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Using inbreeding theory as applied to neutral alleles inherited maternally, we gen-
erate expected probability distributions of times to identity by descent for random
pairs of mitochondrial genotypes within a population or within an entire species
characterized by high gene flow. For comparisons with these expectations, empirical
distributions of times to most recent common ancestry were calculated (by con-
ventional mtDNA clock calibrations) from mtDNA haplotype distances observed
within each of three vertebrate species—American eels, hardhead catfish, and red-
winged blackbirds. These species were chosen for analysis because census population
size in each is currently large and because both genetic and life-history data are
consistent with the postulate that historical gene flow within these species has been
high. The observed molecular distances among mtDNA lineages were two to three
orders of magnitude lower than predicted from census sizes of breeding females,
suggesting that rate of mtDNA evolution is decelerated in these species and/or that
long-term effective population size is vastly smaller than present-day population
size. Several considerations point to the latter possibility as most likely. The genetic
structure of any species is greatly influenced by historical demography; even for
species that are currently abundant, mtDNA gene lineages appear to have been
channeled through fairly small numbers of ancestors.

Introduction
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In the study of molecular evolution, neutrality theory provides useful null hy-
potheses against which empirical experience may be evaluated. Important parametgrs
in neutral models are effective population size (V,) and mutation rate to neutral all@es
(n). For example, neutrality theory predicts that at equilibrium the effective nuniber
of neutral alleles per locus in a population is equal to 4N, + 1 under an “infiflite
allele” model (Kimura and Crow 1964) and is given by (8N,n + 1)"?in a stepwgs
mutation” model (Ohta and Kimura 1973). Until recently, protein electrophoretlc
techniques provided the bulk of molecular data available at the intraspecific levebto
compare against these and other neutrality expectations (see, e.g., Ewens 1972; Afala
1974; Soulé 1976; Nei 1983). Unfortunately, while protein electrophoresis yieldszin-
formation about numbers of alleles and their frequencies, the assay provides no dlEéCt
measure of the mutational distance among different allelic types. An assay that also
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included information about the evolutionary relatedness among alleles would clearly
be far richer in empirical content.

Newer techniques, including restriction-site mapping and nucleotide sequencing,
have recently been employed to assess the magnitude and pattern of mutational dif-
ferences among alleles at defined regions of DNA, such as the alcohol dehydrogenase
locus in Drosophila (Kreitman 1983; Aquadro et al. 1986; Kreitman and Aquadé
1986; Schaeffer et al. 1987). A rich picture of molecular variability has emerged, in-
cluding the documentation of common base substitutions, addition/deletion events,
insertion of transposable elements, and nucleotide sequence alterations due to intra-
genic recombination or gene conversion (Stephens and Nei 1985; Aquadro et al. 1986).
Some of these latter processes can, however, add complications to the interpretation
of genetic distances and phylogenetic relationships among alleles of nuclear gcgaes
(Hudson and Kaplan 1985; Stephens 1985).

A simpler genetic system which appears to lack many of these comphcatxorg is
mitochondrial DNA (mtDNA). In higher animals, mtDNA is maternally transmltgd,
without recombination or conversion events between molecules from different feniale
lines. Transposable or other moderately repetitive elements are unknown, and althoﬂ.gh
addition/deletion events are not rare, they are usually greatly outnumbered by sinﬁ:le
base substitutions which thus account for most of the mtDNA sequence differeriges
among conspecific individuals. Several recent reviews summarize these and other @;o-
lecular features of animal mtDNA (Brown 1981, 1983, 1985; Avise and Lansrian
1983; Cann et al. 1984). There is a wealth of mtDNA genetic diversity within njost
species, and it has become common practice to estimate genetic distances and phy-
logenetic relationships among mtDNA “haplotypes™ or “alleles” on the basis oigre-
striction-fragment or restriction-site data (Wilson et al. 1985; Avise 1986; Avise egal
19874, Moritz et al. 1987).

