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Abstract The correlation between 99 clone female and
male fertilities in a first generation seed orchard of Pinus
densiflora was studied over 6 years. The effective num-
ber of the parent (N,) and the variance effective popula-
tion number [N,"] were used to assess the impact of to-
tal (W), female (P and male (1p,,) fertility variation. A
theoretical framework was developed to account for fe-
male and male fertility correlations as well as the impact
of possible pollen contamination. Total fertility variation
was described by the sibling coefficient (W;: the proba-
bility that two genes randomly chosen from the gamete
gene pool originate from the same parent), which was
further subdivided into Wy and ,,. These parameters
were compared under various conditions including the
total seed harvest, imposing on equal seed harvest
among the orchard’s clones and two contamination sce-
narios (M = 0 and 20%). Fertility variations among fe-
males, males and clones were observed within and
among years. Sibling coefficients (¥;) were lower, but
the effective number of parent (N,) and variance effec-
tive population number (N,) were higher in years with
moderate female and good male strobilus production. N,
for female and male reproductive outputs varied from
49 to 82 and from 57 to 93, respectively. N, was higher
for males than females. When the crop of the 6 years was
pooled, N, for female, male and the clone were 73, 87
and 85, respectively. The impact of female-male fertility
correlation for conditions with no-, positive- and nega-
tive-correlations were assessed and their impact on Wy,
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N, and N, was also evaluated. It was demonstrated that
the practice of equal seed harvesting from every clone,
or the mixing of seeds from several years, would sub-
stantially improve the genetic diversity and the genetic
representation of the seed orchard population when a
positive correlation between gender fertilities was ob-
served. The relevance of these results to supplemental-
mass-pollination was discussed under two cases where
equal- and un-equal amounts of pollen from clones were
included in the pollen mixes.
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contamination - Seed orchard management

Introduction

Conifers, like Pinus densiflora Sieb. et Zucc., are among
the most genetically variable of plants (Mitton 1983),
thus the maintenance of this diversity is a major concern
in reforestation and breeding programs. As seed orchards
become a predominant seed source, the reproductive out-
put of orchard parents and its role on genetic diversity
merit increased scientific and managerial attention.

If seed orchards are to reach their maximum genetic
efficiency, they should perform as a close, perfect popu-
lation. This efficiency is also described as the degree to
which the parental clones transfer their genetic superiori-
ty and diversity to their seed crops. To reach this goal, it
was assumed that orchard parents’ gametic contribution
should reach near equality. However, in most cases, or-
chards do not fulfill this condition (Muona and Harju
1989; Kang and Lindgren 1998).

Crow and Denniston (1988) introduced the concept of
effective population number (N,) to assess the levels of
genetic diversity and relatedness of natural populations.
Similarly, Kjaer and Wellendorf (1997) and Lindgren and
Mullin (1998) used N, and status number () to assess
genetic diversity and relatedness in forest seed-orchard
populations. Differences among orchard clones/families
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in fertility have been observed and it is reported that un-
equal contribution is very common (Eriksson et al. 1973;
El-Kassaby and Cook 1994; Kang and Lindgren 1999).
Thus, fertility variation among orchard genotypes should
be taken into account when effective population number
and relatedness are estimated.

It should be emphasized that a clonal gametic contri-
bution is the function of its female (seed-cone) and male
(pollen-cone) strobilus production. Assuming that female
and male strobilus production count is a good representa-
tive of their gametic contribution (i.e. reproductive ener-
gy equals reproductive success), then this count could be
used to estimate potential gamete contribution and hence
fertility (Gregorius 1989).

The genetic makeup of a seed orchard’s crop can be
manipulated by selective seed-cone harvesting methods
(Lindgren and El-Kassaby 1989; Kang et al. 2001), but
the result will depend on the direction and significance
level of the correlation between female and male fertili-
ty. Thus, the correlation between female and male fertili-
ty represents an important attribute in determining the
genetic makeup of the resultant seed crop and should af-
fect the methods used for selective seed-cone harvesting.
This important correlation (i.e. gender correlation) has
not yet been considered or evaluated in seed orchard ge-
netics and management.

The objectives of this study are to: (1) investigate the
correlation between female and male fertilities, and (2)
develop the theoretical framework that accounts for this
correlation when the effective number of parent and gene
diversity are being estimated.

