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Introduction

The effective population size is one of the important
parameters of a mating system. Generally, it defines
the number of individuals effectively contributing
gametes to the next generation in an idealized theo-
retical population, and may be considered as a
measure of the increase of homozygosity because of
common ancestry, or a measure of gene-frequency
drift (Crow & Kimura, 1970; Crow & Denniston,
1988). In an ideal population genotypic frequencies
and the level of genetic variation are constant in
consecutive generations and a population is in
Hardy—Weinberg equilibrium. Nevertheless, in most
cases, migration, selection, mutation and restriction
of the breeding population cause directional or
stochastic changes in allele frequencies among
generations. Some types of mating systems could
also cause differences in allele frequencies; however,
a constant amount of consanguineous mating does
not influence allele frequencies (Crow & Kimura,
1970), rather, finite size of a population or differ-
ential contribution of parents may do this.

sylvestris L., pollen gamete genotypes, seed

A finite population experiences drift leading to
increased homozygosity. In an idealized model an
observed increase in homozygosity from one genera-
tion to the next can be attributed to a specific finite
population size, this being referred to as the
'inbreeding effective population size'. The sampling
variance of allele frequency change from mature to
filial generations is also dependent on population
size. If one assumes that all the observed variance in
allele frequencies between generations is because of
finite population size, 'variance effective population
size' can be estimated (Crow & Kimura, 1970).

Conifers are valuable model organisms for study-
ing mating systems because of the high levels of
genetic variation observed in isozyme studies (Ledig,
1986), and because of the ability to identify sepa-
rately the genotypes of the maternal and paternal
gametes contributing to an embryo (Adams, 1983).
Mating system analyses of populations based on
isozyme markers, however, often exhibit differences
among mating system parameters estimated for
different loci (Mitton, 1992), which is likely to be
observed especially when small sample sizes are

74 1996 The Genetica] Society of Great Britain.

Heredity 77 (1996) 74—82 Received 25 September 1995

Variance effective population size based on
multilocus gamete frequencies in coniferous

populations: an example of a Scots pine
clonal seed orchard

JAROSLAW BURCZYK
Department of Biology and Environment Protection, Pedagogical University, Chodkiew/cza 30,

PL 85-064 Bydgoszcz 1, Poland

The temporal method for estimating variance effective population size (Ne) based on allozyme
multilocus gamete frequency data in coniferous populations is proposed. The method was
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progeny generation. The advantages of using the gametic frequency estimates of variance
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analysed (Brown et al., 1985). Müller-Starck &
Gregorius (1988), for example, studying the mating
system of a Scots pine seed orchard composed of
two clones, showed that each of the three studied
loci could suggest a different type of mating system.
When variance effective population sizes are esti-
mated from allele frequencies (Waples, 1989) based
on several loci some of them may have a major
impact on the overall variance, whereas the influ-
ence of others is minor. Thus it is interesting to
study the variance effective population size when all
investigated loci are analysed at once. Considering
several unlinked neutral loci, all multilocus associa-
tions are affected by genetic drift to the same extent
and therefore provide information relevant to an
estimate of effective population size (Waples, 1991).
In this way the frequencies of multilocus gamete
types contributed to a filial generation could be
compared with the expected frequencies of the
corresponding gametes produced by a mature gener-
ation following meiosis. If all adult individuals in a
population produce equal numbers of male and
female gametes, then the frequencies of multilocus
gamete types contributing to the filial generation
should be similar to those expected to be produced
by the parents.

The estimation of effective population size is
especially important for forest seed orchards. When
the effective population size of an orchard is small,
the genetic composition of the seed crop may be
different from that expected from the genetic
composition of the clones in the orchard. The
purpose of this study was to employ a multilocus
gametic frequency method for estimating variance
effective population size in a Scots pine (Pinus
sylvestris L.) seed orchard based on allozyme data
obtained from the progeny.

The multilocus gametic frequency model intro-
duced here is an expansion of the single-locus
method presented by Roberds et al. (1991). The two
methods can be employed only when the haploid
genotypes of both the male and female gametes of
seeds can be determined, as in conifers. In addition,
they should be used in isolated populations, where
the expected frequencies of alleles or gamete types
can be calculated exactly, on the basis of the geno-
typic composition of adults.