Here we generate, under a neutral model, expected probability dlstnbutlong of
times to common ancestry of female lineages within a population or species. Sevgral
empirical mtDNA data sets will be compared with these expectations, and poss@le
explanations for departures will be considered. We will be particularly concerned with
the following question: do current census population sizes of extant species reliziﬁly
predict observed frequency distributions of genetic distance among mtDNA alle%s‘?
If they do not, a likely explanation is that present-day population sizes are poox*fin-
dicators of effective population sizes over recent evolutionary time.

1e/aq

Methods and Results
Theoretical Expectations
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Since mitochondria are maternally inherited, we need only be concerned \gth
demographic properties in a matriarchal phylogeny, which can be viewed as a history
of reproductive success of various asexual, female lines within a species. Under siin-
plifying assumptions, such as that the number of daughters produced by breeding
females is Poisson distributed, several expectations about lineage ancestry—e.g., mean
times to fixation or loss of newly arisen neutral mutations (Fisher 1930; Wright 1931;
Crow and Kimura 1970), probabilities of survival of a given number of lineages through
G generations (Avise et al. 1984), coalescence times at which all lineages converge to
a single ancestor (Nei 1987), and times to reciprocal monophyly of two isolated pop-
ulations (Neigel and Avise 1986)—have previously been addressed. Here we consider
the probability distribution of times to common ancestry between a random pair
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of individuals in a population by using a gene genealogy approach adapted from
Tajima (1983).

Imagine an idealized population with nonoverlapping generations and a constant
number N, of breeding females. In each generation, these females contribute to a large
mtDNA gamete pool from which Ny mtDNAs are drawn to form the female population
in the next generation. The probability that two randomly chosen daughters share a
mother is 1/N;. This is also the probability that the time to common ancestry of two
randomly chosen mtDNAs is 1 generation ago (G = 1). The probability that the time
to common ancestry is 2 generations ago (G = 2) can be derived in the following way:
We first note that the probability that two randomly chosen mtDNAs are derived
from different mothers is 1 — 1/N;. The probability that two randomly chosen mtDNAs
come from two different females in the previous generation but from the same grand-
mother is therefore given by (1 — 1/N/)}(1/Ny). It is now obvious that the probabﬁity
f(G) that two randomly chosen mtDNAs are derived from a common ancestor glat
existed G generations ago is

f(G) = (1/N)1 — 1/N)O~" =~ (1/Npe" 6™,

dny wouy pap
=z

This is equivalent to Tajima’s (1983) equation for the probability that two ran-
domly chosen alleles at a nuclear gene are diverged from a common ancestor ﬁmat
existed ¢ generations ago in a diploid population of size N (see also eq. 13.67 in Nei
1987). Indeed, the above equation can be derived by replacing 2N in his equatlomby
N, and t by G.

Equation (1) gives the probability distribution of times to common ancestrg in
terms of the number of generations (G). The distribution is geometric with paraméter
1 /Nf Hence the mean time to common ancestry is approximately equal to N, \glth
variance N/(N;— 1).

The most important assumptions of the models, besides neutrality of mthJA
types, are the following: (@) in each generation there is a constant number of bree@ng
females; (b) all females are replaced each generation; and (c) females attempt production
of a large number of daughters but succeed with small probability. Assumption¥c),
in conjunction with (a) and (b) and a large Ny, implies a distribution of family sf;es
well approximated by the Poisson distribution, with mean (and variance) of 1.0 dal%h-
ters/female. g

Of course, no population in nature is likely to meet these assumptions. Forgex—
ample, there may often be large variances in progeny numbers, changes in populafion
size through time, and overlapping generations. However, the impact of these facfors
on inbreeding is well-known via their influence on effective population size (N,) (See,
e.g., Gall 1987; Nei 1987). Thus, for any real population, if effective size of the felgale
population is known or hypothesized, the expected times to common ancestryifor
mtDNA alleles can be obtained by substituting Ny, for Nyin equation (1). Using'this
equation in programs written for the Zenith Z151 and Digital PDP-11/34A computers,
we have computed expected probability distributions of times to common ancestry
as a function of various female effective population sizes.