Materials and methods

Seed orchard and flowering assessment

A clonal seed orchard of P. densiflora located at Anmyun island,
Republic of Korea (latitude 36°30'N, longitude 126°20'E), provid-
ed the material for this study. The seed orchard is surrounded by a
pollen dilution zone approximately 2 km wide to avoid outside
gene migration. This zone was not effective in eliminating pollen
contamination, as seed yield was high at an early age when pollen
production within the orchard was rather low. Thus, pollen migra-
tion was factored when the effective numbers of parent and fertili-
ty variation were estimated (see below). For more detailed infor-
mation regarding the seed orchard design, the number of clones,
the material source, the date of establishment and the data collec-
tion, see Kang (2000).

The number of female and male strobili (reproductive output
estimates) was counted for six ramets from a sample of 99 clones
in the seed orchard over 6 consecutive years (1994-1999). Addi-
tionally, two rates of pollen contamination were assumed to allow
for possible fluctuation. These rates were 0 and 20% (i.e. gene mi-
gration, M = 0.0 and 0.1, respectively). It was also assumed that
contaminating pollen arrived from a large population, thus it is not
related to itself and not related to the orchard clones either.

Fertility estimation
Fertility variation can be described by the sibling coefficient

(W: the likelihood that two genes randomly chosen from the ga-
mete gene pool originate from the same parent) of Kang and

Lindgren (1998, 1999). Additionally, the sibling coefficient is
related to the fertility coefficient of variation [CV: Kang and
Lindgren (1999)] and to female and male fertility (see below). The
sibling coefficient of clonal fertility can be described as female
() and male (y,,) sibling coefficients as follows:

N N
Vr=NY f=CVi+1, and y,=NY mi=CVp+1, 1)
i=1

i=1

where f; and m; are the proportional contributions of female and
male, and N is the census number of clones in the seed orchard.
Thus, y,and 1, could be expressed as CV,and CV,, (coefficients
of variation in female and male fertilities), respectively.

Total fertility variation (W;) in the seed orchard can be calcu-
lated by adding the two components of equation (1), assuming
no correlation between female and male fertilities (Kang and
Lindgren 1999):

N N 2
fi+(1 —2M)m,~>
Yr=N> -2:N§ ST AP
! i:lpl i:l( 2

=0.25 (yy+ (1 =2M)%y,,) +0.5(1 —2M), )

where p? is the total fertility of the i-th clone and M is the gene
migration (i.e. half the pollen contamination). With no correlation,
selfing will be 1/N (i.e. Ym;p; = 1/N).

If there is a correlation between female and male fertilities,
then a covariance between them should be considered for estimat-
ing the total fertility variation (¥;). The covariance can be re-
placed without loss of information by the coefficient of determina-
tion or its square root, the coefficient of correlation (r). When the
contamination effect (M) is considered, the variance of total fertil-
ity (V) can be expressed as follows:

V=V + (1= 2M)*V(,y) + (1 = 2M)2Cov( 1 )
NYfP=1+(1-2M)*(NIm? —1)
+2r(1—2M) /(NS 2 1) (NEmP—1)
N2
Wy (1—=2M)%y,, — 1 — (1 -2M)?

+2r(1 = 2M)/(yy — D) (ym — 1)
N2 ’

3)

where V, and V/,, are the variances of female and male fertilities,
and Cov,, is the covariance and r is the correlation coefficient
between female and male fertilities. Thus, the coefficient of varia-
tion (CV) of the total fertility can be expressed as:

VvV NVV
V=% =a21-m)

Vs (1= 22— 1~ (1-2M)2+ 2,(1 — 2M) -
V0 =Dy —1)

2(1—M)

G

where K is the average contribution of each parent to total gamete
production (female+male). Note that the male contribution is af-
fected by pollen contamination.

