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Abstract. -There are many situations in which the only available characters for reconstructing 
phylogenies are morphological. Those traits that are subject only to the forces of mutation and 
random genetic drift can be used to obtain unbiased estimates of phylogenetic relationships. How- 
ever, the accurate recovery of a phylogeny from information on neutral characters requires the 
procurement of data for a large number of independent traits, individuals, and populations. Phy- 
logenetic trees fit to data from more than five species will almost always contain topological errors, 
even with very large data sets. The population-genetic consequences of the neutral model are 
reviewed, and some statistical methods for testing whether the diversification of a phylogeny is 
compatible with such a model are outlined. The theory is then applied to a very large data set on 
cranial morphology in modem man. The results are consistent with the hypothesis that interracial 
differences in human skull dimensions are a simple consequence of random drift and mutation. 
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Phylogenetic trees are essentially hypoth- 
eses, and as such, the predictions they make 
depend not only on the accuracy of infor- 
mation used to construct them but also on 
the assumptions about evolutionary pro- 
cesses that underlie the tree-fitting proce- 
dure. When such assumptions are not ex- 
plicitly stated, as is often the case in 
numerical taxonomy, the resultant tree is a 
classification scheme, not a phylogenetic 
hypothesis. Because evolution is probabi- 
listic, it is highly desirable that the statistical 
properties of phylogenetic hypotheses be 
known. This subject has received substan- 
tial attention (Edwards and Cavalli-Sforza, 
1964; Neyman, 197 1; Cavalli-Sforza and 
Piazza, 1975; Thompson, 1975; Cavender, 
1978, 198 1; Tateno et al., 1982; Felsenstein, 
1983, 1985a; Nei et al., 1983, 1985; Tem- 
pleton, 1983, 1985; Penny and Hendy, 
1986). 

Since phylogenetic diversification is a ge- 
netic phenomenon, attempts to reconstruct 
phylogenies from information on extant 

species ought to rely on rules that are con- 
sistent with population-genetic properties. 
In the case of gene-frequency data, distance 
statistics with an explicit relationship to 
population-genetic theory can often be con- 
structed. Nei's (1972) genetic distance, D, 
which is equivalent to the average number 
of gene substitutions per locus, is an ex- 
ample of one such measure. The evolution- 
ary and statistical properties of D are fairly 
well understood for the case in which the 
dynamics of gene-frequency change are due 
solely to mutation and random genetic drift 
(Kimura, 1983). When these conditions are 
met, the expected equilibrium rate of gene 
substitution per locus per generation is equal 
to the mutation rate. The expected value of 
D will therefore increase linearly with time, 
providing a basis for estimating branch 
lengths as well as branch points in a phy- 
logeny. At least one other mechanism, fluc- 
tuating selection, could lead to the existence 
of a stochastic molecular clock. Its impli- 
cations for the reconstruction of phyloge- 
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nies have been evaluated only recently (J. 
Felsenstein, unpubl.). 

Despite the burgeoning availability of 
molecular biological techniques, morpho- 
logical data still play a central role in the 
development of phylogenetic hypotheses 
and are unlikely ever to be supplanted en- 
tirely. Unlike isozymes and DNA, morpho- 
logical characters are often permanently 
preserved in the fossil record or as museum 
specimens. Since morphometric traits are 
generally influenced by a large number of 
loci, morphological analysis also has the ad- 
vantage of integrating information over a 
large portion of the genome, although too 
much should not be made of this (Rogers 
and Harpending, 1983; Felsenstein, 1986). 
Moreover, while nucleotides and amino 
acids are constrained to discrete character 
states, metric traits may vary continuously 
over a very wide range of phenotypes. 

There are serious limitations to morpho- 
logical data as well. Unlike nucleotide and 
amino acid sequences, morphological 
expression is often highly dependent upon 
the environmental setting and on age. Since 
selection operates directly on phenotypes 
and not genotypes, it is also reasonable to 
expect the evolution of mean phenotypes to 
be less clocklike than that of molecules. Sta- 
bilizing selection and character displace- 
ment can result in unexpectedly low or high 
rates of divergence for extended periods of 
time. These kinds of problems have not dis- 
couraged many investigators from drawing 
evolutionary inferences from morphologi- 
cal data, but naturally, the question as to 
how reliable such data are for reconstructing 
phylogenies has arisen repeatedly. This de- 
bate has spawned a large number of tree- 
fitting strategies, ranging from clustering and 
divisive techniques to the evaluation of 
character-state matrices from the stand-
point of certain parsimony or compatibility 
philosophies (reviewed in Felsenstein 
[1982]). 

Recently, several attempts have been 
made to determine which tree-fitting pro- 
cedure is most efficient in recovering correct 
phylogenies. The results have been rather 
discouraging for all methods except in the 
case of low numbers of species with distant 
branch points (Kidd et al., 1974; Astolfi et 
al., 1981; Tateno et al., 1982; Nei et al., 

1983; Fiala and Sokal, 1985; Tateno and 
Tajima, 1986). It is even less clear what 
phylogenetic analysis can tell us about the 
mechanisms of diversification in isolated 
lineages. Most of the existing computational 
methods are only loosely defined in terms 
of evolutionary processes. Parsimony, for 
example, is a particular viewpoint concern- 
ing the expected evolutionary trajectories of 
character states, but it is not a viewpoint 
that can easily be translated into popula- 
tion-genetic terms. Cavalli-Sforza and Ed- 
wards (1 965, 1967) and Cavalli-Sforza and 
Piazza (1975) outlined a Brownian-motion 
model for the estimation of evolutionary 
trees, which in principle can be used to test 
the hypothesis that the diversification of a 
phylogeny is a simple consequence of ran- 
dom genetic drift (Felsenstein, 1973). Un- 
fortunately, the Brownian-motion model is 
almost never utilized by those directly in- 
volved in phylogeny estimation. 

In this paper, the Brownian-motion mod- 
el is explicitly defined from a quantitative- 
genetic perspective under the assumption 
that mutation and random genetic drift are 
the only operable evolutionary forces. This 
is a somewhat different approach than that 
taken by Cavalli-Sforza, Edwards, and Pi- 
azza, who chose to treat mutation as having 
a negligible influence on the similarity of 
species. A drift-mutation model is the sim- 
plest possible evolutionary scenario for the 
phenotypic divergence in a phylogeny. It 
warrants serious consideration, since sys- 
tematists often focus their attention on 
characters that appear to have little adap- 
tive significance. Following the presentation 
of the basic theory and methodology, an 
example of its application will be illustrated 
with a large data set on cranial variation in 
modern man. 