There are three potential sources of variation about an expected distribution of
times to common ancestry. The first is due to stochastic variation in the underlying
genealogy. The second is due to sampling error from a finite number of haplotypes
assayed. The third is due to lack of fit to the model specified. The first source of
variation would arise, for example, if a genealogical split at a particular locus happened
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by chance to have occurred early in the pedigree. Thus, in principle, for comparisons
of data to theory, it would be highly desirable to sample haplotype relationships at
each of many independent loci (and through many independent pedigrees). Unfor-
tunately, extensive haplotype data are currently available only for a single “gene”—
mtDNA. Therefore we will proceed with these comparisons involving mtDNA, while
recognizing and acknowledging that stochastic variation in the underlying genealogy
is not fully captured.

Empirical Observations

Data sets appropriate to compare against these expectations involve mtDNA
distances among individuals either (a) within an isolated local population of size Ny,
females or (b) within an entire species of total size Ny, females, if historical levels,of
gene flow have been very high (Nz,m > 1, where m is the migration rate betwgen
populations of size Nj,) (Wright 1931; Maruyama 1970; Maruyama and Klmura
1974; Slatkin 1985). In practice, however, the former situation may seldom be espec1811y
informative, because effective population sizes in isolated local populations will usuglly
be too low to have permitted the accumulation of extensive observable mtDNA dif-
ferences among individuals, given known rates of mtDNA evolution (see below)gln
other words, the capacity of conventional restriction-site surveys to detect the snfall
mtDNA allelic distances that are expected to have arisen de novo within a local isolated
population is limited. We will therefore focus attention on mtDNA data sets for sevéral
large species (in terms of current census size) within which gene flow over histons(’:al
times has apparently been very high. To a first approximation, each such species rﬁay
be considered as a single population or demographic unit in evolutionary time.

qLu/Luoo

1. American Eels, Anguilla rostrata

American eels exhibit a catadromous life-history pattern described in deta11§by
Williams and Koehn (1984). In brief, juveniles inhabit freshwater and coastal hab@ts
until sexual maturity, which for females in temperate waters is reached at ~10 years
of age. Eels then migrate to the western tropical mid—-Atlantic Ocean to spawn. Larggly
through passive transport by ocean currents, larvae disperse back to continental waters
to complete the life cycle. Thus, “it is entirely possible that. . . collections of Juvenﬂes
from any locality are all samples of the same breeding population” (Williams ﬁld
Koehn 1984). Available genetic data are consistent with this view. In protem-electfo-
phoretic surveys of eels from Newfoundland to Florida, the magnitude of allozygle
differentiation was remarkably small (Williams et al. 1973; Koehn and Williams 1978;
Williams and Koehn 1984); and in an mtDNA survey of eels from Maine to Louisiafa,
rarer as well as common mtDNA genotypes were geographically widespread (Avis&et
al. 1986). Thus, from life-history pattern and genetic evidence, the entire spec1e§:>A
rostrata may, for our purposes, be reasonably viewed as a single population. §

The size of this population is currently very large. Eels are a common inhabitant
of freshwater lakes and streams throughout eastern North America, and “each year’s
spawning migration . . . must include many millions of individuals” (Williams and
Koehn 1984). Figure 1 plots the expected frequency distribution of generations to
shared ancestry for mtDNA haplotypes under the assumption that the Ny, for eels is
5,000,000 individuals.

