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G. A. Sacher’s comparative studies of the lifespan
of living mammals led him to conclude that longevity
is controlled by relative brain size and, further, that
brain metabolism and energetics comprise the pace-
maker of vertebrate growth and aging (Sacher, 1959,
1975, 1978; Sacher and Staffeldt, 1974; see also Hof-
man [1983] and Armstrong [1983}). Mechanisms link-
ing brain size and maturation may include direct phys-
iological ones, as in the demands of fetal brain growth
on gestation length and maternal metabolic turnover
(Sacher and Staffeldt, 1974; Martin, 1983). Other links
may involve ecological strategy, in which the benefits
of large brains require delayed maturation and long life
to be realized. The occurrence of large brains and long

life in K-selected mammals that make relatively great
investment in few young exemplify this (Martin, 1983).
Primates become a critical case in any investigation of
the relationship of brain size and maturation, as they
are at extremes in mammals for both parameters. Hu-
mans take on particular importance as the most en-
cephalized and the longest lived mammal (Sacher,
1975).

Recently Harvey and Clutton-Brock (1985) assem-
bled extensive life-history data on 135 primate species,
investigating the interrelationship of body size, brain
size, and maturation. Although Sacher’s hypothesis is
usually phrased as a relationship between longevity and
brain size, other life-history variables performed equal-
ly well or better as correlates of brain size in these data.
Investigation of the longevity hypothesis is hampered

by the great difficulty of obtaining accurate figures for
maximum lifespan in species. Sacher (1978) managed
to explain 85% of the variance in mammalian lifespan
(with the variables body weight, brain weight, meta-
bolic rate, and body temperature), a figure he regarded
as the maximum achievable due to error inherent in
lifespan data. This problem extends in part to life-
history measures in general. Many are reproductive
parameters that are known to be relatively plastic and
(excepting gestation length) subject to substantial mod-
ification by the environment (see Eveleth and Tanner,
1976). In comparison, maturation of dental and skel-
etal hard tissues has a smaller component of environ-
mental variance (see Tanner, 1955). The dentition is
arguably the most stable marker of maturation: dental
development is highly heritable, is relatively resistant
to nutritional extremes and even fairly severe devel-
opmental insults, and has a lower coefficient of vari-
ation than skeletal maturation (Lewis and Garn, 1960;
Garn et al., 1965a, 1965b). Since the masticatory sys-
tem processes the food that fuels the system in general,
the dentition remains an important growth marker.
Thus, tooth development must be completely inte-
grated into the plan of growth and development, timed
to growth of the skull, maturation of muscles of mas-
tication, and somatic growth in general. Therefore, data
on age of maturity of the dentition are here added to
other measures of primate life history.

Age of tooth eruption is available in the literature
for 21 of the primate species listed in Harvey and Clut-
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TaBLEl. Ages of eruption of mandibular first molar and of completed dentition (last permanent-tooth eruption)

for 21 primate species.

Age of eruption (yr)

Mandibular Completed
Taxon M; dentition Source
PROSIMII
Lemuridae
Lemur catta 0.33 1.33 Eaglen, 1985
Lemur fulvus 0.50 1.33 Eaglen, 1985
Lemur macaco 0.50 — Eaglen, 1985
Varecia variegatus 0.50 - Eaglen, 1985
Cheirogaleus medius 0.12 — Eaglen, 1985
Indriidae
Propithecus verreauxi 0.33 - Eaglen, 1985
ANTHROPOIDEA
Callitrichidae
Callithrix jacchus 0.31 0.96 Johnston et al., 1970
Saguinus fuscicollis 0.37 0.81 Glassman, 1983
Saguinus nigricollis 0.31 0.77 Chase and Cooper, 1969
Cebidae
Cebus albifrons 1.06 _ Fleagle and Schaffler, 1982
Cebus apella 1.15 — Galliari, 1985
Saimiri sciureus 0.43 1.67 Long and Cooper, 1968
Aotus trivirgatus 0.36 1.03 Hall et al., 1979
Cercopithecidae
Cercopithecus aethiops 0.84 3.75 Hurme and van Wagenen, 1961
Macaca fascicularis (=irus) 1.34 6.76 Spiegel, 1934; Bowen and Koch, 1970
Macaca mulatta 1.36 5.54 Hurme and van Wagenen, 1961
Macaca nemestrina 1.37 5.92 Swindler, 1985
Papio cynocephalus 1.54 6.17 Reed, 1973
Pongidae
Pan troglodytes 3.30 11.50 Nissen and Riesen, 1964
Gorilla gorilla 3.50 11.40 Willoughby, 1978
Hominidae
Homo sapiens 6.00 20.00 Hurme, 1949; Fanning, 1962

