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Summary

1. Sauropod dinosaurs were the largest terrestrial animals ever, and the combination of selec-

tive pressures that might have lead to such extraordinary sizes has long been discussed.

2. Here, we argue that a previous suggestion that large size may be a response to unusually

high C/N ratios in available plant foods has been prematurely discarded. C/N ratios were

likely to be high during much of the Mesozoic, and C/N ratio is entirely different from gross

energy density as a measure of the value of a plant as food. In addition, we use recently pub-

lished allometric equations for herbivore nitrogen and carbon use to make tentative calcula-

tions which suggest that if Mesozoic C/N ratios were greater than extant ones, this would have

selected for one of two strategies: gigantism in ectothermic herbivores or endothermy (and

selective foraging on high N material) in very small herbivores.

3. We speculate that smaller-bodied juvenile sauropods might have had a broader omnivorous

diet and/or had higher mass-specific metabolic rates than adults. The former is potentially test-

able by changes in dentition; the latter matches evidence of high growth rates of juvenile

sauropods.
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Introduction

Sauropod dinosaurs were the largest terrestrial animals

ever – with estimated maximum body mass of up to at

least 80 metric tons (Sander & Clauss 2008). In compari-

son, the largest known terrestrial mammal, Indricotherium

(Paraceratherium), was closer to 15 tons, and a large mod-

ern elephant is only around half that mass (Turner &

Ant�on 2004). Burness, Diamond & Flannery (2001)

showed that the body mass of the largest species increased

with available land area in the geologically recent past.

When they applied their statistical relationships to more

ancient animals, they predicted the correct size for Indrico-

therium but not the largest dinosaurs – which were sub-

stantially larger than this approach predicted. This raises

the question: why were sauropods so large?

One potential explanation for the large size of sauropods

is based on the nature of plant food during the Mesozoic

(Midgley, Midgley & Bond 2002). Unfortunately, there is

no direct uncontroversial fossil evidence for the nature of

sauropod food (Sander et al. 2011); however, the generally

made assumption is that they eat a range of plants includ-

ing conifers, ginkgos, cycads, ferns and horsetails (Gee

2011; T}utken 2011). The suggestion is that, compared to

modern angiosperms, these taxa have low nitrogen concen-

trations and so high carbon/nitrogen (C/N) ratios (Midg-

ley, Midgley & Bond 2002). In addition, higher

atmospheric CO2 concentrations during much of the

Mesozoic (Berner 2004) would have had the effect of low-

ering plant nitrogen content even further because of the

well-established relationship between high CO2 and a

increase in the C/N ratio (Korner 2004; Midgley 2005).

Therefore, Midgley, Midgley & Bond (2002) suggested that

the large size of sauropods was an adaption to low food

quality, pointing out that present day megaherbivores are

associated with plants of low food quality (following

Owen-Smith (1988)). There is a view amongst many sauro-

pod researchers that sauropods must have relied heavily

on gut microbes for fermentative digestion of their plant

food (Hummel & Clauss 2011; Sander et al. 2011). So,*Correspondence author. E-mail: D.M.Wilkinson@ljmu.ac.uk
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large body size effectively gives a much larger microbial

fermentor – which has a range of interesting implications,

including that sauropods may have produced enough

methane to have a measurable effect on the Mesozoic

climate (Wilkinson, Nisbet & Ruxton 2012).

The view amongst many important sauropod biologists

appears to be that Midgley et al.’s idea has been shown to

be wrong (e.g. Gee 2011; Hummel & Clauss 2011; Sander

et al. 2011). We believe this conclusion to be premature.

Sander et al. (2011) cite the work of Hummel et al. (2008)

as showing ‘that many pre-angiosperm plants are no less

nutritious than angiosperms’. However, Hummel et al.

(2008) measured energy content (by in vitro fermentation)

– not C/N ratios – although they claimed that this falsifies

the ideas of Midgley, Midgley & Bond (2002). Hummel

et al. (2008) wrote: ‘We note that the hypothesis that par-

ticularly low-quality forage in Mesozoic ecosystems led

directly to gigantism in dinosaurs is not substantiated by

our data because the energy yield from many potential

sauropod food sources is comparable to that measured in

extant browse species’. However, we feel that this misrep-

resents Midgley et al.’s argument, which was based on

stoichiometry (C/N ratio) not energy content. That is, a

key but apparently misunderstood prediction of Midgley

et al.’s argument is that a sauropod may have needed to

consume more vegetation than was necessary to provide

its energy requirements to acquire enough nitrogen.