To generate an observed distribution of times to shared ancestry for American
eels, we used the mtDNA data set of Avise et al. (1986), which consists of information
on approximately 78 scored restriction sites/individual in 109 specimens. Estimates
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FIG. 1.—Probability distributions (plotted per generation) of times to shared ancestry of mtDNA lgp—
lotypes in American eels, hardhead catfish, and red-winged blackbirds, as calculated under the assumpgon
that evolutionary Nyy’s are the same as present-day census Nys, which are indicated. The lines cross one
another because areas under each curve sum to 1.0.
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of numbers of base substitutions per nucleotide site (p) between individuals were
computed by the methods of Nei and Li (1979). To reduce the problem of dependeme
among haplotypes through their shared relationships in a common pedigree, no gn-
dividuals were used more than once. These estimates were then converted to absolgte
time (¢, in years) by

692

t=(0.5 X 10°(p), £2)

anb

which assumes a “conventional” rate of evolution for vertebrate mtDNA, namély,
0.01 substitutions/bp/lineage/Myr (Brown et al. 1979; Wilson et al. 1985). These valaes
were in turn converted to estimates of time measured in generations, assuming hat
the length of an eel generation is 10 years. Results are plotted in figure 2. The dlvergqgoe
times between mtDNA haplotypes, predicted from a face-value consideration of current
breeding-population size, are much higher than the times to common ancestry mfeI&d
from the observed mtDNA differences (compare figs. 1, 2).

2. Hardhead Catfish, Arius felis

Avise et al. (1987b) surveyed an average of 57 mtDNA restriction sites/individual
in 60 hardhead catfish collected from 10 coastal locales between North Carolina and
Louisiana. Phylogenetic analyses of the 11 observed genotypes revealed two mtDNA
groupings, both of which occurred throughout the assayed range of the species. Par-
ticular genotypes were also geographically widespread. These marine catfish are strong
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FIG. 2.—Frequency distributions of times to shared ancestry of mtDNA haplotypes in Amencanceel
Solid bars represent observed times calculated, as described in the text, from the empirical restnctlon(data
of Avise et al. (1986); hatched bars represent expected times generated on the basis of inbreeding tkyory
with Ny, = §,500.
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and active swimmers as adults, although the actual extent of lateral movement a%ng
the coast has not been monitored directly. In any event, the life-history patten% in
conjunction with the genetic data strongly suggest that historical mterconnected@;ass
among the populations has been extensive. 3
Arius felis is among the most abundant of nearshore marine fishes in the soggth—
eastern United States. Annual commercial landings in Florida alone total rou@ly
200,000 fish, and since catfish are only lightly fished, this number surely represents a
miniscule fraction of the adult population (Muncy and Wingo 1983). For purpéses
of discussion, we will conservatively estimate that census size of breeding females in
the species is 10,000,000 individuals annually. Under this estimate, the expected $re-
quency distribution of generations to common mtDNA ancestry is plotted in figure
1. The observed frequency distribution (fig. 3), calculated from the mtDNA data of
Avise et al. (1987b) by using equation (2) and assuming a generation length in ca&ish
of 2 years, is far lower than these expectations (compare figs. 1, 3).

(44014

3. Red-winged Blackbirds, Agelaius phoeniceus

The redwing is another genetically assayed species in which historical intercon-
nectedness among populations appears to have been quite high—and hence in which
total species size may be the relevant parameter for current discussion. Ball et al.
(1988) assayed an average of 63 mtDNA restriction sites in each of 127 specimens
sampled from 19 sites across North America. Thirty-four distinct mtDNA genotypes
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FIG. 3.—Frequency distributions of times to shared ancestry of mtDNA haplotypes in hardhead ca%sh
Solid bars represent observed times calculated, as described in the text, from the empirical restriction data
of Avise et al. (1987b); hatched bars represent expected times generated on the basis of inbreeding tha)ry
with Ny, = 45,000.
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were observed. Even though sample sizes per locale were small, it was apparent t%at
in most cases particular genotypes and phylogenetic arrays of genotypes were g%o-
graphically widespread. The inferred distribution of times to mtDNA common &n-
cestry, generated by application of equation (2) to the observed mtDNA genetic-distapce
estimates among random pairs of assayed individuals, is plotted in figure 4. "I?ﬁls
plot was derived from the reasonable assumption that generation length in redw@gs
is 3 years. g

