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Inbreeding in the Utah Mormons: an evaluation of estimates based on
pedigrees, isonymy, and migration matrices

L. B. JORDE

Department of Human Genetics. University of Utah School of Medicine, Salt Lake ('ity.
Utah 84132. USA

SUMMARY

Using a computerized genealogical database. inbreeding coefficients were calculated for a
sample of 435777 Utah Mormons. The population was divided into ten ten-year birth cohorts
(1846-1945) and 22 geographic subdivisions in order to assess temporal and spatial variation in
inbreeding. The average inbreeding coefficient for this population is 0-000106. The average
within-groups random kinship coefficient is 0:000312. reflecting consanguinity avoidance.
Random kinship matrices were formed by estimating the average kinship within each spatial
subdivision and between all pairs of subdivisions. These matrices were compared statistically
with kinship matrices previously estimated using migration matrices and isonymy data. The
isonymy approach consistently overestimates random and total inbreeding as well as Wright’s
F,,. This can be attributed primarily to the assumption of monophyletic origin of surnames. The
migration matrix method underestimates random inbreeding and F,,. This is due mainly to the
assumption that outside immigrants are derived from a genetically homogeneous population.
While the absolute values of the kinship coefficients estimated by each method differ
substantially. the patterns of between-groups kinship coetficients given by each method are
highly congruent. Logistic and linear regression analyses of 85235 marriages demonstrate that
consanguinity is significantly dependent upon year of marriage. geographic distance between
husband’s and wife’s birthplaces. and the population size of husband’s and wife's birthplaces.

INTRODUCTION

Several approaches have been devised to estimate inbreeding in natural populations. The
most direct method involves using pedigrees, but adequate pedigree data are often difficult to
obtain. Indirect estimates of inbreeding can be made from gene frequencies. isonymy data. and
migration matrices. Since each of these methods involves certain assumptions. much can be
learned about the weaknesses of each method by comparing their results in a single population.
Earlier studies of the Utah Mormon population have presented results based on gene
frequencies (McLellan ef al. 1984). migration matrices (Jorde. 1982, 1984). and isonymy (Jorde
& Morgan. 1987). This population is particularly useful for comparisons of this type because of
the availability of a computerized genealogical database that includes -2 million individuals.
With this large sample size. it is possible to subdivide the population in several informative
ways (e.g. spatially and temporally) without losing statistical power. Also. several tvpes of
ancillary data are available. permitting an examination of causal factors related to inbreeding.

The objectives of the present study are twofold. First. spatial and temporal variation in
inbreeding is investigated using the genealogies of 435777 Utah-born subjects. and causal
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determinants of consanguineous marriage are explored. Second. kinship measured genea-
logically is compared with kinship measured by other methods in order to evaluate the
assumptions of each method. While other studies have reported more limited comparisons of
kinship data. no previous study has compared kinship based on genealogies. isonymy

migration matrices. and gene frequencies in the same population.

METHODS

The Utah Population Database includes information on the date and place of birth. marriage.
and death for most individuals in the database. Nearly all members of the current database
were members of the Church of Jesus Christ of Latter-day Saints (LDS or *Mormons ). The
analyses reported here are based on 435777 members of the database who were born in Utah
from 1847 to 1945. Temporal variation in inbreeding was assessed by dividing the sample into
ten-year birth cohorts. As in previous studies of this population, spatial variation was evaluated
by dividing the sample into 22 spatial subdivisions. These are known as ‘stakes,’ a key
organizational unit in the LDS Church (see Jorde (1982) for further details).

The Mormon colonization of Utah began in 1847. Population growth. spurred by immigration
and a high birth rate, was rapid : nearly 100000 Mormons inhabited Utah in 1870. and the total
population of Utah in 1890 was over 200000 (of whom about 70 % were Mormons) (Wahlquist,
1978). Currently, 95% of Utah's population is Caucasian. and 70 % are members of the LDS
Church (Martin ef al. 1986).

Inbreeding coefficients (F) were calculated in the standard fashion (Wright, 1922). These
coefficients were then averaged over the individuals in each birth cohort and in each spatial
subdivision. Random inbreeding (F,) in each subdivision was calculated by averaging the
kinship coefficients of all possible pairs of individuals in that subdivision. While some studies
of random inbreeding exclude close relatives from this calculation (e.g. Brennan & Relethford.
1983). this was not done in this study in order to make the results comparable with those of the
previous isonymy and migration matrix studies (both of which assume random mating
including all relatives). For most individuals in the computerized database. ascending
genealogies do not predate 1800. Thus. as with any genealogical estimate of inbreeding. the data
are truncated. However. relative to the founding Utah population, the estimates of inbreeding
should be relatively complete and accurate.