Theoretical Background 
The Neutral Model of Phenotypic Evolu- 

tion.-Formulations from quantitative ge- 
netics provide a fundamental basis for re- 
constructing phylogenies under the 
assumption of neutral phenotypic variation. 
Although this theory applies to reproduc- 
tively isolated populations, races, or species, 
I will refer to species throughout for the sake 
of consistency. When a base population is 
split into two or more reproductively iso- 
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lated species, the mean phenotypes of the 
latter will gradually diverge via random ge- 
netic drift. Although the initial divergence 
will be caused largely by the random fixa- 
tion of alleles that existed in the base pop- 
ulation, this has limits. Provided the effec- 
tive population size (N) is fairly large, as it 
should be when an entire species is consid- 
ered, then the expected between-species 
variance resulting from t generations of drift 
of genes from the base population is very 
close to 

where aw2(0) is the additive genetic variance 
in the base population (Wright, 195 1; Crow 
and Kimura, 1970). The maximum be-
tween-species variance that can arise from 
initial variation is therefore 2aw2(0). 

Additional divergence arises from the 
random fixation of mutations that appear 
subsequent to the isolation event. For mu- 
tations with additive effects, the between- 
species variance resulting from this process 
is approximately 

where Vm is a measure of the mutational 
rate of input of genetic variance per popu- 
lation per generation (see appendix by 
Dempster in Bailey [1959]; Lande, 1975; 
Chakraborty and Nei, 1982; Lynch and Hill, 
1986). 

The expected level of within-population 
genetic variance for a neutral character with 
an additive genetic basis is 2NVm (Clayton 
and Robertson, 1955), and for moderate 
levels of dominance the expectation is not 
much different (Lynch and Hill, 1986). Sub- 
stituting 2NVm for aw2(0) in Equation (I), 
and summing Equations (1) and (2), the to- 
tal amount of divergence after t generations 
of isolation is found to be simply a2(2, t) = 
2 Vmt. Figure 1 shows that the proportional 
divergence that results from mutations sub- 
sequent to an isolation event is a function 
of tlN. If the number of generations of di- 
vergence is on the order of N or greater, a 
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FIG.1. The expected proportion of the between- 
species variance resulting from mutational variance 
arising subsequent to an isolation event. N is the ef- 
fective population size, and t is the number of gener- 
ations of divergence. Thus, when t = N generations, 
the contribution from new mutations is approximately 
20°/0. 

substantial amount of between-species vari- 
ance will be attributable to new mutation. 

The expected neutral divergence rate of 
2 Vm has several useful properties. First, the 
buildup of the between-species variance is 
expected to be linear and independent of 
the sizes of the base and propagule popu- 
lations. Independence from population size 
(N) arises, as in the neutral theory of mo- 
lecular evolution (Kimura, 1983), for the 
simple reason that the number of mutations 
arising at any locus is proportional to 2N 
while the probability of fixation of a neutral 
mutation is its initial frequency, 1/2N. Sec- 
ond, although the asymptotic divergence rate 
2 Vm was first derived under the assumption 
of additivity of mutational effects, this is 
now known to be an unnecessary restriction 
(Lynch and Hill, 1986). The result applies 
regardless of the level of dominance and is 
independent of the degree of linkage of poly- 
genes underlying quantitative traits. This is 
because both dominance and linkage dis- 
equilibrium are transient properties of mu- 
tant alleles en route to loss or fixation. Third, 
the result applies regardless of the form of 
the distribution of mutational effects. 

The between-species variance is an ap- 
propriate morphological distance measure 
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for constructing phylogenetic trees under the 
neutral hypothesis. There are two reasons 
for this. First, as noted above, the expec- 
tation a2(Z, t) is proportional to divergence 
time. Second, the divergence along different 
branches is completely independent and ad- 
ditive (cf. Cavalli-Sforza and Piazza, 1975). 
The use of the between-species variance as 
a distance measure is of obvious appeal, 
since it is readily extracted from the mean 
squares of a one-way analysis of variance. 
When multiple characters have been mea- 
sured, a logical estimate of interspecific dis- 
tance would be the average of the between- 
species components of variance for all the 
characters. Although Vm may vary exten- 
sively between characters (Lynch, 1988), the 
pooled distance measure for k characters 
will still have an expected value 

k 

2t zC:, 
I =  I k 

that is proportional to divergence time. 
This approach can be generalized further 

to include between-species covariances for 
quantitative traits. The expected increment 
in the between-species component of co- 
variance for neutral characters is 2 V,, where 
V,, is the mutational rate of input of genetic 
covariance between characters i and j 
(Lande, 1979; Lynch and Hill, 1986). Thus, 
a generalized distance measure in applica- 
tions of the neutral theory would be 

where I C, I refers to the absolute value of 
0th element of the between-species vari-
ance-covariance matrix. In principle, this 
measure could be refined further by use of 
appropriate weights for the C,, such as the 
inverses of the within-population genetic 
variances, but such information is not usu- 
ally available in phylogenetic studies. 

While the expected between-species vari- 
ance a2(Z, t), for a neutral character is 
asymptotically 2 V,t per generation under a 
very wide range of conditions, realized di- 
vergences, Var(Z, t)), will always deviate 
somewhat from this value. The variable ef- 

fects of mutations, their random origin, and 
independent fixation in different popula- 
tions can all result in considerable variance 
in the amount of divergence. The case for 
purely additive mutations has been worked 
out in Lynch and Hill (1986), where it is 
shown that when the distribution of mu- 
tational effects is normal with mean zero, 
a2[Var(Z, t)] - 2(2 Vmt)2. Under these con- 
ditions, the realized divergence will be dis- 
tributed as chi-square (Freund, 197 1 pp. 
2 12-2 16) with a coefficient of variation of 
approximately fl.This is the expected 
variance in Var(Z, t) due to the random oc- 
currence of mutations alone and does not 
include the additional and often substantial 
variance due to sampling error by the in- 
vestigator. 