ton-Brock (1985). Age of eruption of the mandibular
first molar was available for all species (see Table 1).
This is the first permanent tooth to erupt in primates
(Schultz, 1935) as it is in generalized mammals as a
group (see Slaughter et al., 1974). A second measure,
age of completed dentition (age of last tooth eruption),
is also included. Completion of the adult dentition has
an orderly relationship with epiphyseal closure in a
wide range of mammals (Shigehara, 1980) and, thus,
can serve as a somatic (vs. sexual) marker of the be-
ginning of adulthood (as in Schultz [1960]). It might
be noted that ages of tooth eruption for prosimians are
based on many fewer observations than are those for
anthropoids.

The following life-history and size variables were
taken from Harvey and Clutton-Brock (1985): 1) fe-
male body weight, 2) birth weight, 3) gestation length,
4) age of weaning, 5) interbirth interval, 6) age of at-
tainment of sexual maturity in females, 7) age of first
breeding for females, 8) lifespan, 9) neonatal brain
weight, and 10) adult brain weight. A few variables are
omitted here for reasons involving redundancy of re-
sults (male body weight), small sample size relative to
dental data (age of male sexual maturity), and discrete

distribution (litter size); one variable shown to be un-
related to other variables by Harvey and Clutton-Brock
(length of estrous cycle) is not included here. Although
they represent only 15 primate genera, the 21 species
considered are well distributed across the size range of
the order and represent seven of the 11 traditionally
recognized primate families. For a fair comparison of
the effect of adding the dental variables, the entire data
set is here restricted to species with dental data. In
accordance with Harvey and Clutton-Brock (1985) and
standard practice, logarithms of values are used in all
correlation analyses.

Table 2 shows the entire correlation matrix of re-
productive variables, body weight, brain weight, and
tooth maturation. In general, correlations involving the
dental variables are increased over others in this array.
Correlations of age of M, eruption with brain weight
are among the highest attained: r = 0.98 with adult
brain weight, and r = 0.99 with neonatal brain weight.
The only other correlations to reach these levels are
those of the partly autocorrelated neonatal brain weight
and birth weight (» = 0.99) and the nearly redundant
variables neonatal and adult brain weight (r = 0.99).
The two dental variables are also highly correlated
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Adult brain weights for 21 primate species plotted against age of eruption of the mandibular first

molar; circles = anthropoids; triangles = prosimians. Note the logarithmic scale on both axes. From the rapid-
maturing Cheirogaleus (far left) to the slow-maturing Homo (far right), dental maturation has a strong relationship

with brain weight.

(r = 0.98). Other life-history variables (gestation length,
age of weaning, interbirth interval, age of sexual ma-
turity in females, age of first breeding in females, and
lifespan) are correlated with brain weight with an av-
erage r of 0.90 (range: 0.82-0.95).

As shown in Figure 1, no species appear to be par-
ticularly aberrant in the relationship between dental
maturation and brain weight. Even the large-brained
Homo sapiens fits easily with other primates. The in-
crease in correlations obtained when tooth eruption is
substituted as the measure of maturation is probably
due at least in part to a relative lack of error in these
data. This is suggested because dental variables cor-
relate as well or better with reproductive variables (mean
of 12 correlations: r = 0.92) as reproductive variables
correlate with each other (mean of 15 correlations: r =
0.89).

