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ABSTRACT I estimate effective population size (N,) and the inbreeding 
coefficient (FST) for contemporary United States using Wright’s isolation by 
distance model (Wright: Genetics 28:114-138,1943) and parent-offspring dispersal 
distances obtained from individuals surveyed as part of a study of modern dispersal 
patterns. N, is estimated to be minimally 3.61 x lo7  and more likely closer to 
8.05 X lo7; based on these values, FST is between 1.59 x l o p 7  and 9.28 x lop9 ,  
depending on whether it is measured relative to  the United States population or 
the world at large. Not all the assumptions of the isolation by distance model are 
met by modern populations, and thus the results must be interpreted with caution. 
They suggest, however, that both mobility within and immigration into contempo- 
rary United States are great enough to make the probability of inbreeding and 
random genetic drift negligible factors in producing future evolutionary change. In 
contrast, gene flow, acting as both a constraint against geographic differentiation 
within the United States and by introducing new genes via international immigra- 
tion, is likely to  be a dominant evolutionary force in this population. 

Studies of contemporary non-industrial- 
ized human societies indicate that current 
within-population enetic diversity and fu- 

termined by random genetic drift ( avalli- 
Sforza, 1969; Cavalli-Sforza and Bodmer, 
1971). Although the ap arent increase in 

nized transport (Boyce et al., 1971) makes 
this less likely to be true in industrialized 
societies, this assumption has not been 
tested. Such a test can be made by calculat- 
ing effective population size We), propor- 
tional to the rate a t  which genetic drift leads 
to fixation of alleles and loss of genetic het- 
erzygosity (Crow and Kimura, 19701, and the 
inbreeding coefficient (FST),  measuring the 
expected degree of genetic differentiation 
among subdivisions of a population (Wright, 
1969). 

Here I calculateN, and FST for the contem- 
porary United States. From the several mi- 

ation models which can be applied to 
K m a n  populations, I chose Wright’s (1943) 
isolation by distance model. This model spe- 
cifically focuses on the situation in which, 
because of limited dispersal, individuals 
within a more-or-less continuously distrib- 
uted population are isolated by distance 

8 ture evolutionary c a ange may be lar ely de- 

mobility since the deve P opment of mecha- 

rather than by geographic barriers or gaps in 
the habitat. It is thus particularly appropri- 
ate to human populations in industrialized 
societies where the advent of mechanized 
transport has greatly reduced the formerly 
prominent role of geographic barriers in con- 
straining dis ersal patterns. Individual iso- 

the application of alternatives such as island 
models and matrix methods unsuitable. A 
review of the application of these a proaches 

structure of human population can be found 
in Jorde (1980). 

Although the isolation by distance model 
is appropriate for some of the most salient 
features of modern industrialized societies, 
it entails at least two assumptions that are 
not likely to be met: 1) a uniform distribution 
of individuals throughout their ran e and 2) 

tivity of the analysis to violation of these 
assumptions may be considerable, at least 
with respect to some local populations. Thus, 
the results obtained from these analyses 
must be viewed with caution. 

lates are rare !I y identifiable, thereby making 

and their derivatives to studies oft K e genetic 

panmixia within neighborhoods. T a e sensi- 
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METHODS 
Neighborhood size, N, is defined as the 

PO ulation of a region in which the parents of 
inlividuals born near the center may be 
treated as if drawn at  random. Following 
Wright (1946), 

N = 4apu2 (1) 

where p is population density and u2 is the 
mean-square dispersal distance. From N ,  ef- 
fective population size, N,, can be estimated 
as 

where CK, CRs, and CGT are correction fac- 
tors com ensating for non-normality of the 

tion in lifetime progeny production, and 
overlapping generations, respectively (Bar- 
rowclough and Coats, 1985). These correc- 
tion factors are discussed in greater detail 
below. 

Parent-offspring dispersal distance was 
estimated from individuals sampled from 
eight secondary school reunion booklets ob- 
tained as part of a larger study of migration 
patterns in contem orary United States 

schools located in Alabama, Ohio, Wiscon- 
sin, and California, and included both urban 
and rural areas. Schools were chosen whose 
reunions had occurred recently, therefore 
maximizing the probability that printed ad- 
dresses would be current. In autumn 1984, a 
survey was sent to 1,095 individuals arbi- 
trarily selected from the booklets; 607 (55%) 
re lies were received. Individuals were 

their (first) spouse, and the birthplace of 
their first child, if any. 