The sibling coefficient for total fertility (W) is thus calculated
as follows:

Yr=CV?+1
Vs + (1—2M)*y,, +2(1 — 2M)

+2r(1=2M)/(yy — D) (Y — 1)

B 4(1-M)2 &)




Under the assumption of no contamination with (1) no correlation
between female and male fertilities (Kang and Lindgren 1999),
the above equation is simplified to W, = 0. 250, + ) + 0.5,
(2) a perfect positive correlation (r = 1), the 51blmg coefficients
for female, male and total fertility variation are all equal (W, =
Yy = y,,), and (3) a perfect negative correlation (r = —1), the sib-
hng coefficient for total fertility variation equals one (W, = 1) and
w"’l

When no correlation between female and male fertilities exist
(r = 0) and equal seed harvest is practiced (= 1) to mitigate the
effect of parental imbalance (i.e. differential reproductive output
among the orchards clones), then the sibling coefficient (W) will
depend only on the male fertility variation (1,,) and pollen con-
tamination (M) as:

(1 —2M)*y,, —4M + 3

Ye= a0-mz ©)
The relative effect of equal seed harvest [i.e. equa-
tion (5)/equation (6)] is as follows:
Wi+ (1 —2M)2y,, +2(1 — 2M)
w201 =2M) = D) (Y1)
¥, (1—2M) 2y —4M +3 Q)

Equation (7) describes the relative improvement in fertility varia-
tion after imposing an equal seed harvest as compared to the natu-
ral situation (i.e. the total seed harvest when both female and male
fertilities vary). The relative improvement in fertility variation af-
ter an equal seed harvest under various ranges of correlations is
presented in the Appendix.

Effective population numbers

The effective number of the parent (V,) was calculated from the
sibling coefficient (W) of Kang and Lindgren (1999), i.e.
N
Ny=—. 8
r =, @)
Under equal fertility, N, equals N [i.e. the population is “ideal”
and the progeny are distributed in Poisson fashion (Kimura and
Crow 1963)]. The N, depends only on the fertility variation among
clones and does not depend on how clones are related or their de-
gree of inbreeding (e.g. selfing is regarded as producing two off-
spring; more sibs). The N, is often identical to the classical “in-
breeding effective number” (e.g. Kimura and Crow 1963; Crow
and Denniston 1988). The relative effective number of the parent
(N,) is the inverse of the sibling coefficient (i.e. N, = 1/¥) (Kang
and Lindgren 1999). The effective number of female (N, and
male (N,,,,) parents can be estimated from equation (8) by subsu—
tuting female () and male (y,,) sibling coefficients in place of
total fertility variation (W;).
The variance-effective population number (NV,) was estimat-
ed based on the total fertility variation of the seed orchard geno-
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types with slight modification, as has been done by Kang and
Lindgren (1998) as follows:

N
Yr—1 (C))

Under equal fertility, the N, becomes infinite, as it should, be-
cause there is no gene frequency change (Kimura and Crow 1963).
It was assumed that the number of seeds harvested was infinitive.
Thus, N, can be interpreted as a variance in the change of N, be-
tween generatlons As indicated above, the variance- effective
numbers of female [N, "] and male [N,,,*] parents can be esti-
mated from equatlon (9(9 by substituting female (w ) and male (y,,)
sibling coefficients in place of total fertility varlatlon Wp).

N =

Results
Variation of flower production

Differences in female and male strobilus production
were observed among clones. The highest and lowest av-
erage numbers of female strobili per clone were ob-
served in 1994 (X =49.5) and 1999 (X = 16.5), respec-
tively (Table 1). While the male strobili was highest and
lowest in 1996 (X = 735.5) and 1999 (X = 264.0), the re-
maining years showed intermediate and low female and
male strobilus production, respectively.

In general, coefficients of variation of male strobili
were smaller than those of females in most studied years
(Table 1). The CV of female strobili was highest in 1994
(1.019) and lowest in 1996 (0.449), while the CV of male
strobili was highest in 1999 (0.856) and lowest in 1995
(0.259). The difference in CV between female and male
strobilus production became smaller over time (i.e. the
differences were reduced as the orchard gets older). Phe-
notypic correlations between female and male strobilus
production were positive for all assessed years, and sta-
tistically significant (» = 0.358, p < 0.05) in 1997.

Based on the studied 6 years, the mean numbers of fe-
male and male strobili were 34.2 and 572.2, respectively,
and the coefficient of variation in female strobilus produc-
tion was higher than that in the male. Thus, over time fe-
male strobilus production could be divided into three
groups such as good (1994 and 1998), moderate (1995 and
1996) and poor (1997 and 1999). The years with moderate
female production coincided with good male production.