Dental measures of maturation make a stronger case
that the correspondence of brain size and maturation
rises above that expected due to the effect of body size
alone. Table 3 shows a representative sample of partial
correlations of life-history variables with brain size,
with the effect of body weight held constant in multiple
regression. The partial correlation of M, eruption and
adult brain weight remains r = 0.90, an extremely high
value for a weight-corrected correlation. Other partial
correlations of brain weight with life-history measures
are substantially lower: r = 0.68 with gestation length,
r = 0.65 with age of female sexual maturity, and r =
0.48 with lifespan.

Why is eruption of the first molar more highly cor-
related with brain weight than are other life-history
variables? One could argue that it is because brain size
and tooth eruption have the closest and most direct
causal link. However, the dentition has advantages over
other markers of maturation in that it is robust to
environmental perturbations and has relatively low
variance. Thus, the dentition provides a growth marker
that is reliable. Of some interest, the correlation be-
tween brain size and dental maturation is not just higher
than those with other explanatory variables; it ap-
proaches r = 1.0 in these data (based on a small, but
representative sample of 21 species). This very high
correlation suggests that age at tooth eruption is more
than simply a better measure of lifespan, but that the
factor related to brain size is maturation rate as a whole,
rather than any one of its aspects (see also Sacher [1978]
and Hofman [1983]). Age at tooth eruption serves as
a good general measure of this rate.

Data on age at maturation of hard tissues may be
difficult to obtain for a truly large sample of mam-
malian species, because collecting this information re-
quires capture and possibly anesthesia or radiography
of subjects. However, use of dental growth markers
offers the compensation that tests of hypotheses can
be extended to species in the fossil record. Incremental
lines in teeth can provide ages of tooth formation or
eruption events for fossil mammals (Fisher, 1984;
Bromage and Dean, 1985; Beynon and Wood, 1987).
Fossilized skeletal remains provide estimates of brain
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TaBLE 3. Representative sample of partial correlations of maturation and brain weight with the effect of body
weight held constant. Sample sizes are given in parentheses.

Variable
Variable 1 2 3 4 5
1) Age at M| eruption -
2 Gestation length 0.69 —
(18)
3) Age at sexual maturity 0.61 0.81 -
(13) (12)
4) Lifespan 0.36 -0.01 0.24 -
(14) (13) &)
S) Adult brain weight 0.90 0.68 0.65 0.48 -
215 (18) (13) (14)

and body weight. Earliest hominids, for example, are
now known to show short maturation times and early
eruption of M, (Bromage and Dean, 1985; Smith, 1986)
in line with their low estimated encephalization, as
predicted by Sacher (1975).

As Harvey and Clutton-Brock (1985 p. 561) point
out, ubiquitous positive correlation of size and life his-
tory makes identification of causal networks difficult:
¢, .. large bodied mammals tend to have large brains,
long gestation times, give birth to large young, wean
later, reach sexual maturity later, have longer interbirth
intervals, and live longer than smaller mammals.” Still,
hypothesized direct causal links require strong corre-
lations for support, and low correlations may give
grounds for hypothesis rejection. Across-the-board in-
crease in correlation with the addition of dental mea-
sures of maturation indicates that dental growth mark-
ers are important for investigating mammalian life
history.
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A long tradition in evolutionary biology has been to
explain morphological differentiation as adaptation to
different habitats. This adaptationist program has been
criticized (Gould and Lewontin, 1979) because it ig-
nores other mechanisms of evolution, such as devel-
opmental constraints or random processes which can
cause nonadaptive changes. This has led to an in-
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American University, 4400 Massachusetts Ave., N.\W.,
Washington, DC 20016.

creased attempt to measure selection in natural pop-
ulations in order to estimate its relative importance as
an evolutionary mechanism (Endler, 1986).

The evolution of sensory structures in cave animals
is an excellent model system for studying the role of
selective and nonselective mechanisms of morpholog-
ical evolution. Many animals limited to a cave envi-
ronment show a drastic reduction in eye size compared
to their closest surface relatives. Most of these species
also show convergence of traits which Christiansen
(1961) termed cave-dependent traits. Among these traits
are increases in the size or complexity of the nonvisual