Since the sample sizes of some subdivisions became quite large in later time periods (over
20000). it was computationally not feasible to estimate random inbreeding on the complete
sample (20000 individuals would require the calculation of nearly 200000000 kinship
coeflicients). Thus. in those populations exceeding 5000 individuals. a sample of 5000 was drawn
randomly. In three subpopulations exceeding 5000 in size. the F and F, estimates fron: the
random sample were compared with those of the complete sample. In these six comparisons,
five of the estimates were identical to five decimal places. In the one remaining comparison. the
two values differed by 3 x 107, Given this degree of agreement. the random sampling procedure
appears to be quite reliable.

Random kinship coefficients were also estimated for each pair of subdivisions in each time
period. Each between-groups kinship coefficient thus represents an average of m x n kinship
coefficients. where m is the number of individuals in one subdivision and » is the number of
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individuals in the other. Again, the random sampling process described above was used for
subdivisions exceeding 5000 individuals. These values formed the off-diagonals of a random
kinship matrix (denoted @), and the random within-groups kinship values formed the diagonals
of this matrix.

® is an a priori kinship matrix: it specifies kinship relative to an ancestral founder
population. It is sometimes more appropriate to evaluate kinship relative to the contemporary
population (*conditional’ kinship). A conditional kinship matrix, R, can be obtained from ®

using a transformation suggested by Harpending & Jenkins (1974):

nll ¢ij+¢..-¢i."¢.'
ry = e . (1)

where ¢, = X, w, ¢, (w, is the proportion of the total population which lives in subdivision £):
P ;= ¢, . due to symmetry in ®: ¢ =X, ww, ¢y :

The overall level of genetic differentiation among subdivisions, F;, (Wright. 1943). can be
obtained from R as:

F,

ot = Ty Wi Ty (2)

This quantity has also been labelled R, (Harpending & Jenkins, 1974) and r, (Rogers &
Harpending. 1986). The quantity estimated in (2) is a ‘reduced’ estimate of F,, (Felsentstein.
1982). which has been shown to converge to equilibrium more quickly than other estimates
(Rogers & Harpending, 1986: Wood. 1986). A simpler transformation is sometimes used to
obtain R. This involves replacing the numerator of (1) with the quantity ¢,,—¢ (Harpending
& Jenkins. 1974: Relethford, 1988). However. as Harpending and Jenkins point out. the latter
transformation is valid only if the subdivisions are of equal size and arrayed in a regular
geometric arrangement such that ¢, = ¢ ; = ¢ . Thisis seldom the case in human populations.
so the transformation given in (1) is preferable. This same transformation was applied to the
® matrices derived earlier from migration matrices (Jorde, 1982) and isonymy (Jorde &
Morgan. 1987) in order to obtain comparative F,, measures.

The relationship between kinship and between-subdivision geographic distance was assessed
by applying a centroid transformation to ® (as in equation (1)) and then plotting the first two
eigenvectors of this matrix against one another (Lalouel. 1973). This plot. which provides a 2-
dimensional representation of the genetic distances among subdivisions, was then rotated to
maximum congruence with the actual geographic positions of each subdivision using least-
squares estimation. The product-moment correlation (R,) between the first two eigenvectors of
® and those of the transformed geographic distance matrix provides a measure of the fit
between kinship and geographic distance. The relationship between ® and geographic distance
often conforms to a negative exponential distribution (Malécot, 1948). Thus, a natural
logarithmic transformation was applied to ® prior to centroid transformation and eigenvector
extraction.

Since the elements of @ are not statistically independent. conventional statistical tests of
significance between this matrix and geographic distance are not appropriate. Therefore.
statistical significance was estimated empirically (Mantel. 1967 : Smouse ef al. 1986: Dow &
Cheverud. 1985). A test statistic. S.isgiven by I, Z X, },,. where X and Y are the two matrices
being compared. This statistic was estimated first for ® and the geographic distance matrix. A
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product-moment correlation coefficient. r. was also estimated for X rs. Y. Then a distribution
of 1000 additional test statistics (denoted here as S*) was generated, randomly permuting the
rows and columns of one of the matrices in each comparison. The empirical significance level
was obtained by comparing the distribution of S* with S. The expectation and variance of §
were derived by Mantel (1967): a Z score was obtained in the standard manner using these
guantities and S. Since the distribution of Z is very similar to a ¢ distribution for large n. the
approxrimate standard error of r was obtained using the relationship s.E. (r) = r/Z (Sokal &
Rohlf. 1981).

The Mantel technique was also used to compare the random kinship matrices based on
genealogies. isonvmy, and migration matrices in each time period. The Mantel procedure uses
only the upper triangles of each matrix. excluding the diagonal elements. Since the diagonal
elements of kinship matrices contain important information. each kinship matrix was first
transformed to a distance matrix using the formula:

dy = ¢ii+¢jj—2¢ii'

In comparing random kinship estimates based on different types of data, it is particularly
important to ascertain that the cohorts being considered are indeed comparable (Rogers. 1987).
In this study, the same birth cohorts were used for each random kinship estimate. Thus, the

offspring” used in forming parent-offspring migration matrices are the same individuals used
in estimating random kinship from isonymy and from genealogical data.