Phylogenetic Information From Neutral 
Quantitative Traits. -The process of phe- 
notypic divergence along the branches of a 
phylogeny can be most easily envisioned by 
considering a three-species tree (Fig. 2). In 
this case, there is only one possible topol- 
ogy: a pair of neighbor species joined to an 
out-group. Two isolation events are implicit 
in the illustrated tree, with 4 being the most 
recent common ancestor of 1 and 2 and with 
5 being the root of the tree. In the following, 
it is assumed that samples of species 1, 2, 
and 3 are contemporaneous but that species 
4 and 5 are unobserved, as is usually the 
case. Let the mean phenotype of species i 
be denoted by pi.The expected mutational 
distance for species pair (i, j) is T(i, j) = 

Vmtl(i, j), where tr(i, j) is the total time along 
the branch segments between i and j. Fur- 
ther, let D(i, j) be the actual amount of be- 
tween-species variance that develops over 
this period, and let Dr(i, j) be the between- 
species variance recorded by the investi- 
gator. The difference between the expected 
and actual distances is a function of the ran- 
dom occurrence and fixation of mutations. 
The difference between the actual and ob- 
served distances is a function of the sam- 
pling variance. 

Consider an arbitrary pair of species (i, 
j). The distance that develops between these 
species can be defined in terms of a series 
of independent evolutionary changes. For 
example, the distance that develops be- 
tween species 1 and 3 in Figure 2 is a func- 
tion of the events that occur over branch 
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segments (3,5), (4,5), and (l,4). The events 
within these segments are independent be- 
cause nodes 4 and 5 represent isolation 
events. Let the actual evolutionary change 
that occurs along the xth segment between 
species i and j be L,(i, j) = y,, - y, where 
x2 is always the most distant species on the 
segment from species i. For species pair (1, 
3), for example, L l ( l ,  3) = y, - y,, L2(1, 3) 
= y4 - y5, and L,(l, 3) = p5 - y,. With n 
branching segments, the total evolutionary 
change between species i and j is therefore 

n 

L(i, j) = 2 j) = P, - c41. 
x= l 

With a three-species tree, there are four 
branch segments, so four independent evo- 
lutionary changes must be considered. Un- 
der the assumption that the effects of mu- 
tations are normally distributed with mean 
zero, which will be adhered to below, each 
of these changes will be normally distrib- 
uted with mean zero and variance 2Tx(i, j). 
The latter follows from the observation that 
a21Lx(ij j)l = E[Lx2(i, j)l = E1(yx, - CL,,)~], 
this final quantity being twice the expected 
variance between species x, and x,. 

In terms of the n branch segments be- 
tween species i and j, the distance is defined 
to be 

The expected distance is therefore 

x=1 

which implies additivity of the distances 
over the branch segments from i to j. On 
the other hand, the variance of distance D(i, 
j) is not a linear function of the variances 
of the individual branch segments, but 

a2[D(i, j)] = a*I[= Lx(i, j ) ~ ]  

FIG.2. A hypothetical phylogeny with three extant 
species (1, 2, and 3) and two ancestral species (4 and 
5) .  

Thus, the distance between any two species 
on the tree is distributed as chi-square with 
expectation T(i, j) and variance 2TZ(i, j). 

The problem of sampling aside, the ran- 
dom occurrence and fixation of mutations 
impose an inherent limitation on the prob- 
ability of recovering the proper phyloge- 
netic topology and branch lengths from ex- 
tant species. The fundamental problem is 
again most easily envisioned by reference 
to a three-species tree (Fig. 2). In the illus- 
trated example, although T(l, 3) = T(2, 3) 
> T(l, 2), the possibility exists that the re- 
alized distances will be inconsistent with the 
expectations, i.e., D(1, 3) < D(l, 2) or D(2, 
3) < D(1, 2). The fulfillment of either of 
these conditions would encourage the post 
facto recognition of species 1 or 2, rather 
than 3, as the out-group. On the other hand, 
if both of these inequalities were met, but 
D(1,3) -D(2,3), then the best-fit tree would 
retain species 3 as an out-group while as- 
signing 3 negati~e~valueto the fitted dis- 
tances D(3, 5) or D(4, 5). An example of a 
perfectly additive tree with a negative branch 
segment is given in Figure 3. 

While the objection may be raised that 
such a tree is unrealistic, since a variance 
cannot be negative, it must be emphasized 
that the D(i, j) are estimates of the expected 
distances T(i, j) and, as such, are not con- 
strained to be positive, The arbitrary re-
placement of negative D(i, j) by zeros, as is 
often done in distance Wagner procedures 
(Fanis, 1972) will result in upwardly biased 
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FIG.3. An example of a purely additive tree with 
a negative distance (- 1 )  fit between species 3 and 4. 
Such a tree would arise if D(1,  2) = 4 and D(1,  3 )  = 
D(2, 3 )  = 1 .  

distance estimates (Kidd et al., 1974; Ta- 
ten0 et al., 1982; Tateno and Tajima, 1986), 
although it might not influence the likeli- 
hood of recovering the correct topology. 

The ability to recover correctly a topology 
depends on the relative position of the in- 
ternal nodes. Returning to Figure 2, it can 
be seen that the condition D(l ,  3) < D(l,  
2), which by symmetry is the same as D(2, 
3) < D(1, 2), requires that [D(4, 5) + D(3, 
5 ) ]  < D(2, 4). Figure 4 shows that the prob- 
ability of this occumng declines from 0.5 
to 0.0 as node 4 approaches the branch tip. 
The decline is rather slow, however. For any 
single trait, the probability of the realized 
D(l ,  3) being less than D(l, 2) is greater 
than 0.1, unless the expected position of 
node 4 is extremely close to the branch tip. 
Thus, for most phylogenies, inferences 
drawn from single traits have very high 
probabilities of being misinformative. This, 
perhaps, comes as no surprise. However, a 
substantial problem remains even when the 
distances are averaged over a large number 
of characters. With 100 measured traits, for 
example, if T(l, 4)/T(3, 4) > 0.8, then the 
probability of D(1, 3) < D(l,  2) will exceed 
0.1. 

Additional Error Due to Sampling. -With 
finite sample sizes, the observed mean phe- 
notypes (2,)will generally deviate from the 
parameters (p,). However, an unbiased es- 
timator of D(i, j) = (p, - pJI2/2 is obtainable 
from a simple one-way analysis of variance. 