Materials and methods

Studied population and biochemical analyses

The Gniewkowo clonal seed orchard was established
in 1972 and consists of 32 clones derived from selec-
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ted Scots pine plus trees growing in the Tuchola
Forests in Poland. The orchard is surrounded by
fields and the nearest Scots pine stands are located
about 1 km away towards the north-west. The
orchard consists of three blocks, each containing all
32 clones, but with different numbers of ramets per
clone, and different randomizations of clone posi-
tions (Burczyk, 1990). For this investigation, cones
were collected from a single ramet of each clone
during autumn 1988 in one of the orchard blocks.
Later analysis revealed that the clonal identity of
five of the ramets had been mislabelled; five clones
were not represented in the sample whereas a few
clones were represented by multiple ramets. Allele
frequencies and expected multilocus gamete
frequencies in the parental population were
calculated from the known genotypes of the 32
clones (Burczyk, 1992). An equal number of 40
seeds per ramet (embryo and megagametophyte
tissues) was assayed electrophoretically according to
Yeh & O'Malley (1980). Three enzyme systems were
stained: glutamate dehydrogenase (EC 1.4.1.2;
GDH), glutamate-oxaloacetate transaminase (EC
2.6.1.1; GOT) and malate dehydrogenase (EC
1.1.1.37; MDH), and four unlinked loci (Gdh, Got-2,
Got-3, Mdh-3) were scored (Niebling et a!., 1987;
Szmidt & Muona, 1989).

Estimation of variance effective population size

The effective size of the progeny population was
estimated based on both gametic and allelic
frequency methods. Because of the sampling
method, where an equal number of seeds was
analysed per maternal parent, only male gametes
can be considered as sampled at random. Thus, only
the variance effective population size attributable to
paternal contribution can be estimated.

Estimation of the effective number based on allele
frequencies followed the method of Roberds et a!.
(1991), but was modified slightly to allow for the
analysis of multiple alleles per locus, in a similar way
to Cheliak et a!. (1985). The variance effective
number of gametes contributed to the sampled
progeny by pollen parents for the entire orchard was
estimated as:

(dn—1)
Ne(p) , (1)

2(f,)dn—1)

where d is the number of progeny analysed per
ramet, n is the number of ramets sampled and f is

the standardized variance of allele frequency change
in the pollen pool of the entire orchard, which can
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= R,1n1,

be obtained from: where e, is the frequency of the ith multilocus
gamete type observed in the pollen pooi of the

1 rn—i X(,) m (q)py{))2
(2) progeny, g, is the expected frequency of that gamete

m=2 J(,)=1
type based on the genotypic composition of thew rn
orchard ramets (see next section) and x is the total

Here q(m) indicates the frequency of the ith allele at number of multilocus gamete types that could be
the jth locus with m alleles observed in the pollen produced by the orchard.
gametes contributed into the progeny and Ptj(m) is the The analogous variance used in the estimation of
analogous frequency observed in the mature popula- the effective number of pollen gametes for indivi-
tion. The coefficient w is the number of independent dual ramets, and for individual ramets for the entire
alleles summed over all loci (Cheliak et al., 1985) orchard fm(k)t may be obtained from eqn 6 by substi-
and is expressed as: tuting e instead of e1, where e, is the frequency of

M the ith multilocus gamete type observed in the
w = (m —

1)X(m), (3) progeny of the tth maternal tree. The substitution of
m2 fm and fm(k)i instead of and)k) in eqns 1, 4 and

where X(m) is the number of loci with m alleles and M 5 allows the estimation of the respective effective
is the maximum number of alleles observed among numbers based on multilocus gametic frequency
the loci studied. data.

The effective number of gametes of pollen parents Ninety-five per cent confidence intervals (CI) for
for each sampled ramet is given by: Ne were calculated according to Roberds et al.