In a previous analysis of isonymy data from Utah. logistic regression analysis was used to
“predict whether a marriage was isonymous or not (Jorde & Morgan. 1987). The independent
variables used in that analysis were year of marriage. endogamous vs. exogamous marriage
(using the stake of birth as the unit of subdivision). geographic distance between husband’s and
wife's ¢ity of birth. and the population sizes of the husband’s and wife's stakes of birth. In the
present study. a similar analysis was carried out. The dependent variable was consanguineous
rs. non-consanguincous marriage. and the independent variables were the same as in the
previous analysis. Also, a stepwise multiple linear regression was performed. using the actual
kinship coefficient between husband and wife as the dependent variable. This analysis was
performed on a subset of 85235 marriages of Utah-born couples for whom all of the above data

were available.

RESULTS

The sample sizes used for each time period are given in Table 1. The first column gives the
total number of individuals available for sampling in cach time period. and the second column
gives the actual numl)vr used after randomly sampling subdivisions with sizes greater than
5000. In total. 76% of the available subjects were actually used in calculating kinship
cocfhicients.

The average inbreeding coefficient. F. for the entire sample (435777 of 572971 individuals)
is 0:000106. The average within-groups random inbreeding cocfficient. F.. is also quite low
(0:000312). reflecting the relatively large population sizes of most subdivisions. Avoidance of
consanguinity is indicated by the fact that F, is approximately three times moater than F. The
average within-groups F, value obtained from isonymy data is several times higher than that
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Table 1. Sample sizes for each birth cohort
(The total sample size available in the database is given in column 1. and the actual sample used for
calculating kinship coefficients is given in column 2.)
Birth cohort  Total Sampled

1846-1855 6005 60053
1856-1863 25516 25516
1866-1875 41580 17331

1876-1885 57481 47484
1886-18935 68 434 52749
1896-1905 74021 55936

1906-1915 80233 58532
1916-1925 81963 58602

1926-1935 72578 50484
19361945 65 160 43138
Total 572971 435777
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Fig. 1. Average random and total inbreeding coefficients in each 10-year birth cohort.

obtained from genealogies: 0001 186. The corresponding value for the migration data is an
order of magnitude lower than the pedigree-obtained value: 0-000038.

Temporal variation in random and nonrandom inbreeding is illustrated in Fig. 1. Total
inbreeding has a value of nearly zero in the first birth cohort. reflecting in part a lack of pedigree
depth. The value increases to approximately 2x 107 in the 1876-85 cohort. after which it
gradually declines through most of the time period. Random inbreeding is highest in the earliest
cohort. due to relatively low population sizes and the consequent greater weight of siblings and
other close relatives in the computation of average random inbreeding. As population sizes
increase through time. random inbreeding decreases. It should be pointed out that the F and
F, values shown in this graph are not strictly comparable. This is because the F' values are based
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Fig. 2. Frequency of inbred individuals in each 10-year birth cohort. subdivided into three levels of
inbreeding : 0-5* and 0-5*. 0-5° and 0-5%. and < 0-5°.

on kinship coefficients between the parents of the individuals in each birth cohort, while the F,
values are based on kinship coefficients calculated between the individuals themselves in each
birth cohort.

Figure 2 shows the temporal distribution of inbreeding after dividing inbred subjects into
three levels of inbreeding coefficients: 0-5% and 0-5%. 0-5° and 0-5%. and less than 0-5%. While
“close”inbreeding tends to deerease through time (after reaching a maximum in the 1876 birth
cohort). the more remote inbreeding classes continue to increase through time. As expected for
a genealogy growing in complexity. the most remote category of inbreeding increases
substantially only after 1916, but then grows rapidly.

In order to assess urban-rural differences in inbreeding patterns, average inbreeding rates
were calculated separately for the four stakes containing urban centres (Salt Lake stake. Utah
stake. ('ache stake. and Weber stake) and for the remaining 18 subdivisions. Random and total
inbreeding for these two groups in each time period are presented in Table 2. As expected. both
categories of inbreeding are higher for the rural subdivisions than for the urban ones (with the
exception of total inbreeding in the 1876-85 cohort). The urban-rural difference is greater for
random inbreeding than for total inbreeding. however. The relatively high degree of random
inbreeding reflects the small average sample sizes for the rural stakes. For all time periods
combined. the F and F, values for the urban stakes are 0-00009 and 0-000 11. while those for the
rural stakes are 0:00013 and 0-:00055. Thus. the relative degree of departure from random
mating is substantially greater in the rural subdivisions. As anticipated. the product-moment
correlation between stake population size (averaged over all time periods) and F, is negative and

significant (r = —0-539. > < 0-01). The correlation between F and population size. while in the
expected direction. is not significant (r = —0:235. P > 0-29). This result is consistent with the

tinding that the urban and rural subdivisions differ more with regard to F, than F.
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Table 2. Average stake population sizes, total inbreeding (F). and random inbreeding (F,) in
urban and rural stakes
(Inbreeding values are multiplied by 10%.)