From these data, I determined the latitude 
and longitude for all localities and the great- 
circle distances between 1) birthplace of re- 
s ondents and the birthplace of their first 
cgild and 2) birthplace of res ondent’s 

geographically contiguous and homogeneous 
political unit, only individuals both born and 
whose first child was born within the conti- 
nental United States or adjacent Canada 
(excluding Alaska and Hawaii) were in- 
cluded. Root-mean-square (RMS) distances 
were estimated from the formula 

dispersa P distribution, non-random varia- 

(Koenig, 1988). Boo I: lets were from eight 

as 5: ed their sex, birthplace, birthplace of 

s ouses and the birthplace of t R eir first 
c R ild. In order to confine the analyses to a 

RMS = xi21 (3) 
i = l  

(Rockwell and Barrowclough, 1987), wherexi 
are parent-offspring distances and n is the 
sample size. 

The degree of enetic differentiation ex- 

the inbreeding coefficient FST (Wright, 
1969). FsT.is hierarchical, measured relative 
to a specific larger PO ulation. At the level of 
the United States, FST can be estimated 
(Wright, 1951; Rockwell and Barrowclough, 
1987) as 

petted among su % divisions is measured by 

where K is the number of demes in the 
species’ range and 

+ (1/(3N:)) X [1.202 - 2/ 
(2K -1)21+ ... ] ( 5 )  

F can also be estimated at the global 
leveyfrom N ,  and the rate of international 
immigration. Several models have been de- 
scribed, including the island model of Wright 
(1943), an elaboration of this model by Nei et 
al. (19771, and Malecot’s two-dimensional 
continuous model (Cavalli-Sforza and Bod- 
mer, 1971). All three of these ielded compa- 
rable results when applie B to the data 
athered here, and thus I resent values 

Eased only on Wright’s (19437 island model. 
From this model, 

where m is the migration rate per genera- 
tion. 

RESULTS 
Dispersal data for respondents alone and 

for the combined sam le of respondents and 
their s ouses, divide by sex, are resented 

(19891, values for females tend to be slightly 
greater than for males. The distributions of 
parent-offspring dispersal distances for re- 
spondents were not significantly different 
from those of respondent’s spouses of the 

i! c f  
in Tab P e 1. As previously reported y Koenig 
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TABLE I .  Estimation of  parent-offspring dispersal distances in contemporary United States 

Mean Root-mean-square Standard 
(km) (km) deviation Kurtosis N 

Males 678.2 896.6 1,0742 2.330 189 
Females 849.8 1060.2 1,237.9 0.758 234 
Combined 773.2 990.5 1,169.4 1.344 423 

Respondents 

Respondents and  spouses 
Males 711.1 9 17.2 1,086.0 1.814 420 
Females 760.4 983.8 1,166.5 1.349 410 
Combined 734.1 950.7 1,125.1 1.581 832 

same sex (Kolmo orov-Smirnovi! = 0.78 for 

tailed]). Thus, for subsequent analyses I 
combined respondents and their s ouses. 

sexes combined ranged from 532.8 km (Osh- 
kosh, Wisconsin) to 1,291.9 km (San Jose, 
California) among the eight localities. Over- 
all mean RMS distance was 950.7 km, sev- 
eral times greater than that reported for any 
other human population to date (Wijsman 
and Cavalli-Sforza, 1984; Koenig, 1988). 

The 1980 population of the continental 
United States (excluding Alaska and 
Hawaii) was 2.250 x lo8 individuals (US 
Dept. of Health, Education and Welfare, 
1980); population density, given area of 
7.984 x lo6 km', was 28.2 km-'. Substitut- 
ing these values into Equation 1, N = 
4d28.2) (950.7)' = 3.20 x lo8 individuals 
for the complete sample; for the individual 
localities N ranged from 1.01 x lo8 to 
5.91 x 10' individuals. All but the lowest of 
these estimates is greater than the census 
size of the United States, indicating that 
there is little or no isolation by distance 
within this population and that parents of 
individuals born near the center of the coun- 
try may be treated as if drawn at random. 
For subsequent analyses, I assume that the 
best estimate for neighbourhood size is the 
census size (2.25 x lo8). However, as a con- 
servative minimum I also calculated values 
based on the low estimate for N(1.01 x lo8). 