(1991); however, to calculate degrees of freedom the
(d— 1) number of independent alleles (w) or the number of=

2(f(k)t d 1)'
(4) possible multilocus gamete types less one (x —1)

were used, depending on the model, instead of the
where f(k)t is the standardized variance of allele number of loci. Negative values for 1/e or for
frequencies in the pollen gametes of the progeny of endpoints of confidence intervals were interpreted
the tth sampled ramet and can be obtained from eqn as infinite effective numbers (see: Waples, 1989;
2 by substituting qq(m)t instead of q(m), where qq(m)t is Roberds et al., 1991, and references therein).
the frequency of the ith allele at the jth locus with
in alleles observed in the pollen gametes of the

Calculation of the expected frequencies of
progeny of the tth ramet.

An estimator for the effective number of pollen multilocus gamete types

gametes for individual ramets for the entire orchard The expected frequency, g, of each haploid gamete
(!Se(k)) can be calculated from eqn 4, where f(k) is type G, in the seed crop assumes that each clone
substituted byf(k), and (and each ramet within a clone) contributes with

equal probability male and/or female gametes to the1 " seed sample (equal male and/or female fertility),
f(k)

— ft, (5) and that each clone has an equal probability of
I mating with all other clones (equal pairwise mating

where n is the total number of ramets analysed. probabilities) (Schoen & Stewart, 1987). Under
Thus)k) is an average value of fk) across n ramets. these assumptions the expected frequency of each

The difference between the estimation of gametic multilocus gamete type can be calculated according
to Schoen & Cheliak (1987):frequency variance effective population size and that

based on allele frequencies lies in the standardized
variance equations. The gametic frequency (multi- (7)
locus) model may be considered as a specific case of
one locus with m alleles. The standardized variance
of change in multilocus gamete frequencies in the where R,, is the probability that diploid genotype j
pollen pool of the entire orchard can be expressed produces haploid gamete i by meiosis (Table 1), n is

the number of clones (or ramets) with diploid geno-as:
type j, and N is the total number of possible parents

1 (e1—g1)2 (clones or ramets). The absence of detectable
fm(p) = — (6) linkage among loci simplifies the estimation;

x1g1 (1—g,)' however, if linkage relationships were known,
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specific R,,1 could be calculated (Schoen & Stewart,
1986). In this study, the mature population of
possible parents was considered as the set of all 1056
ramets growing in the orchard.

Results

Analysis of the orchard clones showed that there
were 19 different four-locus diploid genotypes
among the 32 clones, of which 12 genotypes were
unique to individuals (Table 1). These clones are
able to produce a total of x 24 different four-locus
gametic types, on the basis of genotypic structure.

The gametic frequency effective population size of
the progeny population which may be attributed to
the contribution of pollen parents was estimated for
the entire orchard to be 105.30, whereas the esti-
mates for individual ramets ranged from 9.13 to
infinity (Table 2). The orchard-wide estimate of N.
for individual ramets based on the gametic
frequency analysis was 41.79. Comparable estimates
based on allele frequencies were 156.66 for the
entire orchard, 5.80 to infinity for individual ramets
and 47.80 for individual ramets when considered
orchard-wide. However, the difference between the
estimates calculated for the entire orchard by the
different methods was found to be statistically insig-
nificant (based on confidence intervals; Table 2). In
both cases, orchard-wide estimates of Ne for indivi-
dual ramets were about three times less than esti-
mates calculated for the entire orchard.

Effective numbers could be determined for 19
ramets when allele frequency data were used, and
for 25 ramets when gametic frequency data were
applied. Because some of the effective numbers
were estimated to be negative, the standardized vari-
ances rather than effective numbers were compared
between the two methods. The standardized vari-
ances obtained for each ramet, on the basis of allele
and gametic frequencies, were significantly corre-
lated (r = 0.373; P = 0.035) across the sampled trees.

Discussion

It is obvious that when gametes are considered as
sets of unlinked genes and when the frequencies of
such multilocus gamete types contributing to the
progeny are similar to expectation because of
panmixis, assuming equal male and female fertility,
the allele frequencies are constant between genera-
tions and a population is in a Hardy—Weinberg
equilibrium. Analogously, the genetic drift of allele
frequencies determines the drift between the
observed and expected frequencies of multilocus

gametes contributing to the progeny. In this way we
can compare observed and expected gamete
frequencies and make inferences about the variance
effective population size in terms of the drift vari-
ance in gamete frequencies. Variance effective
numbers based on allelic and multilocus gametic
data, however, are defined in different terms (drift
variance in allele frequencies, or drift variance in
gamete frequencies), but they are both influenced by
the same hypothetical real variance effective size of
a population.