Urban Rural

Birth cohort Avg. size i F Avg. size F y

18346-1833 10988 00 - 2'78 894 000 1473
1856-1863 38700 048 . 194 5576 o056 7'56
1866-1875 535433 067 73 1077°7 1’01 630
1876-1885 74058 200 .. 17 15477 1’55 582
1886-1895 88090 a3 ir28 18443 148 576
1896-1905 93660 $19 4516 20309 1'40 548
1906-1915 104210 070 . 101 21416 114 526
1916-1925 108303 o062 088 21446 103 495
1926-1935 10523°5 o070 076 16936 121 485
1936-1945 105055 o074 066 128574 1"41 498

Table 3. F,, values estimated from migration matrices, isonymy. and pedigrees
(Values are multiplied by 10%.)

Migration

Birth cohort matrix Isonymy  Pedigree
1876-1885 0029 8781 3384
1886-1895 o155 8:308 3182
1896-1905 0340 7726 3037
1906-1913 0468 7:047 2:827
19161923 0428 6428 2:514
1926-1935 0350 5925 2197
1936-1945 0274 6162 2:316
Total 0304 7:383 2-837

F,, values obtained from pedigree data, isonymy, and migration matrices are presented in
Table 3. For comparability with the migration matrix results published previously, only the
birth cohorts beginning with 1876 are included here. Examination of the values for the total
time period shows that isonymy gives the largest £}, value (0-00074). pedigree data give the next
largest value (0-00028). and migration matrices give a much smaller value (0-00003). The
pedigree and isonymy estimates display very similar temporal patterns: both gradually
decrease through time, with a very slight increase in the final time period. The migration matrix
F,, values, on the other hand. are lowest in the first time period. reach a maximum in the
1906-15 birth cohort. and decline thereafter. To a large extent. the low values in the first three
time periods reflect the extremely high immigration rates during the colonization phase (most
parents having been born outside Utah). Since the migration matrix model assumes that
outside immigrants come from a genetically homogeneous population. a high proportion of such
immigrants results in a substantially lowered F, estimate.

The relationship between random kinship and geographic distance is depicted graphically in
Fig. 3. In general. the genetic relationships between subdivisions are fairly concordant with
their geographic distances. indicating an important isolation by distance effect in this
population. The R, value for kinship vrs. geographic distance is 0-775. Without a logarithmic
transformation of ®. the R, value is substantially smaller (0-453). Figure 3 bears a remarkable
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Eigenvector 1

Eigenvector 2

Fig. 3. A "genetic map " in which the first two eigenvectors of In @ are plotted against one another and
rotated to maximum congruence with the geographic Jocations of the populations. Each number
indicates the geographic location of a population. The line next to each number connects it to the %
which indicates the coordinates of the population as defined by its loadings on the first two
eigenvectors of ®. Thus. each line is a graphical measure of the goodness of fit between ® and
geographic distance.

resemblance to the eigenvector plot published earlier for kinship based on migration matrices
(Jorde. 1982). In fact, the R, value for the first two eigenvectors of ® based on pedigree data
versus @ based on the migration matrix is very high indeed: 0:979. Again. this figure is based
on logarithmically transformed kinship matrices. Without the transformation. the R, value falls
to 0-740.

Table 4 gives correlation values for each type of kinship compared with geographic distance.
The significance levels were obtained using the Mantel technique. For the total sample. the ®
matrix based on migration data vields the highest correlation with geographic distance. while
the @ matrix based on isonymy data vields the lowest correlation. As with the F, estimates.
the temporal patterns based on isonymy and pedigree data are very similar. while the pattern
based on migration matrices is somewhat divergent.