Consider the ideal situation in which two 
taxa have equal within-species variance, up2, 

T( i ,4 ) /  T (3 ,4 )  
FIG.4.  The probability of D ( l ,  3 )  < D(1, 2)  when 

species 3 is the true out-group as in Figure 2 and when 
D(i,j) is averaged over 1, 10, or 100 characters. The 
abscissa is a measure of the relative position of ances- 
tral species 4,  T(1 ,  4 ) lT(3 ,  4 )  = 1 implying a trifur- 
cation. 

and the experimental design is balanced. The 
within-species mean square is 

z(zik - Z1I2 + z(zjk - 2 ~ ) ~  
k= l k= 1 

MS, = 
2(n - 1) 

where zxk represents the phenotype for the 
kth individual of the xth species, Zx is the 
sample mean of the xth species, and n is 
the sample size. MS, will be distributed as 
chi-square with expectation up2 and vari- 
ance aP4/n. With only two species, the be- 
tween-species mean square is simply 

with expectation ap2 + nD(i, j). Thus, an 
unbiased estimate of D(i, j) is 

MSb - MS,
Dt(i, j) = 

n 

The form of the distribution of MS, is 
complicated, but its variance is 

Since the mean squares are independently 
distributed, 

Var(MS,) + Var(MSb)
a2[D'(i, j)] = 

n2 

Thus, the sampling variance of the between- 
species variance depends largely on the 
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sampling variance of the mean phenotypes, 
ap2/n. The coefficient of variation of Dr(i, j) 
is [44(4 + I)]", where 4 = ap2/nD(i, j). For 
4 = 0.001, 0.01, 0.1, 1, and 10, thistakes 
on values of 0.06, 0.20, 0.66, 2.83, and 
20.98. Clearly, unless sample sizes for in- 
terspecific distances are large enough so that 
the sampling variance of the mean is much 
less than the distance, say 1 O/o or less, esti- 
mates of D(i, j) obtained from single char- 
acters are likely to be highly inaccurate. This 
source of error can be further reduced by 
pooling estimates of D(i, j) over several 
characters, since a2[D'(i, j)] will then be in- 
versely proportional to the number of char- 
acters. 

Potential Utility of Neutral Quantitative 
Traits for Recovering Phylogenies 

Special emphasis has been put on the ran- 
dom occurrence of mutations and the in- 
complete sampling of populations because 
they produce inaccuracies in the estimates 
of the true distances between species. In or- 
der to ascertain the implications of these 
sources of error for the ability to reconstruct 
phylogenies from observed mean pheno-
types, it is necessary to rely on computer 
simulation. Starting with a phylogenetic tree 
with known expected distances, T(i, j), and 
the theoretical samping distributions out- 
lined above, random sets of observed dis- 
tances, D1(i, j), can be generated. These ob- 
served values can then be used to construct 
a? estimated tree for which the fitted values, 
D(i, j), are most compatible with the ob- 
servations. By repeating this procedure 
many times, it becomes possible to evaluate 
the probability of recovering the correct tree 
topology as well as to determine the vari- 
ance of the fitted branch lengths. 

Many iterative procedures exist for the 
construction of phylogenetic trees from dis- 
tance data (Edwards and Cavalli-Sforza, 
1965; Cavalli-Sforza and Edwards, 1967; 
Fitch and Margoliash, 1967; Fams, 1972; 
Sneath and Sokal, 1973; Li, 198 1). Gener- 
ally, there is no guarantee that such proce- 
dures will identify the best-fit tree, since they 
do not examine all possible topologies. Such 
an examination is impractical with large 
numbers of taxa. For example, with only 
eight species, there are 35,280 possible to- 
pologies. In this study, the simulated trees 

contained no more than five species, and it 
was possible to obtain best-fits to all pos- 
sible tree topologies (3, 15, and 105 for 3, 
4, and 5 species) by the least-squares meth- 
od of Chakraborty (1977). Under the as- 
sumption of constant expected evolutionary 
rates, this method is equivalent to Felsen- 
stein's (1973) restricted maximum-likeli-
hood procedure. The final tree was consid- 
ered to be the one that minimized the 
average percentage standard deviation, 

APSD = 

L I n 

Some disagreement exists over the use of 2 
rather than 1 or 0 as the power of Dr(i, j )  in 
this expression, but since the variance of the 
distance is proportional to the expected dis- 
tance squared under the neutral theory, the 
use of 2 seems to be justified. 

Under the neutral theory, the expected 
distances from the root of the tree to all of 
the branch tips are equal, a constraint that 
is incorporated into the fitting procedure. 
For example, with a three-species analysis, 
there are only three possible trees: 1, 2, or 
3 being the out-group. For the tree in which 
species 3 is taken tp be the qut-group, D(1, 
2) = D'(1, 2) and D(1, 3) = D(2, 3) = [Dt(1, 
3) + Dr(2, 3)]/2. The root is then a dis- 
tance D(1, 3)/2 back from species 3. 

All of the trees studied were replicated to 
a high degree (at least 1,000 replications per 
starting condition). Algorithms for gener- 
ating random normal and random chi-
square variates were taken from Knuth 
(1 969), and the distributions of all simulat- 
ed Dr(i, j) were found to be in close accor- 
dance with the theoretical expectations out- 
lined above. With a high degree of 
replication, the mean fitted distances always 
converged on the expected distances, T(i, j). 

Before proceeding to the results, the as- 
sumptions underlying the simulated process 
of evolutionary divergence should be restat- 
ed. 1) All measured characters are assumed 
to be free of the forces of selection and to 
have an expected divergence rate of 2 V, per 
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TABLE1. Summary statistics for least-squares fits to three-species trees when characters are assumed to diverge 
via drift and mutation. Species 3 is assumed to be the outgroup. T(1, 2) is the expected distance between species 
1 and 2, and ap2/n is the sampling variance of the mean phenotypes. T(l, 3) (the expected distance between 
species 1 and 3) and T(2, 3) (the expected distance between species 2 and 3) are assumed to equal 2. Two 
thousand simulations were performed for each set of conditions. CL refers to the upper 5 and 1% confidence 
limits for the APSD (average percentage standard deviation) under the neutral hypothesis. Negative fit implies 
that the fitted distance D(4, 5) < 0. 