The variance effective population size of the
orchard estimated in this study indicates that the
male gamete pool fertilizing the analysed embryos is
equivalent to the breeding population consisting of
105 or 157 individuals, depending on the model
applied (gametic or allelic). Because the sampling
variance depends on the size of the sample, i.e. the
number of offspring, the variance effective number
should be related to the number in the progeny
generation (Crow & Kimura, 1970). Then the ratio
of effective population number to the census one
(Ne'/N) in the progeny equals 0.0823 for the gametic
frequency, and 0.1224 for the allelic frequency
method, which should be considered to be rather
small. The orchard-wide Ne(k) estimates (42 or 48;
Table 2) were very close to the number of seeds
sampled per ramet (d = 40). Some of the Ne(k)l esti-
mates (or CI) obtained for individual ramets were
found to be infinite (Table 2). Waples (1989) noted
that trials for which standardized variances (f) were
very small lead to unusual results (N. = or nega-
tive). In the present study this could happen if, using
eqn 4, f(k) [1/d] (allelic method) or
(gametic method). Equation 4 can be transformed to
the form N = (1 —1/d)/(2(f— 1/d)). Here, the quan-
tity [lid] accounts for the expected 'spurious' contri-
bution to f that results from taking a finite sample of
individuals for analysis. If f [1/d], all of the
temporal differences can be explained by sampling
error without invoking genetic drift at all (Waples,
1989). In such a case there is no evidence that Ne is
lower than the census population, and in practice we
should not worry that Ne is substantially reduced.

Roberds et al. (1991) indicated that the two
potential factors decreasing N in seed orchards are
background pollination and imbalanced paternal
contribution. Although the expected paternal contri-
bution, as revealed by the inbreeding effective
number estimate, on the basis of flowering data (24
individuals among 32 clones; J. Burczyk & W.
Chalupka, unpublished data), was rather balanced,
the proportion of detected contaminants in the
studied material, on the basis of 10 loci, was

The Genetical Society of Great Britain, Heredity, 77, 74—82.
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observed to be 17.7 per cent (Burczyk, 1992). It
seems that the multilocus gametic frequency
approach is better suited to situations in which back-
ground pollination is a factor affecting mating
patterns of a population. Multilocus techniques
permit a greater proportion of contaminant male
gametes to be detected and discarded from the

The Genetical Society of Great Britain, Heredity, 77, 74—82.

analysis than do single locus methods, where only
rare alien alleles could be noticed; however, because
of a small number of loci applied it was not the case
in this study. If contamination occurs, and if the
allele frequencies in surrounding forests are similar
to those observed in an orchard (which is common
in conifers), the standardized variance and conse-

Table 2 Estimates of effective numbers of pollen gametes (paternal contribution) for sampled trees with confidence
intervals in a Scots pine seed orchard when all the orchard was considered as a possible paternal population (40 seeds
sampled per tree, 1280 in total)

Sampled
tree

Allele frequency
data

Multilocus gametic
frequency data

Effective 95% confidence Effective 95% confidence
number number intervals number intervals

Tree level
210 230.65 3.53 cc cc 45.92 cc
211 13.11 1.40 cc 17.14 6.22 64.32
212 28.32 2.13 cc cc 33.49 cc
213 cc 18.11 cc cc 28.98 cc
214 57.88 2.77 cc 24.49 7.87 204.92
215 cc 7.95 cc cc 50.83 cc
216 17.79 1.86 cc 9.13 3.85 21.37
217 cc 5.30 cc 17.60 6.33 68.38
218 64.93 2.86 cc 35.81 9.80 cc
219 54.76 2.72 cc 90.96 14.44 cc