Indeed, there is a reasonable consensus in plant ecology

that plant quality (as measured both through stoichiome-

try and the presence of secondary plant compounds as

anti-feedents) makes plants difficult for current herbivores

to eat (Polis 1999; Sherratt & Wilkinson 2009), so an

increased C/N ratio in the past may have produced

unusual adaptations – such as sauropod gigantism.

Two additional problems have been raised with the ideas

of Midgley, Midgley & Bond (2002), which have been

claimed to help falsify the hypothesis (Sander et al. 2011).

Firstly, it has been noted that there was no decrease in

sauropod size associated with the rise of angiosperms in

the Late-Cretaceous; however, angiosperms are unlikely to

have formed any substantial part of sauropod diets until

the very end of the Cretaceous, if at all (Barrett & Willis

2001; Gee 2011; T}utken 2011). In addition, we can envis-

age a situation in which the food quality problem has con-

tributed to initial selection for the large size of sauropods

but where new selection pressures prevent a size decrease

in response to any later potential increase in food quality.

An obvious possibility is that the evolution of very large

predators such as Tyrannosaurus (as a response to large

herbivores as potential food) made a decrease in herbivore

size maladaptive – large size is very successful as an anti-

predator adaptation in extant megaherbivores (Sinclair,

Mduma & Brashares 2003). In addition, the role of poten-

tial pack hunting by smaller carnivorous dinosaurs may

have also been important.

The second objection to Midgley et al.’s proposal is that

large animals have a more efficient digestion because of

the increased retention times of food in their digestive sys-

tem. This, however, is not fully supported by more recent

studies (Sander et al. 2011). In fact, Midgley, Midgley &

Bond (2002) simply note that most modern megaherbi-

vores tend to specialize in low-quality food without speci-

fying a mechanism of digestion. However, there is more to

the digestive advantages of large size than just overall

digestive efficiency. In a review of mammalian data, Clauss

& Hummel (2005) suggested that a change in the focus of

the digestive process, rather than just energy efficiency,

may be the key adaptation that large size provides to her-

bivores. That is, Clauss & Hummel (2005) argue that large

size does not lead to more energetically efficient digestion,

but does lead to switch in ‘digestive priorities’ in favour of

fibre. Indeed, it has been observed that larger extant herbi-

vores have a higher fibre diet (Owen-Smith 1988) so man-

aging to subsist on a particularly nitrogen poor diet. In the

context of Midgley, Midgley & Bond (2002) ideas, the key

issue is the extraction of nitrogen compounds from the

plant food – not the overall efficiency of energy extraction.

More recently, Klaassen & Nolet (2008) reiterated the

point that plant material provided a challenging diet

because of its low nitrogen content compared to carbon.

They went on to argue that endotherms are more effective

than (same-sized) ectotherms at expulsion of carbon when

C/N ratios in food are high and that this may have been

an important selection pressure on the evolution of endo-

thermy. Endotherms effectively ‘burn off’ excess carbon in

the raised metabolism used to maintain body temperature.

Clearly dinosaur thermoregulation has been a significant

area of dispute since the 1970s (Desmond 1975). However,

the consensus now seems to be that while younger sauro-

pods may have had higher mass-specific basal metabolic

rates (BMR), the adults may well have had lower mass-

specific BMRs. Large adult size likely created potentially

serious overheating problems, and adults no longer needed

to sustain rapid growth with the additional requirements

of building new tissue – above and beyond the BMR

needed for maintenance of existing biomass (Eagle et al.