The three correction factors CK, CRS, and 
CGT correct for demographic features alter- 
ing N, relative to N (Barrowclough and 
Coats, 1985). CK depends on the precise par- 
ent-offspring dispersal distribution and is 
slight1 >1  when the dispersal distribution 
is mil& leptokurtic and < 1  when the dis- 
tribution is either platykurtic or strongly 

males, 0.93 for f emales; both P > 0.50 [2- 

Root-mean-square distances for t K e two 

leptokurtic (Wright, 1969). The parent-off- 
spring distribution for the combined sample 
was slightly leptokurtic (Table 1) yielding 

CRS depends on the variance in lifetime 
rogeny production. If variance is less than { inomial, N, > N, otherwise, N, < N. As- 

suming a stable population, 

(7) 

where E and V k  are the mean and variance of 
opulation progeny production 

(Crow lifetime an B Kimura, 1970). For estimates of 
these arameters, I used the total number of 

States who were between 40 and 54 years of 
age in 1980, an age cutoff which includes 
>99% of the offspring born during the life- 
time of this cohort (Demographic Yearbook, 
1986). From these data, 5 = 3.00 and 
v k  = 4.09. Substituting into equation (7), 
CRS = 0.892. Unfortunately, comparable 
data are not available for men, who might be 
expected to have greater variance in lifetime 
progeny than would women. 

CGT adjusts for the effects of age structure 
and delayed breeding in populations with 
overlapping generations, factors which de- 
crease N, relative to N. I calculated CGT b 
the algebraic method of Emi h and Polla 

United States, CGT = 0.396. From these es- 
timates and Equation 2, N, = 8.05 x lo7 
when N equals the census size. Using the 
minimum estimate for N, N, = 3.61 X lo7. 

Using N, = 8.05 x lo7 and Equation 4, 
FST= 9.28 x lo-' relative to the 1980 
United States potential for nearly three sub- 
divisions of this size. According to the mini- 
mum estimate for N,, FST = 3.16 X l op8  
relative to the potential for six such subdivi- 

C K  = 1.013. 

CRS = Z/[E - 1 + (vk/E)] 

live o K. spring born to women in the United 

l 
(1979). Using 1979 census B ata from the 
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sions. These small values indicate that, 
given the current levels of mobility, virtually 
no stochastic genetic differentiation can be 
expected to arise within the United States. 

At the global level, estimates of F S T  de- 
pend on m, the rate of international immi- 
gration. During the period 1951-1979, a 29- 
year time period roughly corresponding to 
generation length, there were approxi- 
mately 9.80 x lo6 immigrants to the United 
States (Houstoun et al., 19841, amounting to 
4.35% of the 1980 population. Using this 
value for m and Equation 6, F S T  = 7.12 x 
lops (1.59 x using the minimum esti- 
mate for N J .  

DISCUSSION 
Limitations and potential bias 

These results are dependent on a variet of 

tially biased in that the survey was not a 
random sample of the study population. Po- 
tential sources of bias include l) nonrandom 
geographic distribution of schools from 
which the samples were obtained, 2) nonran- 
dom sampling of individuals as a conse- 
quence of choosing only those graduating or 
nearly graduating from secondary school, 3) 
bias among graduating individuals that 
were located at the time of the reunion and 
thus listed in the booklets, and 4) bias among 
those responding to the survey. Although the 
specific effects of these problems are un- 
known, they are unlikely to have inflated the 
observed mean dispersal distances (Koenig, 
1988). 

Second, as mentioned in the introduction, 
neither the assumptions of a uniform distri- 
bution or of anmixia at a local level are met 
by modern s nited States society, in violation 
of the isolation by distance model. Problems 
associated with the non-uniform distribu- 
tion of the PO ulation are in most cases 

For example, all samples ana yzed here 
yielded large dispersal values, even though 
RMS dispersal distances varied slightly over 
two-fold in part because of the non-uniform 
distribution of individuals among localities. 
However, non-uniform distribution of indi- 
viduals is in some cases extreme. Genetic 
structure of the resulting geographically iso- 
lated communities may at least in some 
cases be uite different than that described 

assum tions, some of which are violate d to 
an un R nown extent. First, they are poten- 

P minimized by t R e fluidity of the opulation. 

here fort R e population at large. 