A direct comparison of each tyvpe of kinship matrix is presented in Table 5. Here. the
correlations and significance values are given for pedigree versus migration data. pedigree
versus isonymy data, and isonymy versus migration data. As expected from the results
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Table 4. Correlation coefficients. with standard errors, for kinship matrices (transformed into
distance matrices) versus geographic distance

Birth cohort

Migration
matrix

Isonymy

Pedigree

18761885 0283+o114* o253 tiof117* 0265+0118*
1886-1895 o'132+o0116 o281 +o117* 0302+ 0 118%%
1896-1905 o186 +o'116 0287+ ol 16** il 0 304 HON 18>
1906-1915 o195 torr17* o259tor17* 0298 +o 118**
1916-1925 o 22 e 7* 0263t0'117** o0290to0118*
1926-1935 0298 +o'116** 0264 +to119** o287Ff0c118*
1936-1945 0'347+t0116** 0063t+0118 o141+0118
Total 0390 e 1178 Y o245t o i7* 0282+0118*

Table 5. Correlation coefficients. with standard errors. for pairs of kinship matrices

Birth cohort

» P 005

Migration/
Isonymy

P 001

Migration/
Pedigree

230 P 0001

Isonymy/
Pedigree

1876-1885 0746 + 0-205** 0757 L o207%% 0976 +0'216**
1886-1895 o'313+0°209 0'272+0°212 0’930 o214 ¥
1896-1905 0425+ 0°209* 0306 t0213 0927+ 0°214%**
1906-1915 o654 to212*%Y, o585 L o214%" 0945+ 0 215%**
1916-1925 o'6ogto213** 6533 + o215 %8 0gbo+ o 216***
1926-1935 oib24 +or212** o'h53+0214%% (0958 Cia 6N
1936-10453 o'204to0212 o132 7be2 12 0963 - o2 18%>
Total OBeT Ropig % o873k 021sE | ‘0950 L oIoT 6T

i

2P <0050 XNE < 001 it B e 0L

presented thus far, the greatest level of concordance is seen between the isonymy and pedigree
data: all correlations exceed 0-920. and nearly all of the significance values reach the 0-001 level.
The migration- and pedigree-derived ® matrices exhibit somewhat lower correlations, but the
correlation for all time periods is still quite high (r = 0-873. P < 0:001). The lowest overall
correlation is obtained for isonymy versus migration. but it is again relatively high and
significant (r = 0-807. P < 0-001).

For the total time period, a multivariate comparison of these matrices was carried out by
regressing the pedigree-derived kinship matrix on three independent variables: geographic
distance. kinship based on migration, and kinship based on isonymy. This regression vielded an
R? value of 00947 (P < 0-001). An evaluation of all possible subsets of the independent variables
gave R?* values of 0-765. 0:923, and 0-947 for the combinations of geographic distance/migration.
geographic distance/isonymy. and migration/isonymy. respectively. The R*® values for the
independent variables singly were 0:080. 0-762. and 0:920 (geographic distance. migration. and
isonymy. respectively). These statistics show that. once isonymy was entered as a predictive
variable. migration vielded little additional predictive power. and geographic distance yvielded
almost none at all.

Another way to compare isonymy and pedigree data involves a direct evaluation of the
degree of association between consanguineous and isonymous marriages. From this data set.
132093 marriages between Utah-born couples were evaluated in terms of isonymy and
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Table 6. Cross-tabulation of isonymous rs. consanguineous marriages

Consanguineous  Non-consanguineous

Isonymous 47 €23
Non-isonymous 593 130930
X% = 7043 P <0401

consanguinity. The average F value for the 570 isonymous marriages in this sample wag
0-00370. while the average F value among the 131523 non-isonymous marriages was (0-00009.
This difference was highly significant (P < 0-001) using both a ¢ test and a non-parametric
median test. A crosstabulation of isonymy versus consanguinity for these marriages is given in
Table 6. These values reveal a highly significant association between consanguinity and
isonymy (y* = 704-3, P < 0-:001). Among the isonymous marriages 8:3 % are consanguineous,
while only 0-45% of the non-isonymous marriages are consanguineous. These figures. while
substantiating an association between isonymy and consanguinity, are not closely in accord
with the theory of isonymy. The isonymy method assumes that F = P/4. where P is the
proportion of isonymous marriages in the population (Crow & Mange, 1965). Since the average
kinship coefficient in this sample of marriages is 0-000 104, the proportion of isonymous
marriages should be 0-000416. or 55 marriages. The actual number of same-name marriages.
570, is ten times greater than the isonymy method predicts.

When stepwise multiple linear regression was applied to these data, three independent
variables entered the equation predicting consanguinity levels in marriages. The first variable
to enter the equation was year of marriage. which, as expected from Fig. 1. was negatively
associated with consanguinity. The second variable to enter the equation was the population
size of the wife’s birthplace. As anticipated from population genetic theory and the results of
the urban-rural comparison. the relationship between population size and consanguinity was
negative. Finally, geographic distance between husband’s and wife's birthplace entered the
equation. again showing a negative association with consanguinity. While all of these variables
had a highly significant relationship with consanguinity (P < 0-001), the multiple R value was
only 0-027. indicating that they do not explain much of the variance in consanguinity.