220 165.41 3.41 cc 1590.26 20.33 cc

221 84.48 3.04 cc 67.70 13.06 cc

222 17.23 1.65 cc 13.81 5.32 41.44
223 10.69 1.22 194.79 52.66 11.80 cc

224 28.17 2.12 cc 36.83 9.95 cc

225 cc 6.21 cc 52.17 11.76 cc

226 5.80 0.77 27.88 43.92 10.87 cc

227 cc 4.16 cc 48.30 11,36 cc

228 664.71 3.75 cc 193.84 17.26 cc
229 cc 5.45 cc 782.38 19.83 cc

230 cc 6.95 cc cc 20.78 cc

231 cc 6.28 cc cc cc cc

232 cc 4.69 cc 28.57 8.64 756.56

233 1165.60 3.81 cc 76.23 13.63 cc

234 cc 4.11 cc 16.21 5.97 56.81

235
236

cc
cc

3.89
14.62

cc
cc

59.94
12.77

12.46
5.01

cc
36.06

237 cc 5.67 cc 60.45 12.50 cc

238
239
240

28.57
5.92

431.20

2.14
0.78
3.69

cc
28.94
cc

63.37
13.12
cc

12.74
5.11

32.64

cc
37.78
cc

241 20.79 1.83 cc 40.73 10.47 cc

Orchard-wide
47.80 25.14 135.37 41.79 31.19 59.03

Orchard level
156.66 21.62 652.40 105.30 50.40 193.05
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quently 'Je, calculated on the basis of the allelic
frequency method, will not be affected by contam-
ination. In contrast, because of a finite number of
diploid genotypes, frequencies of multilocus gamete
types produced by an orchard could be quite
different from the frequencies of corresponding
gametes produced by surrounding stands. Thus,
background pollination may increase the standard-
ized variance and decrease the N estimate obtained
from the gametic frequency approach. The lower
gametic frequency estimates found in the present
study may support this hypothesis; however, despite
the contamination detected in the studied orchard
the 'e estimate has some important meaning. The
contamination decreases the proportion of pollen
produced by an orchard. In such a case, although
the possible number of pollen donors (including
background stands) may be large, the effective
number of pollen parents within an orchard is
further decreased. Accordingly, the Ne/N ratio may
be considered as a measure of the efficiency of an
orchard in the transmission of genetic information
to the progeny generation (Roberds et aL, 1991).

The two methods gave quite similar results
(nonsignificant differences for orchard-wide and
orchard level estimates, significant correlation
between standardized variances), but the gametic
frequency estimates of variance effective population
sizes may have some advantages compared with
those based on allele frequencies. Apart from the
possibility of detecting contaminant gametes,
discussed above, the gametic frequency model gives
more precise estimates in terms of narrower confi-
dence intervals (Table 2). In the studied case, there
were 24 frequency pairs (observed and expected
gamete frequencies) used in the calculations when a
gametic frequency model was employed (eqn 6),
whereas only nine frequency pairs (three loci with
two alleles, and one locus with three alleles) were
used when allele frequencies were utilized (eqn 2).
Thus more information per observation is available
from multilocus gametic frequency data. Waples
(1989) indicated that the accuracy and precision of
N estimates are greater when the number of alleles
and the number of loci studied are increased. In the
same orchard the Ne has already been investigated
based on the allelic method using 10 loci (28 alleles
in total) for one-half of the same studied material
(640 seeds; Burczyk, 1992). N. was estimated to be
55 (CI: 23—112), and the ratio Ne/N in the progeny
population was calculated to be 0.0859, which is
nearly identical to the ratio obtained in the present
study, on the basis of the gametic frequency method.
This may suggest that similar results (in terms of the

Ne/N ratio) can be achieved when Ne is estimated
using many loci with multiple alleles or when multi-
locus gametic frequency data of a few loci are used,
although the different sample sizes could also have
an effect.

