Brain, Behavior
and Evolution

Weisbecker [2009] makes aggressive
claims about our work linking evolution
and development of the mammalian brain,
without reviewing our corpus of work as it
has evolved over the past 15 years. She ar-
gues that: (1) our analysis of mammalian
developmental event timing speciously
overinflates conservation of the develop-
mental plan, (2) the sequence of neurogen-
esis does not predict structure size, and
even if it did, (3) it would be uninteresting.
She suggests heterochronic change, not
conservation, is most informative about
brain evolution. Although Weisbecker
makes multiple, answerable claims about
statistical analysis, due to space limita-
tions, here we respond principally to evo-
lutionary issues of most relevance to read-
ers of Brain, Behavior and Evolution.

Since the time we published ‘Linked
regularities in the development and evolu-
tion of mammalian brains’ [Finlay and
Darlington, 1995], developmental evolu-
tionary biology has undergone radical
change. The stunning demonstrations of
conserved organization of invertebrate-
vertebrate body plans were just appearing.
The significance of conserved systems for
evolution began to be analyzed, shaping
the new field of ‘evo-devo’. In a pre-evo-
devo context, when we first described the
strong relationship between brain allom-
etry and neurogenesis — which seemed to
make certain structures disproportionate-
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ly large by rule, independent of specific
niches and behaviors — we struggled to ac-
count for it in terms of ‘developmental
constraints’ and ‘spandrels’. Now, we at-
tempt to understand the conserved pattern
of allometric scaling as a substrate for
‘evolvability’. That is, we investigate what
features such a conserved plan might af-
ford for graceful scaling and facilitated
variability (that is, genetic variation trans-
lated through conserved genetic and epi-
genetic contexts which coordinate and sta-
bilize functionality), working this out in
some detail for the nocturnal and diurnal
primate eye. Of course, understanding be-
havioral variability remains the goal, but
because relative volumes of specific neural
structures rarely correlate well with spe-
cific capacities, most researchers have sen-
sibly turned their attention elsewhere.

Inflating Developmental Conservation

Weisbecker treats 15 years of evolving
analyses as a single entity. The original da-
taset included only neurogenesis events
and placental mammals, with one possum
[Finlay and Darlington, 1995]. Next we re-
lated neurogenesis events to brain segmen-
tation [Finlay et al., 1998], and then we
added several more metatherian animals,
and non-neurogenesis events [Darlington
et al.,, 1999]. Later still we added data per-

mitting primate cortical and limbic cor-
rection factors [Clancy et al., 2001]. Our
“Translating Time” database (www.trans-
latingtime.net) is continually remodeled,
now with over 500 ‘event’ datapoints. We
invite readers to consult the cited papers to
examine the variety of models evaluated
and contrasted.

Weisbecker makes several arguments
that the statistical methods we use overes-
timate variance explained and mischarac-
terize the variability of the data. Here we
address 3 of the most central criticisms:
that the model is ‘circular’ (tested on the
same data from which it was derived), that
modeling data as log transformation of
days is misleading, and that the model is
overdosed with systems whose orders are
developmentally contingent on each other.

Circularity. We refuted this with the
‘leave one out’ technique [Finlay et al.,
2001, p 302].

Log Transforms.In humans, is ‘age first
permanent teeth appear’ more variable
than ‘age at birth” measured from concep-
tion? Most life history researchers agree
that this question is best framed with a
logarithmic scale of age, which automati-
cally expresses variability as a proportion
of the values being discussed. Oddly,
Weisbecker proposes we compute the
standard deviations of these 2 ages and
then derive an ‘average’ standard devia-
tion. ‘Heteroscedasticity’ means that the
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typical errors of prediction are larger for
some values of the independent variables
than for others, and if it is an unavoidable
feature of one’s data, then the appropriate
procedure is to use different standard er-
rors for different parts of the model or
eliminate them by explicit transforma-
tions. Weisbecker does just the opposite,
taking the large variability of the latest-
occurring events in the slowest-develop-
ing species (humans), and applying these
high variability figures to earlier events
and to faster-developing species. Finally,
if a single transformation can transform
heteroscedasticity into homoscedasticity,
and also transform nonlinearity into lin-
earity, that’s a double bonus. Our Y-trans-
formation, the most biologically and sta-
tistically appropriate one for these data,
did both, allowing computation of a single
standard error of predictions that applies
across the entire model.

Constraining Effects of ‘Contingency’.
Weisbecker supposes that the order of de-
velopmental trophic interactions, which
she terms contingency, must be the same as
the flow of information through the adult
visual system (i.e. retina, thalamus, cortex)
somehow overconstraining the data. Her
misunderstanding points out the interest-
ing feature that developmental sequences
may be conserved even when the immedi-
ate consequences seem disadvantageous.
In fact, cones, retinal ganglion cells, the
thalamus and the initial cortical layers are
generated first, immediately followed by
retinal interneurons and cortical thalamo-
recipient zones, and finally, the upper lay-
ers of cortex and rod photoreceptors. The
comparative consequences of this sequence
actually caused consternation when neu-
roscientists noticed that thalamic neurons
and their axons are generated early enough
to reach the cortex well before their target
cells arrive, requiring a ‘waiting period’ in
the large brains of cats and monkeys for
thalamic axons when they reach the corti-
cal plate [Allendoerfer and Shatz, 1994]. In
any case, as the database expands, continu-
ally changing the contribution of the sys-
tems represented in the first dataset, pre-
dictability has not dropped.