In the logistic regression analysis. ‘stake endogamy’ was the first variable to enter the
equation. The odds ratio here is 0-45 (95% confidence limits = 0-37, 0-54). indicating that
exogamous couples are about half as likely to be consanguineous as are endogamous couples.
The population sizes of wife’s and husband’s birthplaces were the next two variables to enter
the equation. The odds ratios for these two variables were 1:36 (95 % confidence limits = 1-20.
1-54) and 1-26 (95 % confidence limits = 1-12. 1-43). respectively. As expected. these odds ratios
show that couples born in larger stakes are less likely to be consanguineous. The last variable
to enter the equation was year of marriage (odds ratio = 0-73. 95% confidence limits = 0-68.
0-79). This odds ratio indicates that couples married more recently have a higher probability
of being consanguincous. which seems contradictory to the results of the multiple linear
regression. However. the logistic regression specifies simply the probability that couples will be
related to one another at any level. while the multiple lincar regression predicts the actual
kinship coefficient. As Fig. 2 shows. the actual number of inbred individuals (and therefore
consanguineous marriages) does increase through time. but this increase is due to more remote
levels of consanguinity. Thus, while the probability of consanguinity does increase through
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time, the average kinship coefficient decreases through time. The y* goodness-of-fit test for the
logistic model yields a P value of 0-50, indicating that the logistic model fits these data very well.

DISCUSSION

Pedigree. isonymy. and migration data all show that inbreeding rates in the Utah Mormon
population are very low. Since random inbreeding exceeds total inbreeding in this population,
a slight excess of heterozygotes should be observed (Allen, 1965). A gene frequency analysis
showed that all loci investigated were in Hardy-Weinberg equilibrium (McLellan et al. 1984)
and that some loci exhibited an excess of heterozygotes while others had a deficiency. Genotype
proportions are the product of multiple evolutionary forces (Workman, 1969), and the
Hardy-Weinberg procedure can be quite insensitive to individual factors such as inbreeding
(Neel et al. 1964 Jenkins et al. 1985). Nonetheless, these gene frequency results are at least
consistent with expectations for an outbred population.

In an earlier study of consanguinity in Utah, Woolf et al. (1956) reported average kinship
values for a total of 36909 Utah marriages. For marriages occurring between 1847 and 1929,
they obtained average kinship coefficients ranging from a maximum of 0-00088 (1870-89
marriage cohort) to a minimum of 0-000 26 (1910-29 marriage cohort). While these values again
demonstrate a low level of consanguinity in this population, they are somewhat higher than the
values reported in the present study. This may reflect in part the more complete sample of
marriages used here. In addition, the computerized database is truncated in earlier years
because of the inclusion criterion that a nuclear family must have had a vital event (birth or
death) occurring in Utah or along the *pioneer trail " leading to Utah. In Woolf's study. families
could be traced further back in time. accounting for a greater difference between the two studies
in the earlier time periods.

Several comprehensive reviews of consanguinity levels in human populations have been
published (Cavalli-Sforza & Bodmer, 1971; Freire-Maia, 1957; Lebel, 1983; McCullough &
O’Rourke, 1986; Reid, 1973). Comparison of the Utah Mormon inbreeding rate of
approximately 107! with the rates published in these studies shows that inbreeding in this
population is relatively quite low. A particularly useful comparison is provided by the
Wisconsin Roman Catholic population studied by Lebel (1983). Using dispensation records, this
study documents a gradual rise in average kinship coefficients to a maximum of about 4 x 10~
at the turn of the century. followed by a gradual decline to slightly over 107% in recent years.
In general, these values are quite similar to those obtained for the Utah Mormon population.
This pattern of temporal decline in inbreeding. particularly during the 20th century. has been
seen in most human populations (e.g. Brennan & Relethford. 1983: Imaizumi, 1986: Khlat.
1988: O'Brien et al. 1988; Pettener, 1985; Saugstad. 1977: Sutter & Goux, 1962) and can
usually be ascribed to increased migration rates and population mixture as transportation and
communication facilities improve.

While total inbreeding generally decreases through time. there is a gradual buildup of remote
consanguinity. Most other genealogical studies of inbreeding show a similar pattern. and in
many studies remote consanguinity can lead to a rather large inbreeding coefficient (Bear ef al.
1988: Hussels, 1969: Leslie et al. 1981; O Brien et al. 1988: Roberts. 1969: Spuhler &
Kluckhohn. 1953). In this population, however. continued population growth and high
migration rates caused total inbreeding to remain nearly constant after 1886, while random
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inbreeding continued to decrease. The great majority of marriages in this population were
contracted between individuals who were unrelated at any level. Other studies have also showy
that population growth and migration can mitigate the effects of consanguinity builduy
through time (O'Brien ef al. 1988: Relethford, 1986: Ward ef al. 1980).