Table 1 Average cone productlon coefficient of variation (CV,and CV,,) and correlation coefficient (r) between female and male output
over a 6-year assessment period in a clonal seed orchard of Pmus denszﬂora

Item 1994 1995 1996 1997 1998 1999 Average

@ of Q? of ? of ? of Q@ o} Q o Q o
Average 495 6649 309 688.8 344 7357 252 6275 489 4525 165 264.0 342 5722
CVyand CV,, 1019 0578 0.503 0259 0449 0270 0941 0.644 0.727 0.676 0.853 0.856 0.593 0.377
CV=CV,2 0.441 0.245 0.179 0.297 0.050 —-0.003 0.216
ro 0.305 0.207 0.200 0.358* 0.318 0.185 0.323

aDifference in CV between seed- (CVp) and pollen-cone (CV,,)
production

b Correlation coefficient between the number of female and male
cones per clone
* Statistically significant at the 0.05 probability level



1186

Table 2 Female and male sibling coefficient (y, and v,,), effec-
tive number of parent (N, and Np ) relative effectlve number
of parent (N, and N, (m)) and vanance effective population num-

ber [N, and N,,, "] for gamete contribution. Pollen contami-
nation was considered to be 20% (i.e. gene migration, M = 0.1)

Item Female fertility Male fertility

1994 1995 1996 1997 1998 1999 1994 1995 1996 1997 1998 1999
P,and lpm 2.04 1.25 1.20 1.88 1.53 1.73 1.33 1.07 1.07 1.41 1.46 1.73
Nf(f) and N,,, 48.6 79.0 824 52.5 64.8 57.3 74.2 92.8 92.3 70.0 67.9 57.1
Np(/) and Np 0.49 0.80 0.83 0.53 0.65 0.58 0.75 0.94 0.93 0.71 0.69 0.58
N and 95.3 390.7 490.1 111.9 1874  136.1 2964 1,480.8 11,3532  239.0 2163 135.1

)

e(m)

afand m represent female and male reproductive outputs, respectively

Table 3 Clone sibling coefficient (¥, and W), effective number
of parents (N,), relative effective number of parents (V,), and vari-
ance effective population number [N,] for the gamete gene pool

in the case where both female and male fertilities vary and female
fertility is kept constant. M = 0.1

Item Female and male fertilities vary Female fertility constant (equal seed harvest)
1994 1995 1996 1997 1998 1999 1994 1995 1996 1997 1998 1999
W, and W, 1.48 1.10 1.09 1.46 1.33 1.44 1.07 1.01 1.01 1.08 1.09 1.14
N 67.1 89.6 90.9 67.7 74.4 69.0 92.9 97.7 97.6 91.5 90.8 86.5
Nf 0.68 0.91 0.92 0.68 0.75 0.70 0.94 0.99 0.99 0.92 092 0.87
N,M 208.3 9455 1,1147 2,144 2995 227.2 1,500.5 7,496.4 6,850.6 1,209.9 1,095.2 684.1
45 7 e 7 —— T clones was estimated to be 114% better than the total
40 4 ——Y=3 —w—Vi=5 —e—¥=10 seed harvest [W /¥, = 1.17/1.03 from equation (7)].
3.5 - Pogitive correlation (» =0.5)
=y
% 30+ Effective population numbers
~
2;’ 25 /"‘\'\‘\ As expected, higher effective number of parents (V,) and
g 201 variance-effective population number (N,*)) were found
S s¥ in years with low and intermediate fertility variation (see
=) 3 Table 3). With the exception of 1999, generally the ef-
10 fective number of the male parent, N, was higher than
0.5 - that of females N, (Table 2).
0.0 - < The effective number of the parents (V) varied be-
4+ 2 3 4 5 6 7 8 9 10 tween 67.1 (1994) and 90.9 (1996) (Table 3), while the

Fig. 1 Efficiency (¥,/Wp) of equal seed harvest among parents
across the seed orchard under different female (1) and male (y,,)
fertility variation when the female and male output correlation co-
efficient is r = 0.5, and gene migration is M = 0.1 (i.e. pollen con-
tamination is 20%)