A similar, even more important difficulty 
is non-panmixia as a conse uence of social, 

ate examples of such stratification include 
any number of ethnic groups in large urban 
areas between which intermarriage is rela- 
tively uncommon. Extreme examples in- 
clude numerous subgroups existing in 
varying degrees of isolation from the main 
United States population such as rural His- 
panics (Devor, 19801, the Ramah Navajo in 
New Mexico (Spuhler and Kluckhohn, 19531, 
Dunkers in Pennsylvania (Glass et al., 
19521, and Hutterites in South Dakota and 
Minnesota (Mange, 1964). Because of their 
small census size and isolation, these com- 
munities have relatively high inbreeding 
coefficients; for example, Mange (1964) esti- 
mated that FST = 0.022 2 0.014 for the Hut- 
terites. 

As a consequence of these problems, the 
results obtained here must be interpreted 
with caution and cannot be considered repre- 
sentative of all local populations within the 
United States. However, if isolation is not 
complete and ene flow exceeds, on average, 

genetic differentiation due to drift will be 
revented (Wright, 1951; Slatkin, 1987). It is 

Ekely that few minority groups, even among 
those attempting to retain a high degree of 
isolation, succeed in reducing gene flow be- 
low this level (Cavalli-Sforza and Bodmer, 
1971). Thus, although important for the ge- 
netic structure of particular local subgroups, 
the overall effect of stratification on the mea- 
sures of population structure calculated here 
for the United States as a whole is probably 
small. 

An additional potential bias in the estima- 
tion of F S T  relative to the world at large is 
that immigrants are not chosen randomly 
from the common gene pool (that is, the 
world opulation). However, the results are 
so strifing that correction for this bias would 
be unlikely to substantially alter the conclu- 
sions. 

Consequences of large effective population 
size 

The F S T  estimates obtained here are two 
orders of magnitude lower than those previ- 
ously reported for any other human popula- 
tion (Jorde, 1980, 1984) and are much 
smaller than that necessary for mutation to 
maintain significant genetic variation at 
equilibrium (Lande and Barrowclough, 
1987). For example, genetic heterozygosity 

economic, and ethnic strati 9 ication. Moder- 

one individua 7 per generation, substantial 
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declines due to drift by a factor of 1 - (1/2Ne) 
er generation (Wright, 1931) and is there- 

Fore lost by a factor of only 0.999,999,994 per 
generation when N, = 8.05 X lo7. Hence, a t  
equilibrium, expected heterozygosity for se- 
lectively neutral polymorphism2 is very 
high. Heterozygosity per locus H = 4N,p/ 
(1 + 4Nep,) where p = the mutation rate 
(Crow and Kimura, 1970). At the relatively 
low of lop7 per locus perseneration 
(Dobzhansky, 1970), estimated H at equilib- 
rium equals 0.9699 (0.9352 when N ,  = 

The estimated values for N ,  and FST are 
sufficient to make it unlikely that selection 
can produce any appreciable geographic 
variation within the United States popula- 
tion. The distance over which adaptation to 
local conditions can occur, Q c ,  is equal to 
ulgs, where u equals the root-mean-square 
dispersal distance and s is the selection coef- 
ficient against a homozygote in a 2-allele, 
additive model (Slatkin, 1973; May et al., 
1975). No pocket of selective differences 
whose length is less than P , can produce a 
cline (Wijsman and Cavalli-Sforza, 1984). 
Given a relatively high selection coefficient 
of s = 0.1 and u = 950.7 km, Q, = 3,006 km 
(1,685 km for the minimum estimate of a). It 
is unlike1 that there exists a selective factor 
that coul B maintain a cline of this magnitude 
for very long. 

These results demonstrate that both mo- 
bility within and immigration into contem- 
porary United States are great enough to  
make the probability of inbreeding and ran- 
dom genetic drift negligible factors in pro- 
ducing future evolutionary change. In 
contrast, gene flow, acting as both a con- 
straint against geographic differentiation 
within the United States and by introducing 
new genes via international immigration, is 
likely to be a dominant evolutionary force in 
this population. 
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