The rural-urban comparison of inbreeding rates showed that rural inbreeding was roughly
50% greater than that of the urban stakes. while random inbreeding in rural arcas wa;
approximately 5 times higher than in the urban stakes. Woolf ¢t al. (1956) also analysed &
separate sample of rural Utah marriages and obtained an average kinship coefficient of 0-001 8¢
for 625 marriages in nine small communities. This figure is more than an order of magnitude
higher than the average figure obtained in this study for 259430 individuals born in rura
stakes. The communities chosen in Woolf's study. however. were selected a priori on the basis
that they appeared to manifest high inbreeding levels and are thus probably not representative
of the entire rural population. The values reported here reflect more accurately the overal;
inbreeding rate in rural Utah. The elevated inbreeding rate in the rural portion of thi:
population is consistent with the findings of several other studies (Freire-Maia ef al. 1983
Gedde-Dahl, 1973; Rao et al. 1972).

One of the most instructive aspects of this study is the comparison of random kinship based
on migration matrices, isonymy, and pedigree data. Deficiencies in each approach are revealed
by this comparison. The primary weakness of pedigree data is that inbreeding is underestimated
in the early time periods due to truncation of the genealogies. In the present study, this i
probably not a serious deficiency because the founders of the population came from diverse
parts of the United States and northern Europe. Most were thus not likely to be related to one
another.

The isonymy data consistently overestimated random inbreeding and F,,. Also. total
inbreeding estimated by isonymy varied between 0005 and 0001 for the birth cohorts
considered here (Jorde & Morgan. 19537). while total inbreeding measured from pedigree data
varied between 0-00005 and 0-0002. Rogers (1987) compared isonymy and pedigree estimates
of inbreeding in nine populations and showed that isonymy estimates exceeded pedigree
estimates in every case but one. The magnitudes of these overestimates varied from 2-fold to
200-fold. Several additional studies have revealed similar results (Hurd. 1983: Roberts &
Roberts. 1983; Robinson. 1983). A common explanation for these inflated estimates is the
polyphyletic origin of surnames (i.e. the same surname can be derived from multiple. unrelated
ancestors). This is undoubtedly an important source of error in the Utah Mormon population.
since many of the Scandinavians used patronyms and many other members of the population
had occupational surnames. Table 6. which shows that 92% of isonymous marriages are not
consanguineous. substantiates the polyphyletic origin of surnames in this population.

Another source of overestimation has been explored by Tay & Yip (1984). They show
theoretically that inbreeding estimated from isonymy is exaggerated in populations with low
inbreeding values. The overestimation is even greater when random inbreeding estimated by
isonymy is much larger than total inbreeding estimated from pedigrees. Both of these attributes
arc seen in the Mormon population as well as many other human populations. Another
important assumption of the isonymy method is that males and females migrate in equal
proportions ((row & Mange. 1965). This assumption is also violated in the Utah Mormon
population : males have been considerably more mobile than females (Jorde, 1982). Finally. the
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isonymy method assumes that the variances in the number of offspring born to males and
females are equal. an assumption which holds in strictly monogamous societies (Crow, 1983).
Polygyny was practised in Utah during the 19th century. While only a small minority of males
had multiple wives. polygyny substantially increased the variance of progeny size among males
(Jorde & Durbize. 1986). Considering these assumptions and results. it is clear that isonymy
methods are most reliable when applied to small. closed populations in which a limited number
of distinct surnames were present among the founders (Crow. 1980).

While isonymy tends to overestimate inbreeding and genetic differentiation in this
population, the migration matrix approach underestimates these quantities. This result stands
in contrast to two other studies that compared these two approaches and found higher estimates
of F,, when migration data were used (Fuster, 1986: Relethford. 1986). In the present study, the
differences are clearly attributable to assumptions inherent in the migration matrix model. One
of these is that immigrants are derived from a homogeneous outside population. A collateral
assumption is that the initial founding population is genetically homogeneous. Both of these
assumptions are inaccurate for the Utah population and have led to underestimates of random
inbreeding and genetic differentiation. A third assumption. to be discussed in greater detail
below, is that migration patterns among subdivisions are at equilibrium (i.e. they do not change
from one generation to the next). In this rapidly colonizing population. migration patterns
changed considerably through time. While the migration matrix. isonymy. and pedigree
methods yielded somewhat divergent estimates of F},. it should be emphasized that all of these
estimates are in the low range for human populations (see Jorde (1980) and Relethford (1988)
for comparative values).

In evaluating inbreeding estimates based on different types of data. it is important to
emphasize that inbreeding is always measured relative to a given reference population (Wright.
1969). For the genealogy data. the reference population is the large set of founders who initially
came to Utah. Isonymy estimates, like gene frequency estimates, reflect the effects of events
occurring many generations in the past (Crow. 1983). The reference populations represented by
the isonymy and genealogy measures are therefore quite different. and this may account for
some of the differences observed in the estimates.