Position in Neurogenesis and
Structure Scaling

One persistent problem comparing the
allometric and developmental data sets is
that different ‘brain’ units are used, typi-
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cally entire structure volumes in allome-
try studies, versus smaller nuclei, layers or
identified cells in neurogenesis studies.
Originally, we tested that the modeled
‘structure score’ of ordinal position in
neurogenesis predicted the allometric
scaling of the 7 brain regions which hap-
pened to be identical in both sets (of 51),
and found a correlation of 0.943 [Finlay
and Darlington, 1995]. Although Weis-
becker does not seem to notice this analy-
sis, to base such alarge claim on this subset
required more verification.

For that reason, we immediately inves-
tigated multiple predictions of this hypoth-
esis in homochronic and heterochronic
contexts. In 1995, we showed that monkey
limbic system and cortex are respectively
smaller and larger than allometrically pre-
dicted, with neurogenesis schedules corre-
spondingly retarded and advanced. Then,
we described a spatial correlate of duration
of neurogenesis in the newly described
prosomere model of the embryonic brain
[Rubenstein et al., 1994] corresponding to
structure scaling in the brain overall [Fin-
lay et al., 1998]. Looking at a smaller scale,
we computed weighted averages of birth-
dates of specific thalamic nuclei from Bayer
and Altman’s [1995] comprehensive rat
neurogenesis data to predict the allometric
scaling of homologous nuclei in anthro-
poid apes, again showing a good fit. We
also had similar findings for amygdaloid
nuclei in rats and their relative size in rhe-
sus macaque [Finlay et al., 2001]. Recently,
we described new data showing that exten-
sion of neurogenesis in the nocturnal owl
monkey produced more numerous rods
[Dyer etal., 2009]. We particularly draw at-
tention to this work, which shows that the
conserved order of retinal neurogenesis, in
which the retinal cell classes relevant to
nocturnal and diurnal vision are each
grouped together, appears to allow a 1-pa-
rameter, coordinated shift of multiple reti-
nal components from diurnal to nocturnal
organization and number, as well as grace-
ful scaling of cell classes for the optical re-
quirements of eyes of different sizes [Finlay,
2008].

In Weisbecker’s table 1, she takes the
data which we explicitly rejected for this
use and averages together the ordinal
scores of whatever few cell groups in the
embryonic data set are located within larg-
er allometric brain divisions, without cor-
recting for the percentage of the struc-
ture’s volume the groups comprise (e.g. she
produces a score for the ‘cerebellum’ by av-

eraging the ranks for Purkinje cells and
deep cerebellar nuclei, omitting the gran-
ule cells of cerebellar cortex, its largest and
latest-generated component). She then
predicts the scaling values from these av-
erages, a nonsense analysis.

Preaching to the Preachers

Weisbecker’s most disturbing allega-
tion is that simply because we have ob-
served a high predictability in allometric
scaling and developmental sequencing,
we are committed to believe conservation
is the only important aspect of brain evo-
lution. In fact, we believe it is a powerful
way to contextualize other developmental
changes, allowing better focus on mecha-
nisms producing diversity, including, but
notlimited to heterochrony. Studies of the
roles of neuron loss and axon retraction in
brain evolution originally suggested these
neurogenesis studies. We have examined
heterochrony in the macaque cortex/lim-
bic system [Finlay and Darlington, 1995]
and the owl monkey retina [Finlay, 2008;
Dyer et al., 2009]. We are presently exam-
ining segmental boundary positions be-
tween the neocortex and limbic system in
primate versus rodent. We hypothesized
cell respecification and a new migratory
path occurring within conserved neuron
numbers in the primate pulvinar [Chal-
fin et al., 2007], and pointed out another
case where primate cortical GABAergic
cell production has an unpredicted time
course [Clancy et al., 2009]. We suggest
dynamic re-allocation of cortical volume
rather than cortical area respecification
in nocturnal and diurnal mammals [Kas-
kan et al., 2005]. We point to altered re-
ceptor expression in subcortical motiva-
tional systems as a way of configuring the
contents of massive short- and long-term
memory systems of cortex and hippocam-
pus [Syal and Finlay, in press]. Beginning
from ‘late equals large’, other researchers
show that the brains of altricial birds (e.g.
song birds) follow the general mammali-
an pattern, while precocial birds, behav-
iorally competent on hatching, segment
and accelerate their brain neuron produc-
tion differently [Charvet and Striedter,
2009].

Finally, we do insist that the function
served by conserved, grossly dispropor-
tionate but predictable brain scaling is an
important question, not the disparaged
‘null hypothesis’ it is not an obvious ‘de-
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fault’ to allow late-generated components
of the cerebellum and telencephalon to in-
crease so strikingly with respect to the rest
of the brain. Understandably, the first evo-
lutionary neurobiologists worked with the
fairly crude theory of the brain that par-
ticular functions resided in particular
structures, and that evolution could im-
prove functions by selecting on the relative
sizes of their committed structures. Our
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