Both female and male fertility variations (\p,and y,,) were
small in the moderate female-production years (Table 2).
Estimating fertility variation over the study period
(i.e. observing the genetic variation of the seed orchard
crop over time) produced 1, and v, of 1.35 and 1.14,
respectively, with a correlatlon coefficient of 0.323.
When equal seed harvest was practiced, the sibling coef-
ficient (W) was smaller than W, for all surveyed years
(Table 3). The effect of imposing female-fertility equali-
ty was considered to be positive on fertility variation
(Table 3 and Fig. 1): i.e. the equal seed collection among

effective numbers of the female (N ) and male Ny
varied from 48.6 (1994) to 82.4 (1996) and from 57.1
(1999) to 92.8 (1995), respectively (Table 2). These re-
sults indicated that female fertility was slightly more
variable than male fertility in the studied seed orchard.
The relative effective number of the parents (N,) when
all seeds were harvest varied between 0.68 (1994 and
1997) and 0.92 (1996) (Table 3). Additionally, N,, N,
and N, were higher under moderate female and good
male production (Tables 2 and 3).

On average over the study period combined, female,
male and clone total sibling coefficients were y,= 1.35,
P, = 1.14 and W, = 1.17. Thereafter, the effective num-
bers of parents were N, = 73.2, Noyomy = 86.7 and N, =
84.5. If an equal amount of seed harvest from each clone
was practiced, the effective number of the parent (N, =
96.3) would have been improved by 114% (= 96.3/84.5).

Over years, the variance effective population number
(N,™) was higher in males than in females (Table 2).



Np(ﬂW) was higher in the moderate, compared to good or
poor, flowering years. On average over the 6 years, un-
der total seed harvest, the variance-effective numbers of
the female, male and clones were 281.5, 698.1 and
574.9, respectively. On the other hand, under equal seed
harvest, the variance-effective numbers of the female,
male and clones over the 6 years were infinity, 698.1 and
3534.0, respectively (data not given). Under an equal
seed harvest, male fertility remains uncontrolled and
thus N, was kept equal.

Discussion
Fertility variation

Correlation between female and male fertilities may in-
crease or decrease total fertility variation and subse-
quently the reproductive success of seed orchard’s clones
(Askew 1985). Positive correlation will lead to increase
in the total fertility variation, and thus reduce effective
population numbers when compared to no correlation.
On the other hand, high negative correlation will reduce
total fertility variation and increase the effective popula-
tion number [Equation (5)]. The effect of negative corre-
lation on gene diversity is stronger when pollen contami-
nation is present and where 1, is larger than 1, (see
Fig. 3). If there is no correlation between female and
male fertilities, the last term of the numerator in equa-
tion (5) equals zero (Kang and Lindgren 1999). It is cer-
tainly relevant to the dioecious species.

Equal seed harvest as a seed orchard crop manage-
ment option (i.e. equal contribution among clones) con-
siderably reduces relatedness of the seed crop, and thus
it is proven to be an effective option in maintaining high
genetic diversity (Table 3). However, imposing an equal
contribution may lead to loss of seed production in the
presence of low seed-producing clones or when seed is
in high demand. It should be noted that the developed al-
gorithm would not work in the presence of at least one
non-seed-producing clone.

The efficiency of equal seed harvesting is dependent
on the magnitude of female and male fertility variation
and the direction and strength of their correlation (Figs. 1
and 2). In the case of a positive correlation, the effect of
this option will be mirrored by the female fertility (Scots
pine: Nikkanen and Velling 1987; Norway spruce: Kjer
1996; black spruce: Caron and Powell 1989; and white
spruce: Schoen et al. 1986). Under no correlation, the
magnitude of equal seed harvesting is marginal due to
their independence. When a high and negative correlation
between female and male fertilities exits, the effect will
substantially reduce the genetic diversity and this reduc-
tion will be accentuated when fertility variation of the fe-
male is considerably low but the male is high (see Appen-
dix). In cases of low and negative correlation, the effect is
marginal but it is applicable to germplasm collections
from natural populations for gene-conservation purposes
(Savolainen et al. 1993; unpublished results).
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Fig. 2 Efficiency (W;/Wg) of equal seed harvest under various
and y,,, ¥ =-0.5 and M = 0.1. Note: under high and negative cor-
relation, the effect of equal seed harvest is negative especially
when the female fertility variation is considerably low and male
fertility is high. Equal seed harvest is not superior when W, /¥,
is less than one

The sibling coefficient (W) refers to the probability
that two genes randomly chosen from the gamete gene
pool originate from the same parent (Kang and Lindgren
1999). When the data over the 6 years were pooled, W,
was estimated to be 1.17, indicating that the parental
contribution is almost balanced. However, if W, equals
two, this indicates that some clones contribute twice as
much as others. This in turn increases relatedness and in-
breeding within the established populations from this
seed source, and the use of seed from this plantation is
not recommended due to the build up of inbreeding.

