
Brain Evolution: New Light on Old Principles 

Abstract. The fossil evidence on the evolution of brains and bodies in mam- 
mals shows that there has been a progressive increase in relative brain size 
accompanied by and correlated with increased diversity among species in relative 
brain size. Small-brained species have also evolved, but more large-brained spe- 
cies have appeared in successive epochs. 

Among the oldest principles in quan- 
titative evolutionary biology is Lartet's 
observation about changes in relative 
brain size. His statement, in transla- 
tion, was: 

The further back that mammals went into 
geological time, the more was the volume 
of their brain reduced in relation to the 
volume of their head and to the overall 
dimensions of their body (1). 

Lartet's principle is extended in this 
report by analyzing the change in di- 
versity in relative brain size during 
60 million years of the evolution of 
carnivorous and ungulate (hooved) 
mammals of the Northern Hemisphere. 

We define relative brain size as the 
ratio between actual and expected brain 
size, and we define "expected" brain 
size by the regression equation in 
which brain size is predicted from the 
body size: 

log E = 2/3 log P + log 0.12 (la) 
where E and P are brain and body 
weights, respectively, in grams. The 
equation is usually analyzed as an 
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example of an allometric relationship 
(2, 3) and is written as a power func- 
tion: 

E -- 0.12 P2/ (1 ) 

We may now define our measure of 
relative brain size as the encephaliza- 
tion quotient EQi for species i, the 
ratio of its brain size Ei to the expected 
brain size Ee in a living mammal of 
the same body size Pi. This is ex- 
pressed as 

EQ, = Ei/Ec (2) 

In the case of a particular body size 
Pi, we may use Eq. 1 to give us ex- 
pected brain size in cgs units: 

E = 0.12 P^/3 (3) 

Substituting Eq. 3 in Eq. 2, we obtain 

EQ, E1/0.12 Pi/3 (4) 

This defines EQ for any species in 
which brain and body size are known 
(4). 

We can now analyze the history of 
brain size in Tertiary mammals and 
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Fig. 1. Brain size (endocast volume) as a function of body size in 69 fossil ungulates 
and carnivores, logarithmic scale. The line is Eq. la, the "average" for living mam- 
mals fitted to a large and diverse set of species. 
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their living descendants. The Tertiary 
began about 65 million years ago 
(m.y.) and ended about 2 or 3 m.y. 
(5), and our comparisons involve 
mammals of the Northern Hemisphere 
during that period: the "archaic" un- 
gulates and carnivores that were en- 
tirely replaced in their niches and the 
"progressive" orders that replaced 
them. In the fossils, brain size was 
considered as equal to the volume of 
the endocast (6), and body size was 
estimated from the regression of body 
weight on body length in living ani- 
mals (7). 

The assemblages for the present re- 
port were differentiated according to 
the statistically "significant" compari- 
sons that could be made (8). For ex- 
ample, Eocene and Oligocene assem- 
blages could not be distinguished in the 
progressive orders with respect to EQ; 
these were therefore combined as 
Paleogene assemblages. The same was 
true of the artiodactyls and the peris- 
sodactyls of each epoch; these were 
therefore combined as (progressive) 
ungulates. The following are brief 
descriptions of the assemblages (9): 

1) Archaic ungulates. Orders Con- 
dylarthra and Amblypoda, 13 species; 
middle Paleocene to late Eocene, 60 
to 40 m.y. 

2) Archaic carnivores. Order Creo- 
donta, 4 species; mid-Eocene to lower 
Oligocene, 50 to 35 m.y. 

3) Paleogene ungulates. Order Peris- 
sodactyla (10 species) and order Arti- 
odactyla (12 species); lower Eocene 
to upper Oligocene (11 Eocene and 
11 Oligocene species), 55 to 22.5 m.y. 

4) Ptleogene carnivores. Order Car- 
nivora, 11 species; Oligocene, 35 to 
22.5 m.y. 

5) Neogene ungulates. Orders Peris- 
sodactyla and Artiodactyla, 13 species; 
Miocene and Pliocene, 22.5 to 2.5 
m.y. 

6) Neogene carnivores. Order Car- 
nivora, 6 species; Miocene and Plio- 
cene, 22.5 to 2.5 m.y. 

7) Recent ungulates. There are 25 
living species, more or less matched in 
niche and in body size to the fossil 
samples. Because only a few perisso- 
dactyls have survived to our time 
(horses, rhinoceroses, and tapirs), data 
on only five species could be assembled 
from the literature. The remaining 
20 species are artiodactyls. 

8) Recent carnivores. There are 15 
species, more or less matched in niche 
and in body size to the fossils. 

Brain and body size measures for 
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Fig. 2. Cumulative frequency < 
of relative brain size as measr 
encephalization quotient (EQ 
and Recent carnivores and 
(plotted on probability paper). 
fitted within the range of ? i 
dashed extensions indicate rep 
ness of normal distributions f 
cases. 

our 69 fossil species are pr 
individual data points in Fig 
tion la is also graphed in F 
results are apparent. First, tl 
orientation of the line and 
of points is notable, especial 
of their independent origin. 
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of Fig. 2. 
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The answers are in the cumulative fre- 

quency distributions of EQ in our as- 
semblages, which are presented in 
Fig. 2. 

Inspection of Fig. 2 shows that the 
underlying distributions were approxi- 
mately normal for all of the groups 
(the linear fits are reasonable), al- 
though there were extended right-hand 
tails in a few assemblages. The solid 
lines in Fig. 2 are least-squares fits to 
the data between the 16th and 84th 
percentiles (+ 1 S.D.). 
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fA A number of interesting comparisons 
can be made among the groups. A 
continuing increase in relative brain 

nivores _ size as measured by EQ is clearly 
shown, and we also see that the car- 
nivores had relatively larger brains 

1.4 1.6 t8 than their ungulate contemporaries. It 
Q) ~ is also apparent that the groups be- 

distributions came more diversified with the passage 
ired by the of time. Thus, the range of EQ in 
) in fossil 

ungulates archaic ungulates was between 0.1 and 
Lines were 0.4, whereas in living ungulates it was 

1 S.D., and from about 0.5 to 1.6. 
'resentative- The most intriguing result of this 
for extreme analysis is in the information about di- 

versity shown by the changing slopes 
of the lines fitted to the data of Fig. 

esented a 2. To appreciate the changing diversity 
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The orien- 2, a set of frequency distributions of 

xponent of EQ in each population was deter- 

pnt the ac- mined; these are shown in Fig. 3. The 
gical con- normal curves are equal in area, and 

)gical con- 
eception they may be viewed as probability exception, 

below the distributions for EQ in the popula- 
rtets prinh tions. These curves are our best guess rtet's prin- about how the evolution of brain size 

in carnivores and ungulates actually ples differ occurred. occurred. v do they 
vcendants? Two conclusions about diversity of 

brain size are inescapable. First, di- 
versity evolved just as average size 
evolved. In the evolution of our mam- 
mal groups these evolutionary trends 

UJngulates were correlated. Second, despite the 
evident general trend toward increase 
in average brain size, there is an in- 

_~7-.I._,, teresting and important overlap in the 
region of low brain size, which indi- 

Carnivores cates the presence of at least some 
small-brained species at all times. The 

^-~- ~evolution of enlarged brains, though 
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generally a route to success and sur- 

of ltiv vival of new species, was apparently of relative 
ved. Means not universal even among progressive 
.d functions orders. 

The key factor is probably that the 

brain in mammals has evolved in ways 
appropriate to behavior within par- 
ticular niches. As more diversified 
niches were invaded, more diversified 
brain adaptations evolved. 
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