2011; Sander et al. 2011). So, these large dinosaurs are

probably best thought of as inertial homeotherms because

their size greatly restricts heat loss, but not endotherms

(Clarke & P€ortner 2010). If so, the admittedly limited

(n = 3 and we have been unable to find any additional

data) modern reptile data of Klaassen & Nolet (2008) are

probably reasonable first approximations to adult sauro-

pod metabolism (but mammals may be a better match for

the behaviour of body temperature). Klaassen and Nolet’s

data also suggest that the disadvantage faced by herbivo-

rous reptiles declines with size, and thus (just as Midgley

et al. argued), it may have been the high C/N ratio of

plant matter, and not its energy density that – at least in

part – drove sauropod gigantism. Although birds are clo-

ser relatives to sauropods than modern reptiles are, we feel

the latter are appropriate physiological analogues, because

of the unusually high body temperatures and metabolisms

of birds, and their generally low body size: the largest
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extant bird, the ostrich, weighs around 100 kg (Folch

1992), and even the extinct elephant bird was thought to

have weighed less than 800 kg (Davies 2003). We do, how-

ever, consider data from mammals as well as reptiles to

explore the effect of different metabolic rates. However,

McNab (2009) makes a plausible case that dinosaur

metabolism may be more like that of varanid lizards

(somewhat higher than most modern reptiles, but much

lower than mammals), so we feel that adult sauropds

would in this respect be better modelled as reptiles than

mammals.

Klaassen & Nolet (2008) derive allometric equations

for maintenance nitrogen requirement (MNR;

mgN day�1) and field metabolic rate (FMR; kJ day�1):

see their table 1.

For reptiles,

MNR ¼ 108M0�473;

and

FMR ¼ 91M0�889:

For mammals,

MNR ¼ 411M0�863;

and

FMR ¼ 872M0�772:

In both cases, M is body mass in kilogram.

Dividing the field metabolic rate by the maintenance

nitrogen requirement (in combination with Klaassen and

Nolet’s assumed conversion of carbon to energy

(1kJ = 22�1 mgC)) allows us to obtain an allometric equa-

tion for the ratio of carbon to nitrogen (C/N) required in

the diet: this comes out as

C:N ¼ 18 � 6M0�416

for reptiles

and

C:N ¼ 46 � 9M�0�091

for mammals.

We can use these equations to make a ‘first go’ at pre-

dicting the critical body mass (Mc) at which food of a

given C/N ratio would perfectly match requirements.

For reptiles,

Mc ¼ ðC : N=18 � 6Þ2�4

For mammals,

Mc ¼ ðC : N=46 � 9Þ�11

Elser et al. (2000) measured the C/N ratio for 406 differ-

ent modern terrestrial primary producers. They obtained a

mean of 36 and standard deviation of 23. This mean value

equates to a predicted ‘break-even’ body mass of 4�9 kg

for reptiles and 18�3 kg for mammals (from the allometric

equations above). For a C/N ratio equal to this mean plus

one standard deviation (C : N = 59), this becomes 16�0 kg

for reptiles and 0�0 8kg for mammals; and for the mean

plus two standard deviations (C : N = 82), these values

become 35�1 kg for reptiles and 0�00 2kg for mammals.

From these arguments, we can see that if Mesozoic C/N

ratio was greater than extant ones, then this would have

selected for one of two strategies: gigantism in ecothermic

herbivores or endothermy (and selective foraging on high

N material) in very small herbivores. Many of the plant

groups most relevant to the Mesozoic (e.g. Cycads, Horse-

tails and Ginkgo) are missing from the data set used by

Elser et al. (2000). However, there are data on conifers,

and the mean �SD value for 17 species of Picea and Pinus

is 54�6 � 12�7, suggesting a higher C/N ratio is plausible

in the Mesozoic. Clearly, our calculations represent a sub-

stantial simplification of biological reality, ignoring many

other aspects of the organisms’ biology (we calculate

‘ideal’ weights for a particular C/N ratio – not predicted

actual weights); however, we believe that our exploration

does quantify one important selection pressure potentially

acting on sauropods.