In this study, it was assumed that the number of seed-
and pollen-cones is an indication of gamete contribution
among the clones. This assumption could be affected by
other factors such as reproductive phenology, pollen
viability, pollen dispersal, pollen competition, male—
female complementarity, self-compatibility and frequen-
cy-dependent male reproductive success (Eriksson et al.
1973; Apsit et al. 1989; El-Kassaby and Reynolds 1990;
El-Kassaby and Ritland 1992). Thus, the reproductive
energy could be a poor indicator of reproductive suc-
cess (El-Kassaby and Askew 1991; Roberds et al. 1991;
El-Kassaby and Cook 1994). However, Gregorius (1989)
indicated that this count (i.e. reproductive energy) could
be used to estimate potential gamete contribution and
hence fertility (Kang and Lindgren 1998).

Effective population numbers

The effective number of the parent (N,) is equivalent to the
status number (&,) if the seed orchard parents are non-in-
bred and unrelated. Lindgren and Mullin (1998) formulat-
ed the concept of effective population number for seed or-
chard crops as the status effective number, and pointed out
that this should be viewed as a characteristic of the seed or-
chard crop. The concept of the effective number of the par-
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ents is also identical to some earlier work on first-genera-
tion seed orchards (e.g. Chaisurisri and El-Kassaby 1993;
Fries 1994). This case can be extended to related clones in
advanced generation seed orchards because N, does not
depend on the relatedness of the parent, but the relatedness
may also affect the gene diversity of seed orchards’ crops.

In the studied seed orchard, the inbreeding by self-
pollination is theoretically expected to be equal to N/N?
(99/9801 x 100 = 1.01%). Predicted inbreeding is in-
versely proportional to the effective number of the par-
ents as 1/(2N)), following random mating (Kang and
Lindgren 1999). The effective number of the parents
(N,) in the present study varied between 67 and 91
(Table 3). It is calculated, using the effective number of
the parents, that the inbreeding in the seed crop varied
between 0.55 and 0.75%, lower than the expected value.
Thus, it is expected that the inbreeding will be higher in
advanced generation seed orchards due to the reduced ef-
fective number of the parents and the presence of com-
mon parentage (i.e. relatedness among clones).

In this study, N, was higher in the years with the moder-
ate female and good male cone production (Tables 2 and 3).
This indicates that seed quality in terms of relatedness and
gene diversity may be improved in such years. As the num-
ber of clones decreases due to genetic thinning, the average
relatedness within sibships may increase, the genetic varia-
tion within sibships may decrease, and the variation among
sibships may increase (Levin 1988). Therefore, it is recom-
mended that seed orchard mangers continue monitoring fu-
ture cone crops and be proactive in implementing selective
cone harvesting to increase the genetic diversity as well as
genetic gain in their seed crops (Kang et al. 2001).

The effective number of parents (N,) varies among
years and orchards, depending on the f%rtility variation
of parents. Unless a high and negative correlation is
present, equal seed harvest has shown a considerable in-
crease in N, relative to the total seed harvest. Thus, un-
der the proper conditions, equal seed harvesting from
each clone has proven to be an effective factor in in-
creasing gene diversity in the seed-orchard crops.

Pollen contamination

Pollen contamination, in general, increases the gene diversi-
ty of seed crops (Lindgren and Mullin 1998). However, the
effect of contamination was difficult to assess due to the ob-
served fluctuations in fertility variation. Under various fer-
tility variation scenarios, pollen contamination could de-
crease the relative effective number of the parents (V,) com-
pared to no contamination (Fig. 3). When female and male
fertilities were equal (i.e. Y, =1p,,) or the fertility variation
among female parents was larger than that among males,
pollen contamination could give a lower N,. Conversely,
when the fertility variation of males was larger than that of
females, the pollen contamination gave a higher N,.