The redwing is perhaps the most abundant bird native to North America, nes@ng
in all continental states and throughout Canada and Mexico. Audubon Chnstrﬁas
counts, which cover <1% of the U.S. land area, annually census nearly 9,000 %)0
individuals (Cruickshank and Cruickshank 1958). Under a conservative guess that
20,000,000 females breed annually, the expected probability distribution of timesto
common matriarchal ancestry is shown in figure 1. Again, the expected face-value
allelic distances are much larger than those actually observed (compare figs. 1, 4)§

The empirical distribution of mtDNA haplotype distances in redwings appears
not to be strictly geometric (fig. 4). One possible explanation could be stochastic vari-
ation such that surviving substitutions arose early in the pedigree. A second possibility
is sampling error in the number of haplotypes assayed, but this seems unlikely given
the large number of individuals (127) surveyed. A third possibility relates to the fact
that the mtDNAs of redwings do indeed evidence at least some degree of population
subdivision across North America (see Ball et al. 1988).
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FiG. 4. —Frequency distributions of times to shared ancestry of mtDNA haplotypes in red-wiﬁged
blackbirds. Solid bars represent observed times calculated, as described in the text, from the emp@cal
restriction data of Ball et al. (1988); hatched bars represent expected times generated on the basis of inbreegling
theory with Ny, = 36,700. 3

4. Other Species

y/S/e1014E/9

Genetic (and life-history) data for American eels, hardhead catfish, and red-wilfcéed
blackbirds are consistent with the postulate that levels of gene flow in these speéies
have been high over recent historical times. That is, many rarer as well as comraon
mtDNA genotypes are found throughout the species’ range. However, in most other
species that have been similarly assayed for mtDNA variability, geographic populaﬁon
structure is far greater, suggesting that historical levels of gene flow have been m§ch
too low to allow consideration of each such species as a single demographic populafrx:on
(Avise et al. 1987a). N

For example, in the redear sunfish Lepomis microlophus two phylogenetic argays
of mtDNA alleles differ by an estimated mean genetic distance of p ~ 0.087 @ase
substitutions/nucleotide (roughly 10 times greater than the largest mtDNA dista;ﬁce
observed in the American eels, hardhead catfish, or red-winged blackbirds), yetithe
two mtDNA allelic arrays were strongly patterned geographically (Bermingham and
Avise 1986). One phylogenetic array appeared confined to the Florida peninsula and
eastern Georgia and South Carolina, while the other was fixed in populations from
western Georgia and Florida to Louisiana. It is likely that eastern versus western
populations of L. microlophus have been strongly isolated since the late Pleiocene or
Pleistocene and that the large mtDNA allelic distances have persisted and accumulated
over several million years of separation (Bermingham and Avise 1986). Similar con-
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clusions can be drawn for several other vertebrate species that have been surveyed for
geographic variability in mtDNA (Avise et al. 1987a).

Geographic populations isolated by extrinsic (biogeographic) barriers to gene flow
are expected to accumulate mtDNA allelic distances through time, regardless of their
populations sizes (just as do “good” biological species isolated by intrinsic [genetically
based] reproductive barriers). Such phylogeographically structured species are therefore
not appropriately analyzed by the methods developed in the present paper (although
particular populations within them could be). Here we are concerned with times to
identity by descent of mtDNA haplotypes within a single demographic population or
homogeneous species.

It might appear that there is an element of circularity in our reasoning; we consider
times to shared ancestry of mtDNA alleles in species with historically high levels-of
gene flow, but such species have in part been identified by a geographic uniformitysof
mtDNA genotype frequencies. However, this problem is illusory only. We would va
as appropriate for analysis any species within which most mtDNA haplotypes wgre
geographically widespread, irrespective of the magnitude of genetic distance amGhg
the mtDNA genotypes involved. Thus, in principle, highly distinct mtDNA genotyﬁes
could certainly coexist within a large population or species. A widespread cooccurre@foe
of highly distinct mtDNA alleles is exactly the expectation for a panmictic species
with large effective population size over recent evolutionary history. In fact, howe@r,
a situation in which highly distinct mtDNA genotypes lack geographic localization
(the phylogeographic category II of Avise et al. 1987a) has not yet been observed’in
any assayed species.