An interesting consequence of the arguments above is

that a diet that might have been acceptable to adult sauro-

pods would not have been so for juveniles. Compared to

extant herbivorous birds and mammals, sauropod hatch-

lings were particularly small relative to their parents. The

largest discovered dinosaur eggs are around 20cm in

diameter and 60cm in length, suggesting a newborn mass

of 1–10 kg (Horner 2000), for something that might

ultimately grow to 30–70T. In contrast, newborn African

elephants weight is 70–120 kg (Dale 2010), and they are

unlikely to grow beyond 10T. Hence, it seems reasonable

to speculate that diet might have changed over ontogeny

(see also Fiorillo 1991; Barrett 2000; Gee 2011), with smal-

ler individuals exploiting foods that have a lower C/N

ratio than vegetation. Such a food might most obviously

be animal flesh (perhaps from freshwater molluscs) – a

similar speculation was made by Midgley, Midgley &

Bond (2002). Such a hypothesis is testable, as it predicts

that if jaws of juvenile sauropods are found, these might

be expected to have more substantial dental batteries than

those found in adults, and more particularly have teeth

characteristic of an omnivorous diet. Alternatively or addi-

tionally, the stochiometric problem of small size may have

been solved in juvenile sauropods by a raised metabolism

(closer to that of extant endotherms) – indeed, this seems

the more plausible hypothesis. Compared to other dino-

saurs, histological growth marks in bone structure are rare

in sauropods and confined to later life (Sander et al. 2011),

and this may be indicative of continuous growth in early

life characteristic of extant terrestrial endotherms. It has

previously been argued that high BMR in young sauro-

pods allowed them to grow quickly and so become too

large for their predators to attack (Heeren 2011; Sander

et al. 2011). However, it may be the selection for raised

metabolism was at least in part used to combat the chal-

lenges of an herbivorous diet with a high C/N ratio. These

© 2012 The Authors. Functional Ecology © 2012 British Ecological Society, Functional Ecology
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arguments for the potential advantage of raised metabo-

lisms in small and/or young sauropods follow directly

from the need to process a large amount of carbon to

extract the necessary amount of nitrogen and are insensi-

tive to the details of the calculations above – which we

stress (while being based on the best available data) have

to be considered very tentative because so little reptile data

are available in the literature.

The subject of how herbivores should best exploit a food

source that has a ratio of macronutrients very different

from the ideal for that animal’s metabolism is the subject

of very active current research (Raubenheimer & Simpson

1999; Behmer 2009). In a situation like that considered

here, where the ratio of carbon to nitrogen in most avail-

able food types is likely to be higher than optimal for the

herbivore, balance must be achieved by post-intensive reg-

ulation rather than by selective feeding. The two most

commonly discussed methods of dealing with ‘excess’

ingested carbon are conversion to fat stores or ‘venting off’

via raised metabolism. The second of these seems very

unlikely for adult sauropod dinosaurs, because their large

body size may have made metabolic heat dissipation a con-

siderable challenge that would not be helped by any raising

on metabolism. Fat storage could also present thermal

costs, because fat deposits can often provide an effective

thermal insulator that would hinder shedding of metabolic

heat. However, camels present an interesting extant exam-

ple of herbivores that store fat in a concentrated position

of the body so as to allow effective shedding of body heat.

Consideration of whether adult sauropods might have had

similar concentrated fat stores may repay closer investiga-

tion. Such stores might explain why such animals were

able to survive in polar regions where there would have

been continuous darkness (likely greatly curtailing feeding)

for months on end (Sander et al. 2011).

There is potentially one further implication of these stoi-

chiometric ideas for dinosaur ecology. Recently, several

workers have put forward very reasonable suggestions –

based on energetic considerations – that dinosaur biomass

may have been much higher than is currently seen in mam-

mal communities. This is in part because the lower sug-

gested metabolic rates for dinosaurs (compared with

mammals) mean that a given biomass of vegetation could

support a higher biomass of animals (e.g. McNab 2009;

Farlow, Coroian & Foster 2010; Trammer 2011). How-

ever, if these animals need to consume more vegetation

that required for purely energetic reasons, this may make

the highest suggested biomasses less likely; though, we

consider that this effect is very unlikely to be large enough

to undermine the basic logic behind these estimates of high

dinosaur biomass.

There is a growing realization that the foraging decisions

of extant animals are better predicted by foraging models

based on the regulation of multiple nutrients rather than

those based on maximization of energetic intake (Simpson

et al. 2004) and that this has far reaching effects on our

understanding of trophic interactions across ecosystems

(Simpson et al. 2004, 2009; Raubenheimer, Simpson &

Mayntz 2009). We feel there is no logical reason why the

same reasoning should not apply to previous ecosystems in

general, and sauropod feeding in particular. We hope that

this short article, with its tentative first attempt at making

these ideas quantitative, will provoke further endeavours

in this field.
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