Pollen contamination will tend to dampen the effect
of male fertility variation (Fig. 4). As the pollen contam-
ination increases, the effect of male fertility decreases
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Fig. 3 Relationship between the relative effective number of
the parents (N,) and female and male output correlation coefficient
(r) at different levels of fertility variation (cv; and CV,) and
gene migration (M). The curve for M = 0, CV, = 200 and
CVm = 100% is the same as the situation with M =0, CVf = 100
and CV,, = 200% (triangle marked line) in this example
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Fig. 4 Relative effective number of parents (V,) at the different
levels of gene migration (M) and male fertility (CV,; v,)
in an equal seed harvest when the fertility variation of the female
parent is kept at zero (CV,= 0; y,= 0) and with no correlation be-
tween genders (r = 0)

and female fertility variation begins to dominate (Askew
1985). However, it should be emphasized that contami-
nation is not desired in seed orchards due to its negative
impact on the genetic gain and adaptation.

When equal seed harvest was practiced, pollen contami-
nation increased N, and improved W, in the present study
(Fig. 4). The results indicate that equal seed harvest under
pollen contamination can improve the gene diversity of
seed crops, especially when a positive correlation between
female and male fertilities exists. It also implies that sup-
plemental-mass-pollination with an equal amount of pollen
from different parents could be considered as a good op-
tion in crop management. In cases where male fertility dif-
ferences are high among clones, then adjusting the pollen
mixes to over- and/or under-emphasize the low and high
pollen-producing clones, respectively, is recommended.
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Appendix

The relative effect of equal seed harvest compared to total seed
collection is given, based on Equation (7) for W,/%;. Pollen con-
tamination is set to be 20% (M = 0.1). Note: when W /W is < 1,
the option of equal seed harvest is not effective for improving fer-
tility variation and the effective number of parents (i.e. gene diver-
sity) compared to the total seed collection method.

rd wm wf
1 1.5 2 3 5 10
0.75 1 1.00 1.15 1.31 1.62 223 3.78
1.5 1.00 1.31 .52 190 2.60 424
2 1.00 1.35 1.57 1.95 2.65 4.25
3 1.00 1.38 1.60 197 264 412
5 1.00 1.38 1.59 193 252 3.79
10 1.00 1.34 .51 1.79 224 3.20
0.50 1 1.00 1.15 1.31 1.62 223 3.78
1.5 1.00 1.25 144 179 244  4.00
2 1.00 1.27 146 1.81 2.44 3.94
3 1.00 1.29 147 180 2.39 3.74
5 1.00 1.28 145 1.73 2.24 3.38
10 1.00 1.24 1.38  1.60 1.98 2.80
0.25 1 1.00 1.15 1.31  1.62 223 3.78
1.5 1.00 1.20 1.36 1.67 2.28 3.77
2 1.00 1.20 1.36  1.66 2.24 3.63
3 1.00 1.20 .35 1.62 214 3.37
5 1.00 1.18 1.31 1.54 1.97 2.97
10 1.00  1.15 1.24 141 1.71 2.40
-0.25 1 100 1.15 131 162 223 378
15 1.00 1.08 120 145 196 3.29
2 1.00 1.06 1.15 137 1.82 3.01
3 1.00 1.02 1.10 1.27 1.63 2.62
5 1.00  0.99 1.03  1.15 1.41 2.14
10 1.00  0.96 098 1.03 1.18 1.60
-0.50 1 100 1.15 131 162 223 378
15 100 103 1.12 134 181 3.05
2 1.00  0.98 1.05 122 1.62 2.70
3 1.00  0.93 097 1.09 1.38 2.24
5 1.00 0.89 0.90 0.95 1.14 1.72
10 1.00 0.87 0.84 085 091 1.20
-0.75 1 100 1.15 131 162 223 378
1.5 100 097 104 122 165 281
2 1.00 091 0.95 1.08 1.41 2.39
3 1.00 0.85 0.85 091 1.13 1.86
5 1.00  0.79 0.76 076  0.86 1.31
10 1.00 0.77 0.71 0.66 0.64 0.80

2See Kang and Lindgren (1999) for the cases of no- and complete-
correlation
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