APSD Percentage Percentage APSD Percentage Percentage 
Number of wrong negative wrong negative 

T(1,2) traits x SD CL topology fits r SD CL topology fits 

generation. 2) V, is taken to be constant 
across species as well as across characters, 
the latter being simply a matter of scale. 3) 
The distribution of mutational effects is as- 
sumed to be normal with mean zero. 4) Ge- 
notype x environment interaction is as-
sumed to be negligible, so that estimates of 
D(i, j )  are purely a function of genetic dif- 
ferences. 

Three things stand out in the results for 
three-species trees (Table 1). First, the prob- 
ability of recovering the correct topology is 
highly dependent on the position of the in- 
ternal node (4 in Fig. 2). If this is halfway 
along the branch [T(1, 2) = 1.0 in Table I], 
then roughly 40 characters would have to 
be measured without sampling error for the 
probability of establishing the correct to- 
pology to exceed 90%. If the sampling vari- 
ance is 25% of T(1, 3), then 60 traits would 
have to be measured to attain the same de- 
gree of precision. If the internal node is such 
that T(1, 2) = 0.75T(1, 3), then the prob- 
ability of recovering the correct topology is 
less than 709'6, even if 100 characters are 
measured with no sampling error. 

A second point of interest is that the fre- 
quency with which fitted trees with negative 
evolutionary change arise is on the order of 
the probability of recovering the wrong to- 

pology. Thus, unless the internal node is 
close to the branch tips and unless very many 
characters are measured, apparent conver- 
gence will arise rather frequently in collec- 
tions of characters that evolve by the joint 
interaction of drift and mutation. 

Third, while the APSD provides a rea- 
sonable criterion for the best-fit tree, it pro- 
vides little, if any, information on whether 
the best-fit tree is the correct one. In general, 
the mode of the distribution of APSD is less 
than 5%, with a long tail to the right (Fig. 
5), so that the upper 5% confidence limit is 
on the order of 10-30%. Figure 5 provides 
two examples in which the distributions of 
APSD are quite similar, while the frequen- 
cies of obtaining the wrong topology are very 
different. 

As the number of species in an analysis 
increases, the average distance between 
nodes in the tree must decline, and conse- 
quently the likelihood of establishing the 
correct phylogeny diminishes. Table 2 sum- 
marizes some results of simulations for four- 
and five-species trees with topologies of the 
forms given in Figure 6. Even if the means 
of 50 characters are measured with no error, 
the probability of recovering the wrong to- 
pology often exceeds 30°/o, and the frequen- 
cy with which trees with negative branch 
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FIG. 5. Frequency distributions for the APSD obtained from 2,000 replicates for four of the simulations 

given in Table 1. Each case is based on 25 independent characters. 

lengths arise is of the same order. Again, the 
APSD provides little insight into whether 
the correct topology has been recovered. 

of Three Major Races of Man 
One of the most extensive collections of 

data on quantitative characters for any 

species is Howells' ( 1  970, 1973a, 1973b) 
survey of metric cranial characters in mu- 
seum specimens for 3 1 well-defined popu- 
lations of man. Sample sizes for each pop- 
ulation are on the order of 50 for each sex, 
and Howells performed 6 1 measurements 
on each cranium. I have used a subset of 

FIG.6. Forms of the three tree topologies referred to in Table 2. 
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TABLE2. Summary statistics (as in Table 1) for some four- and five-species trees with topologies of the forms 
in Figure 6. The expected distance between species 1 and 4 is 2.0 in all cases, and the sampling variance is zero. 
One thousand simulations were performed for each set of conditions. 

10 characters 

Topol-
og? 

Expected d~stances 

7(1,2) T(1, 3) T(3, 4) T(3, 5 )  h; 

APSD 

SD CL 

the total data collection (Table 3) to con- 
struct a phylogenetic hypothesis for the evo- 
lutionary relationship among the Cauca- 
sian, Mongoloid, and Negroid races and to 
provide a rough test as to whether the di- 
vergence in cranial morphology among these 
three major groups is consistent with the 
neutral hypothesis. In total, 76,433 mea- 
surements have been employed in this anal- 
ysis. All of the sample populations were geo- 
graphically or temporally distributed such 

TABLE3. Populations and sample sizes for the data 
set used to construct an evolutionary tree for the Cau- 
casian, Negroid, and Mongoloid races of man (from 
Howells [1973a, pers. comm.]). Detailed descriptions 
of the sources of Caucasian and Negroid skulls are 
given in Howells (1973~).  

Population Males Females 

Caucasians: 
Medieval Norse (Oslo) 
Medieval Hungary (Zalavar) 
Berg (Carinthia, Austria) 
Egypt (Gizeh Dynasties) 

55 
54 
5 6 
5 8 

55 
45 
5 3 
5 3 

Negroid: 
Tetia (Kenya) 
Dogon (Mali) 
Zulu (South Africa) 
Bushmen (South Africa) 
Andaman Islands 

34 
48 
55 
4 1 
26 

49 
5 3 
4 7 
49 
2 8 

Mongoloid: 
North Japan 
South Japan 
Hainan Chinese 
Atayal (Taiwan) 
Ainu 

29 
48 

18 
38 

50 characters 

Per-
centage 
wrong
topolo-

gles 

Per-
centage
negatlve 

fits . 

APSD 

SD CL 

Per-
centage 
wrong
topolo-

gles 

Per-
centage
negatlve 

fits 

that recent interracial gene flow seems very 
unlikely (Howells 1970, 1973a, 1973b), al- 
though it cannot be ruled out entirely. 

The distance between each pair of pop- 
ulations in Table 3 was estimated by the 
mean of the between-population variances 
computed for each ofthe 6 1 characters. Prior 
to this pooling of the data, each character 
was given equal weighting by adjusting the 
mean of the painvise between-population 
variances to one. Such a treatment does not 
account for the likely nonindependence of 
the 6 1 characters. Unfortunately, the raw 
data necessary for the computation of the 
between-population genetic covariances 
were not directly available to me. As noted 
above, however, because the absolute val- 
ues of all of the elements of the between- 
population variance-covariance matrix are 
expected to increase linearly with time un- 
der the neutral hypothesis, the confinement 
of the analysis to the diagonal elements 
should not bias the relative measures of dis- 
tance. 

