with latitude during the Late Cretaceous. OF par-
ticular note, however, is the shallower gradient in
8180, for crocodiles relative to theropod di-
nosaurs {Fig. 2). Closer to the equator, crocodiles
have lower 8'%0,, values than theropods regard-
less of taxon, hemisphere, or inferred environ-
mental setting, while at higher latitudes 3180, of
crocodiles is higher than that of theropods at two
different North American localities. Regression
lines for the theropod and crocodile data and con-
fidence intervals for the slopes (Fig. 3) indicate
that the taxa define two statistically different
5180, latitude relations.

These are several ecological, environmental,
and sampling biases that could cause isotopic off-
sets between theropods and crocodiles at any
given locality, but none are likely to explain dif-
ferent latitudinal gradients in 880y, for each ani-
mal. For example, different habitats or different
mechanisms of heat loss and efficiency of water
use may have resulted in an offset in average
$'%0,., between theropods and crocodiles at any
given locality, but these oifsets should be system-
atic. Therefore, they cannot account for crocodiles
having higher 8'%0 values than theropods in some
cases but not in others. Finaily, local differences in
environmental conditions might impact 880,
values across taxonomiic lines, but they cannot ac-
count for different isotopic offsets between
theropods and crocodiles at different localities.
Support for this idea comes from the higher
8'%0,,, values of Madagascar theropods and croc-
odiles relative to those from Texas, which proba-
bly reflects higher 80 values of surface waters
associated with more arid conditions {Dansgaard,
1964). Because 880, of both theropods and
crocodiles are affected by aridity, this type of en-
vironmental factot cannot account for crocediles
_ having higher 8'%0 values than theropods in some
cases but not in others. Finally, the §'%0 of enamel
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.ered, the two lines are still

24 1
O theropod  © crocodile
22 1
Mad
20} . )
o 18 ' Figure 2. Average §'°0 of
o° % enamel phosphate (3'%0,,) =
o | 1 otorcrocodile and theropod
o 16 - teeth versus absolute palao-
Texas latitude for localities where
14 # _ both taxa are present. Alb—
‘#‘ Alberta, Mont—Montana,
12 - Mad—Madagascar.
Alb  Mont
10 T T T r T :
65 60 55 50 45 40 3 - 30
Paleolatitude
: 19 -
Figure 3. Regression lines e
for 5180 of enamel phos- ' ol
phate (5'20,,) of theropods S
and crococmes {excluding 17 : ' PN
arid Madagascar locality) : N L sl

along with 95% confidence
intervals for slopes andav- 5 15
erage 5190, values from
Table 1. Gradient for thero-
pod dinosaurs, significantly T o
steeper than that for coeval 181
crocodiles, is similar to that e
of modeled homeotherms. by
Even If only North Ameri- 111
can localities are consid-

significantly different {85% 3

confidence). Latitudinal L f t } . .
gradient in §'%0,,, for Creta- 8o 70 60 50 40 80
ceous crocodiles s slightly Paleolatitude : N
steeper than predicted for

- present-day ectotherms or gigantotherms (Fig. 1) because the decreasa in MAT with latitude was

less during Cretaceous tie than It is now (Wolfe and Upchurch, 1987). As a result, isotopic frac-
tionation between crocodlie body water and tooth enamel at higher latitides would have heen
smaller during Cretaceous time. Theropod 8180, values are higher than predicted for present-day
homeatherms (Fig. 1) because 50 of precipitation was likely different at those times from that of
present. In addition, exact body temperatures maintained by theropod dinosaurs may have been
lower than body temperatures of mammals and birds. Lower theropod body temperatures would
result in greater isotopic fractionation between thelr body water and tooth enamel {(Longinefli and
Nuti, 1973). ) i

ferent thermoregulatory strategies. Extant croco-
diles are ectothermic and/or gigantothermic rep-
{iles that are unable to maintain a uniform body
temperature at different latitudes. As expected
from Figure 1, this taxon has a shallower %0,
latitude gradient, which is consistent with such
heterothermy. In conirast to that for crocodiles,
the slope of the 3!80,,-latitude relation for thero-

phosphate reflects only the 880 of local precipi-
tation during the time period over which the
enamel was forming, This period may be as short
as several months (Erickson, 1997), and the SB0
of precipitation can-vary seasonally (Dansgaard,
1964); thus, it is possible that some of the ob-
served isotopic offsets are due to a biased sam-
pling of teeth formed during different parts of the
year. What makes this possibility wnlikely is the
random selection of specimens for this study that
represent teeth formed and reptaced throughout
the fifetime of the animals.

1o that modeled for present-day: homeotherms
such as mammais and birds (Fig. 3). This steeper
slope indicates that theropods were not het-
erothermic reptiles or gigantotherms, but were in-
WARM-BLOODED THEROPODS

Given what is currently known or inferred
about the taxa in question, the best explanation
for different latitudinal gradients in 8'80 s that
crocodiles and theropod dinosaurs relied on dif-

stant body temperature regardless of latitude. This
result is consistent with previous oxygen isotope
studies of theropod dinosaur bone (Barrick and
Showers, 1994, 1996).

g01

pod dinosaurs is steeper, and is almost identical -

stead true homeotherms able to maintain a con- -




If the theropods studied here were able 1o
maintain relatively constant body temperatures at
any given latitude, then it follows that they had
higher rates of metabolic heat production than
coeval crocodiles, As in the case of mammals or
birds, these higher metabolic rates would be nec-
essary in order to decouple theropod body tem-
peratares from those of the ambient environment
at different latitudes, especially for those taxa of
small to intermediate body sizes. Therefore it
seems most appropriate to consider theropod
dinosaurs endothermic animals having meta-
bolic rates distinctly higher than those found in
ectothermic reptiles. Because tooth enamel
growth appears (o occur over regular daily in-
tervals (Erickson, 1997), this inferred en-
dothermy probably represents resting, or rou-
tine, metabolic conditions.

Our isotopic evidence for endothermic homeo-
thermy is at odds with recent studies that argue
for more reptile-like rates of metabolism in
some theropod dinosaurs. An endothermic
theropod with high metabolic heat production
would require a greater physiological intake of
oxygen and water, and recent studies of well-
preserved fossils indicate that theropod lung and
nasal structures may have been less efficient
than those in birds and mammals (Ruben et al.,
1996, 1999). As a result, it has been suggested
that theropod dinosaurs moest fikely maintained
routine metabolic rates that were similar to ec-
totherms except for brief periods of much higher
metabolic activity (Ruben et al., 1999). This
physiologicat evidence, however, does not de-
finitively exclude the possibility of theropods
having higher routine metabolic rates than ec-
tothermic reptiles (Ruben et al., 1996). There-
fore, one way in which the isotopic and physio-
logical data can be reconciled is if theropod
dinosaors had routine metabolic rates higher
than those of ectothermic reptiles, but lower
than those of extant endotherms such as mam-
mals and birds of comparable size. More data
are needed to test this hypothesis.

CONCLUSIONS

A comparison of oxygen isotope data from
different taxa and different latitudes indicates that
theropod dinosaurs from the Late Cretaceous
regulated their body temperatures differently
from coeval crocodiles, and that theropods were
endothermic to at least a certain degree. More
generally, these results demonstrate the tremen-
dous potential of this isotopic method of studying
thermoregulation. A wide array of dinosaur taxa,
including early birds, and other extinct groups
such as therapsida, can be studied using these
methods, and the same techniques can be appiied
to other intervals of the Mesozoic, Comparative
studies of oxygen isotope data thus offer 2 unique
way of investigating the evolution of vertebrate
thermal physiology.
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