The comparison of each tyvpe of kinship matrix with geographic distance showed that.
considering all time periods. the migration matrix estimates yielded the highest correlation with
geographic distance, while those of isonymy had the lowest correlation with geographic
distance. This result was obtained using both the Mantel technique and the eigenvector
technique. This pattern did not hold. however, in each individual time period. It was suggested
previously that the lower correlation between isonymy and geographic distance is due to the
nonrandom settlement of Utah by different northern European population groups (Jorde &
Morgan. 1987). In a recent analysis of a French Canadian population. Gradie et al. (1988) also
found low concordance between isonymy and geographic distance while obtaining good
concordance between migration-derived kinship and geographic distance. Smith (1988)
obtained a similar result in an analysis of a British population. After reviewing the literature
on such comparisons. Jorde & Morgan (1987) concluded that the concordance between isonymy
and geographic distance seems to be low in recently founded populations and higher in well-
established populations. This reflects the accumulation of an isolation by distance effect over

time.
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Direct comparison of all three types of kinship matrices using the Mantel technique showed
substantially greater congruence between isonymy- and pedigree-derived kinship estimates
than between the other 2 pairs of estimates. It is very interesting. though. that the migration
matrix estimates, while not correlating highly with the other estimates in individual time
periods. correlated very highly with both estimates when all time periods were combined. In
addition. the eigenvector plots based on pedigree and migration data are extremely similar. This
suggests that. by combining data over 70 years. a pattern more similar to ‘equilibrium " is being
obtained. yielding a more reliable estimate of between-groups kinship. While there were rather
large discrepancies among the differet data types in estimates of random and total inbreeding
coeflicients, the patterns of between-subdivision relationships are remarkably similar. This
seems reasonable, since most of the assumptions discussed above tend to bias these estimates
in the same direction in each subdivision (overestimation of values derived from isonymy,
underestimation of values derived from migration matrices). Provided that the biases are fairly
consistent among subdivisions, they will not distort between-groups relationships.

The regression analyses are useful in helping to determine the causes of variation in
inbreeding patterns. For the most part, the linear and logistic regression analyses vielded
similar results. Both indicated that population size is negatively correlated with inbreeding.
The linear regression showed that geographic distance between husband’s and wife’s birthplaces
is negatively associated with inbreeding. while the logistic regression showed that stake
endogamy is positively associated with inbreeding. Since geographic distance and endogamy
show a strong inverse correlation (r = —0-64), these results are congruent. As explained above,
the differing signs for the regression coefficient for ‘year of marriage ' in the two analyses reflect
the buildup of remote consanguinity which is measured in the linear regression but not in the
logistic regression. In a previous logistic regression analysis of isonymy data. year of marriage
and geographic distance both correlated negatively with probability of isonymous marriage
(Jorde & Morgan. 1987). These results are also consistent with those of the present study and
with population genetic theory. The main difference between the regression analyses based on
pedigree and isonymy data is that the isonymy analysis did not indicate a population size effect.
The strong dependency of consanguinity upon population size in individual marriages is
consistent with the correlation between subdivision size and average within-subdivision
inbreeding levels. Considering that the great majority of isonymous marriages are not in fact
consanguineous, one would not expect isonymy to exhibit as high a degree of dependency upon
population size.

In summary. the pedigree results presented here largely corroborate previous results based
on migration matrices. isonymy. and gene frequencies: the Utah Mormon population is
outbred. homogeneous, and has experienced little genetic drift since its founding. As a
consequence. one would expect the distribution and prevalence of genetic diseases in this
population to be quite similar to those of other U.S. populations. While an extensive inventory
of genetice diseases has not vet been carried out in Utah. the prevalence rates of certain genetic
diseases (or diseases with genetic components) have been estimated. Among 192083 Utah births
from 1983 to 1987, 15 were affected with classical PKU (C. O. Leonard. M.D.. personal
communication). This gives a birth prevalence estimate of 1/12806. a figure which is in accord
with the commonly cited estimates of 1/10000 to 1/15000 for PKU in Caucasian populations
(Scriver & Clow, 1980). In addition. hemochromatosis (Edwards et al. 1988). neural tube defects



Inbreeding in the Utah Mormons 353

(Jorde et al. 1983), and autism (Ritvo et al. 1989) all occur with frequencies similar to those
found in U.S. and European populations.

The comparison of kinship estimates based on genealogies. isonymy. and migration matrices
showed that the assumptions underlying each method can produce divergent estimates of total
inbreeding and random kinship. If reliable estimates of inbreeding are to be obtained with
isonymy and migration data. investigators must devote considerable attention to possible
violations of these assumptions. On a more sanguine note, these methods vielded fairly
consistent results in terms of between-groups kinship pattern: Further studies in other

populations are needed to confirm this optimism.
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