The average distance between Caucasians 
and Mongoloids (0.78) is less than that be- 
tween Caucasians and Negroids (1.18) and 
Mongoloids and Negroids (1.32), the dif- 
ference between the latter two distances 
being nonsignificant (Table 4). The least- 
squares tree is given in Figure 7 (upper left). 
There are two ways to test for the signifi- 
cance of the branching order. First, after 
fitting trees to all possible permutations of 
the sample populations (4 Caucasians, 5 
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Cranial Morphology: 
M Proteins-+-+r 


rnt DNA-r'-M 

M 

Co Blood Groups 

FIG.7. Left) Least-squares trees fit to average between-population variances for cranial morphology in major 
races of man (C = Caucasians, Co = Congoids, Cp = Capoids, M = Mongoloids, N = Negroids). Bars denote 
standard errors. The inward branching at the upper node of the lower tree denotes a negative branch segment. 
Right) Least-squares trees fit to genetic distance data for proteins and blood groups (Nei and Roychoudhury, 
1981) and mtDNA (Cann et al., 1987). 

Mongoloids, 5 Negroids), a chi-square test groids as the out-group, 27 identified Cau- 
can be used to test for heterogeneity among casians as the out-group, and 25 identified 
the observed numbers ofthe three tree types. Mongoloids as the out-group. This yields 
Of the 100trees generated, 48 identified Ne- X = 9.65, which with one degree of free- 

TABLE4. Summary statistics for the observed (D') and fitted (D) morphological distances for analyses of three 
and four major races of man. The degrees of freedom used to estimate the standard errors of D' were taken to 
be (N, - l)(NJ - I), where N, and NJ are the numbers of populations for races i and j. The variance of the 
distance expected under the neutral model was approximated by 2(D + C,2)2/(n- l) ,  where Ci2 is the observed 
sampling variance of the means within populations and n = 61 is the number of characters; its associated 
standard error is approximately [{2(D + v,l2/(n - 1)}(2/d.J)]". 

Observed dlstance Var~ance of between-populat~on distance Fltted d~stance 

Races Z SE d /  Observed Expected SE D SE 

Three races: 
Caucasian-Mongoloid 
Caucasian-Negroid 
Mongoloid-Negroid 

Four races: 
Caucasian-Mongoloid 
Caucasian-Congoid 
Caucasian-Capoid 
Mongoloid-Congoid 
Mongoloid-Capoid 
Congoid-Capoid 
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dom is significant at the 0.005 level. Be- 
cause the populations within the three ma- 
jor groups are not entirely independent, 
however, this level of significance is inflated 
to an unknown degree (Felsenstein, 1985 b). 

A second approach is to follow the logic 
of Chakraborty (1 977) and Nei et al. (1 98 5) 
and compute the standard errors of the 
branch points. The standard error of the 
node between Caucasians and Orientals is 
simply half the standard error of their D', 
i.e., 0.0?5 (Table t).Since the fitted dis- 
tances D(C, N) = D(M, N) = [D1(C, N) + 
D1(M, N)]/2, the variance of the node dis- 
tance between Negroids and Caucasians- 
Mongoloids is {Var[D1(C, N)] + Var[D1(M, 
N)] + 2Cov[Dt(C, N), Dt(M, N)]}/16. The 
variances of the distances are the squares of 
the standard errors given in Table 4, while 
the covariance should be approximately 
[(1.25 - 0.39)/1.25]{Var[Dt(C, N)] + 
Var[D1(M, N)]}/2, which is the variance of 
the divergence between Negroids and the 
node between Caucasians and Mongoloids. 
The standard error of the branch point at 
the base of the tree is therefore 0.07, pro- 
viding further evidence that the distance be- 
tween the two nodes is significant. 

The next question of interest is whether 
the observed data support the hypothesis 
that interracial variation in cranial mor- 
phology is a simple product of drift and 
mutation. Two observations are consistent 
with the neutral model: 1) the approximate 
equality of the mean Caucasian-Negroid and 
Mongoloid-Negroid divergences and 2) the 
close agreement between the observed and 
expected variance in estimated distances 
between Caucasian and Mongoloid popu- 
lations (Table 4). On the other hand, the 
Caucasian-Negroid and Mongoloid-Ne- 
groid distances are four and nine times more 
variable than expected undcr the neutral 
mode!. Moreover, assuming D(C, M) =0.78 
and D(C, N) = D(M, N) = 1.25 to be the 
true divergences, the neutral model predicts 
that the "correct" topology (Negroids as the 
out-group) should arise 80% of the time, 
given the observed number of characters 
and sample sizes. However, as noted above, 
this topology only arose in 48 of 100 com- 
parisons. 

Thus, although the divergence in cranial 
morphology between Caucasians and Mon- 

goloids is quite compatible with the neutral 
hypothesis, the excessive variation in the 
divergences between Caucasians-Mongol- 
oids and Negroids is inconsistent with the 
same hypothesis. Figure 8, a Fitch-Margo- 
liash tree fit to the 14 populations using Fel- 
senstein's program KITSCH, suggests the 
cause of the problem. Unlike the previous 
tree, Figure 8 is not necessarily a least-
squares fit, and negative branch lengths have 
been suppressed in obtaining it. Neverthe- 
less, it strongly suggests that the Negroids 
are not a monophyletic clade. The Bushmen 
and Andaman Islanders are distantly relat- 
ed to each other but still comprise a single 
lineage that is highly distinct from all re- 
maining populations. 

This separation of dark-skinned humans 
into two lineages is not without precedence. 
Coon (1 965) partitioned Negroids into Con- 
goids and Capoids (Bushmen, Hottentots, 
and Sandawe). He did not formally include 
the Andamanese in the Capoids, but he did 
note several similarities between them and 
Bushmen: short stature, juvenile appear-
ance, shortage of body hair, and steatopygia 
(fat buttocks). Data on isozymes (Nei and 
Roychoudhury, 198 1) and mitochondrial- 
DNA restriction-fragment polymorphisms 
(Cann et al., 1987) also support the division 
of Negroids into Congoids and Capoids. 