Discussion

Q| LU/W0o°dno’

The major result reported here is that for several large vertebrate species with
high gene flow, observed intraspecific genetic distances among mitochondrial hapﬁo
types are vastly lower than the expected distances derived from a consideration of ﬂle
current breeding-population size of each species and from rate of evolution of §1e
mtDNA molecule. Likely explanations for the discrepancy therefore involve (a) ﬁse
of an incorrect calibration of the mtDNA evolutionary clock and/or (b) a gross disparity
between present-day population size and long-term effective population size.

Aq 6¥69¢2

Rate of mtDNA Evolution

The original calibration of mtDNA evolutionary rate, ~0.01 substitutions/@p/
lineage/Myr, was based largely on interspecies comparisons in primates (Brown etgal.
1979). Similar rates were subsequently reported for rhinoceroses, horses, rats, mige,
bovids, and geese (see references in Shields and Wilson 1987). However, many of the
calibrations are very crude. Furthermore, the ratio of evolutionary rates for mtDNA
versus scnDNA (single-copy nuclear DNA) can vary considerably among taxa (Pov&ell
et al. 1986; Vawter and Brown 1986), although it is debatable whether the heterogen@ty
is due to rate variation for mtDNA, scnDNA, or both. The slowest mtDNA clock
calibration of which we are aware (one of several plausible rates suggested by Solignac
et al. [1986], depending on the ages of species in the Drosophila melanogaster group)
is ~0.001 substitutions/bp/lineage/Myr-—or approximately one-tenth the conven-
tional rate.

Even if we assume this latter, low rate of mtDNA evolution for the fishes and
birds considered in the present report, the expected mtDNA allelic distances are still
much larger than those actually observed. The mtDNA evolutionary rates required
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Table 1

Approximate Long-Term Ny, or Decelerated Evolutionary Rates for mtDNA

(in Substitutions/bp/Lineage/Myr) Required to Make Expected Mean mtDNA Distances
under the Neutral Model Compatible with Observed Mean mtDNA Distances

in American Eels, Hardhead Catfish, and Red-winged Blackbirds

mtDNA EVOLUTIONARY

FEMALE POPULATION SIZE CLOCK MAGNITUDE OF
DISCREPANCY
Current Evolutionary Conventional Decelerated (Population Size or
SPECIES Ny (Nro®™ Rate Rate® Evolutionary Rate)
Americaneel ............ 5,000,000 5,500 0.01 0.000011 909-fold
Hardhead catfish ......... 10,000,000 45,000 0.01 0.000045 222-fold
Red-winged blackbird . .... 20,000,000 36,700 0.01 0.000018 545-fold 8
>
* Assumes the conventional mtDNA evolutionary rate. 8
® Assumes that Ny, = Ny. &
(o
o

to make expected mtDNA distances compatible with observations (under theias—
sumption that rate heterogeneity alone is the responsible factor) are listed in tablg 1.
They are 200- to 900-fold lower than the “typical” rate for vertebrates. Furthermgre,
from empirical evidence, it is unlikely that mtDNA evolution is severely constraiged
in the species considered here, because each does exhibit a large number of distinct
mtDNA genotypes, and, in the cases of the hardhead catfish and American eel, €ach
has closely related species that are known to differ by large mtDNA genetic distarces
(Avise et al. 1986, 1987b). Therefore, another explanation for the small 1ntraspe&ﬁc
mtDNA distances is probably necessary.