Effective population size has rarely been investi-
gated in conifer seed orchards. For two Finnish
Scots pine seed orchards the ratio of inbreeding
effective population size to the actual population
size was 0.66 (18.5/28) and 0.93 (23.2/25) (Muona &
Harju, 1989). Stern & Gregorius (1972) in a 70-year-
old stand of Scots pine calculated the ratio to be
0.46, 0.55 and 0.61 in three consecutive years. In a
black spruce seed orchard, the ratio of the variance
effective number of individuals to the actual one was
found to be very small and was calculated to be
0.07(4/60) for males and 0.22(13/60) for females
(Barrett et a!., 1987). The variance effective numbers
for Douglas fir and loblolly pine orchards were
calculated to be 310.46 and 16.47, respectively, when
sampling 315 seeds in the Douglas fir and 1008
seeds in the loblolly pine seed orchards. Consider-
able variation among clones was observed in the
Douglas fir but not in the loblolly pine seed orchard
(Roberds et at., 1991). The differences between the
two orchards were mainly explained by the extent of
background pollination (lower in the Douglas fir)
and phonology differences among clones, which
could result from a specific treatment (water spray
cooling) of the Douglas fir seed orchard (Roberds et
al., 1991). Although, different estimation procedures
make comparison between the published and the
present results difficult, the estimates obtained by
Barret et al. (1987) indicated reduced variance effec-
tive numbers similar to this study. Comparison
between the inbreeding and variance effective
numbers is very difficult, however, unless population
sizes are constant in consecutive generations, and
sampling is made in the same life stages (Crow &
Kimura, 1970; Waples, 1989). It is even more diffi-
cult in this study because the inbreeding and vari-
ance effective numbers were calculated in different
ways: on the basis of potential (flowering) and real-
ized (pollen gamete genotypes) paternal contribu-
tions, respectively. Thus, a number of factors which
influence male reproductive success (besides floral
fecundity) may also cause the difference between
the observed inbreeding and variance effective
numbers.

Genetic variation in male and female flowering
and fruiting has often been studied in conifer seed
orchards (Jonsson et al., 1976; Muona & Harju,
1989), and in recent years, male and female fertility
variation has been investigated at the progeny level,
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based on isozyme analyses, and attempts have been
made to characterize mating systems (Müller-Starck,
1982; Schoen & Stewart, 1987; Adams & Birkes,
1989). These studies have revealed nonuniform
contributions of clones to orchard progeny. The
present results for the variance effective population
size, on the basis of multilocus gametic frequency,
do not determine the contribution of particular
clones, but they may be useful for characterizing
seed orchard effectiveness.

As pointed out by Nei & Tajima (1981), the
temporal method, which was used in this study, is
especially precise (narrow confidence intervals) for
small effective sizes. This may be observed when the
estimates for sampled ramets are considered (Table
2). The method should be useful therefore for
conservation biology where small effective popula-
tion sizes may increase the effect of inbreeding
depression and may cause loss of genetic variability
(Waples, 1989), and it is well suited for use in seed
orchards (Roberds et a!., 1991). Thus, if Ne of a seed
orchard is considerably restricted compared with the
census population, this should be easily detected
using the temporal method. The eventual small ratio
of effective to actual population sizes in orchards
reduces the genetic value of seeds. Knowledge about
the different contributions of clones to total gamete
production and about the effective population size is
important when breeders make assumptions about
the genetic composition expected in the progeny
populations used for reforestation.

It would be interesting to estimate the mean vari-
ance effective population size for both male and
female gametes contributed to the sampled progeny.
This could be achieved by calculating harmonic
means for male and female effects (Crow & Kimura,
1970). Because equal numbers of seeds per indivi-
dual ramet were sampled, we should expect the vari-
ance effective population size of ovule gametes to be
large (Ne1280, and the ratio N/N1), unless
linkage or segregation distortions were involved. In
fact, when the gametic frequency method was
applied to female gametes contributed to the
sampled seeds (expected multilocus gamete frequen-
cies, eqn 6, were calculated based on the genotypic
composition of sampled ramets), the effective
number was estimated to be 2165.20 (CI:
424.40—co). Then, if we use 105.3 and 1280 (to
simplify) for the effective numbers of male and
female gametes, respectively, the harmonic mean
N = 194.36. This indicates clearly that the mode of
seed collection (balanced or not) from individual
trees or clones may affect final variance effective
numbers and this should be considered in forestry
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practices.
It might be expected that the precision of the

multilocus estimate would greatly increase if some
additional loci were used. The sampling strategies
(minimum sample sizes for parental and filial gener-
ations), the properties of the proposed multilocus
gametic frequency estimator, and the relationship
between variance and inbreeding effective numbers
need to be further investigated for a wider variety of
breeding systems.
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