In order to determine whether the am- 
biguity of the previous results could have 
been an artifact of treating Negroids as a 
monophyletic lineage, the data were rean- 
alyzed from the standpoint of four major 
divisions. The results suggest that Cauca- 
sians, Congoids, and Mongoloids are equi- 
distant from each other, but about twice as 
distant from the Capoids (Table 4, Figure 
7 [lower left]). There are no significant dif- 
ferences among the three mean observed 
distances to the Capoids, consistent with the 
neutral model. Moreover, five out of six of 
the observed variances of interracial dis- 
tances are well within two standard errors 
of the expectation under the neutral model. 
The exception is the excessive variation in 
Mongoloid-Capoid distances, due primarily 
to a large distance between the Ainu and 
Andamanese. This comparison of observed 
and expected variances in interracial dis- 
tances is still by no means totally satisfac- 
tory. The expected values are likely to be 
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FIG.8. A Fitch-Margoliash tree fit to the distance matrix for the populations listed in Table 3. The scale is 
the same as that in Figure 7. 

somewhat too low due to the fact that the 
6 1 measured characters are not genetically 
independent, as assumed. The observed 
values are likely to underrepresent the mag- 
nitude of dispersion of D' along branch seg- 
ments, because the populations sampled 
within the major races are not likely to have 
been independent since the origin of their 
respective races. 

With these limitations in mind, it is clear 
that Howells' unusually large data set, when 
subdivided into four distinct lineages, pro- 
vides no strong basis for rejecting the hy- 
pothesis that the divergence of cranial mor- 
phology in the races of man is a simple 
consequence of random drift and polygenic 
mutation. The obervation that multivariate 
distance measures of dental morphology in 
groups of man are strongly correlated with 
independent estimates of divergence times 
(Turner, 1986) lends additional credence to 
the neutral hypothesis for morphological di- 
versification. These findings do not elimi- 
nate the possibilities that migration, selec- 
tion, or environmental effects are responsible 
for the observed patterns. Indeed, since 
scenarios involving these influences can be 
concocted to explain virtually any pattern 
of variation, it is almost impossible to reject 
(or accept) them in a statistical sense. On 

the other hand, the neutral hypothesis could 
be subjected to further scrutiny by perform- 
ing measurements on collections of skulls 
from ancestral populations if they ever be- 
come available in sufficient numbers. Un- 
der the neutral model, such populations, on 
average, should be equidistant from all of 
their descendent lines. 

It is of interest to inquire as to the rate of 
polygenic mutation that is required to ac- 
count for the observed divergence in cranial 
morphology. Recall that the expected vari- 
ance between isolated populations is 2 V,t 
for neutral characters. The fossil evidence 
and molecular data indicate that modern 
man originated between 200,000 and 
100,000 years B.P. Letting the generation 
time be 20 years, then the four-race analysis 
places the root of the tree at about 7,500 
generations B.P. followed by a Caucasian- 
Congoid-Mongoloid trifurcation at about 
3,750 generations B.P. Averaging over all 
combinations of characters and population 
pairs, the mean value of D1(i, j)/MS,t is 3.2 
x Since MS, is an estimate of the 
within-population phenotypic variance, the 
quantity 3.2 x 1 0-4 may be compared with 
existing estimates of the standardized rate 
of polygenic mutation, V,/ VE, where VE, 
the within-population environmental vari- 
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ance, is necessarily less than MS,. A survey 
of several species of invertebrates, verte- 
brates, and plants indicates that the normal 
limits to Vm/VE are to (Lynch, 
1988). Since the heritabilities of human cra- 
nial characters average approximately 0.5 
(Bernhard et al., 1980), reasonable limits to 
D1(i, j)/MS,t under the neutral hypothesis 
are therefore 5 x to 5 x Thus, 
the observed level of phenotypic divergence 
in the human cranium is quantitatively as 
well as qualitatively consistent with the neu- 
tral hypothesis. A similar analysis based on 
total tooth area on the human line of descent 
over the past 100,000 years (Brace et al., 
1987) yields D1(i, j)/MS,t = 2.6 x 
(Lynch, unpubl.), which is quite consistent 
with the cranial data. 

Finally, it is useful to compare the least- 
squares trees based on cranial measure-
ments with those obtained previously with 
distances based on biochemical data. In an 
extensive survey of the literature, Nei and 
Roychoudhury (1981) have obtained av-
erage genetic distances between Caucasians, 
Congoids, and Mongoloids for proteins (62 
loci) and blood groups (23 loci). Unlike the 
morphological analysis, the protein data 
suggest a much later split between Cauca- 
sians and Mongoloids than between Con- 
goids and Caucasian-Mongoloids (Fig. 7). 
Both Caucasians and Mongoloids are equi- 
distant from the Congoids on the basis of 
isozymes (Nei and Roychoudhury, 198 I), 
consistent with the neutral theory. How- 
ever, it is premature to say a conflict exists 
between the morphological and protein 
analyses, since the variances of the protein 
distances have not been compared with the 
neutral expectations. 

The blood-group distances have relative- 
ly large standard errors and fail to establish 
any significant difference between branch 
points for Caucasians, Congoids, and Mon- 
goloids, as in the morphological analysis. 
Nei and Roychoudhury (1 98 1) argued that 
the evolutionary tree generated by protein 
data is more reliable than that based on 
blood groups because of uncertainty about 
the genetic basis of some of the latter and 
because a number of blood-group variants 
are known to be subject to selection. Cer- 
tainly, because oftheir large standard errors, 
the blood-group data are inherently less in- 

formative than the protein data, but it re- 
mains to be demonstrated that the latter are 
less biased than the former. 

Cann et al. (1 987) have reported the av- 
erage genetic distances between the mito- 
chondrial genomes of Caucasians, Mongol- 
oids, and Negroids (including at least one 
Bushman). The resultant least-squares tree, 
standard errors for which are unavailable, 
is very similar to the one based on cranial 
morphology (Fig 7). A tree of the same gen- 
eral form has been suggested on the basis 
of restriction-site polymorphisms in the 
P-globin gene cluster (Wainscoat et al., 
1986). 

The message of this paper, which focuses 
on quantitative characters, is essentially the 
same as that emphasized in several recent 
theoretical investigations with discrete 
characters (Tateno et al., 1982; Nei et al., 
1983; Fiala and Sokal, 1985; Tateno and 
Tajima, 1986). Provided that the measured 
characters are neutral and the study species 
have not been significantly affected by gene 
flow or by genotype x environment inter- 
action or covariance, then it is in principle 
possible to reconstruct phylogenetic trees. 
The price, however, is very high. The ac- 
curate assessment of the topology and branch 
lengths of a phylogeny requires that the 
number of characters and individuals mea- 
sured per species be very large and that the 
fitted tree involve no more than four or five 
taxa. Even with enormous amounts of data, 
phylogenetic trees fitted to the distances 
among six or more species will almost al- 
ways contain topological errors if the mode 
of divergence has been random drift and 
mutation. Very low values for distortion in- 
dices such as the APSD indicate only that 
the fitted distances are close to the observed 
distances and have very little bearing on 
whether the correct phylogeny has been re- 
covered. 