We/aqui/wi

Long-Term Effective Population Size

The long-term effective population size (V,) of a species can be dramatic%lly
different from current breeding-population size (N). Usually, N, is smaller tha1§ N
because of (a) overlapping generations and non-Poisson distributions of family size,
(b) fluctuations in population size through time, and (c) extinction and recolonization
of subpopulations (for detailed treatments, see Gall 1987; Nei 1987). Table 1 llstsgihe
long-term female effective population sizes Ny,’s for the catfish, eels, and redwtpgs
required to bring expected mean mtDNA allelic distances into alignment withZhe
observed mean values, assuming the conventional mtDNA clock calibration for ‘ger-
tebrates (Brown et al. 1979). These effective sizes are two to three orders of magnitade
lower than current census sizes of the breeding populations. Using these lower vagl)les
of Ny, for eels, catfish, and redwings, we have calculated expected frequency distri-
butions of times to mtDNA haplotype ancestry. Results are compared with the gm-
pirically based estimates of divergence times in figures 2-4, respectively. AlthoughZthe
expected distributions still differ significantly from the observed distributions as jucged
by x? values (not shown), the agreements are far better than those based on the miich
larger census N/s.

While we strongly suspect that Ny, < N; accounts for most of the disparity
between the observed and expected frequency distributions of genetic distances among
mtDNA alleles, we can only offer conjecture about the specific reasons for particular
values of Ny,. In the American eel, the spawn of each female may consist of a million
eggs or more. Particularly in species with such high fecundities, the opportunity exists
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for huge variances in progeny numbers among families, with consequent dramatic
lowering of Ny, relative to Ny. Marine catfish have moderately high fecundities, with
females producing ~20-65 eggs/spawn. Adult male catfish mouthbrood the eggs and
larvae. Since the success or failure of each entire brood may depend on the fate of the
father, it is likely that the variance in progeny survival among families is great. On
the other hand, redwing females have much lower fecundities (usually four eggs/brood).
In this species, however, a significant fraction of the current geographic range has
clearly been colonized since the retreat of the last Pleistocene glacier, so it is quite
conceivable that population size has expanded greatly in the recent evolutionary past.
For all three species, dramatic fluctuations in population size may well have played a
role in reducing Ny).

We are certainly not the first to utilize molecular data to test predictions based
on intraspecific population size. Nei and Graur (1984) review the extensive allozyme
literature on the subject—and they also conclude that observed variability is m&:h
lower than expected under neutral models. They state that “the level of protein pély-
morphism is actually much lower than the neutral expectation and that if the bottleneck
effect is not sufficient for explaining the observed level, the type of selection tosbe
considered is not diversity-enhancing selection but diversity-reducing selection.” Re-
sults of the current report extend the original conclusions of Nei and Graur (l9§4)
from the protein level to the mtDNA level. Q

At first thought, widespread diversity-reducing selection might appear to be e@en
less likely for mtDNA than for proteins, since most mtDNA variants occur in ngn—
translated regions or in silent positions of protein-coding genes. However, mtDNACin
higher animals is nonrecombining, so, even though many observed mutational varia%ts
are probably neutral in a mechanistic sense, their evolutionary dynamics might noge-
theless be importantly influenced by linkage to occasional, beneficial mtDNA mé’ia—
tions. Such intermittent waves of selection would channel mtDNA lineages thro%h
smaller numbers of females and, in effect, also lower Ny,.

Results of the present study can be interpreted to fit well with a broader plctgre
from mtDNA, one in which the intraspecific genetic architectures of species appear
to be shaped to a large degree by historical demographic factors. In many speofg:s,
geographic populations occupy distinct branches in an mtDNA phylogenetic tree (Agse
etal. 1987a), suggesting extensive historical population subdivision, severe restrictigns
on gene flow, and relatively small local effective population sizes (Neigel and Agise
1986). Zoogeographic impediments to gene flow, which arise and disappear in idio-
syncratic fashion with changing landscapes, climates, and biotic factors, should interact
with life history-mediated dispersal capabilities to produce the phylogeographic stritc-
ture of any species. Even for the large species with extensive gene flow that are con-
sidered in the present report, it now seems likely that population sizes have fluctuafed
dramatically in recent evolutionary times. With respect to genetic structure, natgﬁ':&al
populations of most species may seldom approach a stable, equilibrium condition’
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