For neutral characters, the ability to re- 
construct a phylogeny does not depend on 
the total evolutionary time for the lineage 
under consideration or on the total time 
elapsed between internal branch points. In 
other words, a tree of a particular form is 
equally difficult to recover whether the time 
scale is lo4, lo5, or lo6 years. This failure 
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of discriminatory power to increase with 
evolutionary time results because both the 
expected divergence and its standard error 
are proportional to time. The critical factors 
that determine whether phylogenies can be 
resolved from neutral characters (morpho- 
logical or molecular) are therefore the rel- 
ative positions of the internal nodes with 
respect to each other and to the branch tips. 

Population genetics and systematics have 
developed largely as independent lines of 
endeavor. This is unfortunate, since phe- 
nomena such as convergence and parallel- 
ism, which thwart attempts to reconstruct 
the history of a phylogeny, are consequences 
of population-genetic processes such as ran- 
dom drift, selection, and migration. The re- 
sults in this paper indicate that phylogenetic 
trees estimated by a least-squares or max- 
imum-likelihood procedure can shed some 
light on the mechanisms underlying phy- 
logenetic diversification. There are limits to 
what can be accomplished, however, when 
the only available data come from extant 
populations. While a rejection of the neutral 
hypothesis is tantamount to verifying that 
other evolutionary forces such as selection 
or migration have been important deter- 
minants of phenotypic divergence, accep- 
tance of the null hypothesis does not elim- 
inate the possible operation of these other 
evolutionary forces. It should also be noted 
that the neutral model is concerned only 
with the phenotypic changes that occur along 
the branch segments of a phylogeny. The 
isolation and speciation events that create 
the nodes of a tree are fundamentally sep- 
arate issues. 

An advantage of the least-squares ap- 
proach is that it yields unbiased estimates 
of branch lengths under a neutral hypoth- 
esis. Most of the tree-building procedures 
that are usually used by systematists do not 
have this property. A disadvantage of the 
least-squares procedure is that with more 
than seven or so species, the computational 
time required for a solution makes it un- 
feasible to check all possible topologies. This 
is presumably the reason why most system- 
atists follow alternative strategies. How- 
ever, it may be questioned whether this cost 
of the least-squares procedure is really a se- 
rious problem. As noted above, with seven 
or more species, there will inevitably be to- 

pological errors in the fitted tree, regardless 
of the fitting procedure. 

Recently, Schluter (1984) presented a 
measure of evolutionary distance for quan- 
titative characters for use in phylogeny re- 
construction under a hypothesis that is the 
antithesis of the one presented here. Schlu- 
ter's distance for a single character is 

where h2 is the heritability and Vpthe with- 
in-species phenotypic variance. B(i, j )  is the 
total net force of selection necessary to ac- 
count for the different mean phenotypes in 
species i and j. Provided the additive ge- 
netic variance, h2Vp, and the average net 
force of directional selection per generation 
remain constant, then B(i, j) is expected to 
be proportional to divergence time. Schluter 
(1984) points out a strong correlation be- 
tween a multivariate measure of B(i, j) and 
independent estimates of Rogers' genetic 
distance of isozymes in the Darwin's finch- 
es. 

Schluter's (1984) measure of "selection 
distance" is very closely related to the rel- 
evant measure for the neutral model, D(i, 
j). If the scale is adjusted so that the genetic 
variance is equal to 1, then B2(i, j) = 2D(i, 
j). Thus, the major difference between D(i, 
j) and B(i, j) is the expected time scale of 
divergence. The between-species variance is 
expected to increase linearly under the neu- 
tral model but quadratically under the se- 
lection model. 

At first sight, this suggests a simple test 
to determine whether observed morpholog- 
ical divergence is more concordant with the 
neutral model or with the constant-selection 
model. If the divergence times, t(i, j), are 
known from independent sources of infor- 
mation, a logarithmic regression of the fitted 
distances on t(i, j) should yield a slope close 
to one in the former case but close to two 
in the latter. If direct estimates of diver- 
gence times are not available, a similar 
regression analysis could be performed on 
a biochemical distance. Nei's (1972) dis- 
tance, for example, is expected to scale with 
divergence time, provided that most of the 
amino acid (or nucleotide) substitutions are 
effectively neutral. Unfortunately, the pow- 
er of such a test is expected to be low because 
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of the large variance of distance statistics, 
resulting from the random nature of the 
drift-mutation process. 

Moreover, on closer consideration, it ap- 
pears that the realization of the assumption 
of constant selection differentials between 
species would eliminate completely the pos- 
sibility of identifying the branch points in 
a phylogeny. Consider the simple phylogeny 
in Figure 2, and let the net selection differ- 
entials operating on the three species be B,, 
B,, and B,, so that B(i, j) = B, - B,. Since 
species 1 and 2 are equidistant from species 
3 in evolutionary time, the constant-selec- 
tion model implies B(1, 3) = B(2, 3) and 
hence B, = B,. Species 2 and 3 are therefore 
constrained to be morphologically identical 
under this model. With additional species, 
the implicit constraints of a constant-selec- 
tion model become much more complex and 
stringent. Thus, the very fact that different 
species within lineages can be identified on 
the basis of morphology is inconsistent with 
the hypothesis of constant selection. These 
observations, as well as the relation of B(i, 
j )  to D(i, j), raise the possibility that the 
rough correspondence between B(i, j) and 
molecular distance in the Darwin's finches 
may be compatible with a hypothesis for 
divergence via random genetic drift. 

No evolutionary biologist, including 
Schluter, would argue that selection differ- 
entials are absolutely constant in time. The 
problem is that as soon as this is admitted, 
an infinite number of scenarios arises, and 
it becomes impossible to reject the selection 
model in a general sense. Thus, the neutral 
model, which is now reasonably well under- 
stood, appears to be a more logical point of 
departure than a selection model in analyz- 
ing the phenotypic divergence in a phylog- 
eny. With the neutral model, one at least 
has the possibility of rejecting the null hy- 
pothesis. 
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