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Clonal fertility variation and its effects on the effective population size
in the seed orchard of dioecious species, Fraxinus rhynchophylla
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Abstract
The numbers of female and male flowers were
assessed in a clonal seed orchard of Fraxinus rhynchophylla for four consecutive years from 2004 through
2007. The female and male flowers of the grafts from 48
clones were counted individually over the crown. Fertility variation was calculated by sibling coefficient that is
related to the coefficient of variation in parental flower
assessment. Estimated maternal and paternal fertilities
were not constant but varied from year to year, and they
were also found to be weakly correlated. The effective
numbers of clones serving as male and female parents
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were calculated from the sibling coefficients of maternity and paternity. We applied two theoretical approaches
to estimate the clonal effective population sizes based on
1) fertility variation (i.e., effective number of parents,
Ne(c)) and 2) gender balance (effective population size,
Ne) among parental genotypes. The values of Ne(c) were
higher in the years with abundant flowering and seed
production, while sibling coefficients were lower. On
average (pooled), the maternal, paternal and clonal values of Ne(c) were calculated to be 17.3, 21.0 and 38.1
respectively. The Ne(c) for maternal gamete gene pool
was ranged from 9.8 to 16.7. The values of Ne for paternal gamete gene pool were generally higher (ranged
from 14.9 to 21.9) than those for maternal. When pooled,
the Ne was 47.2 and the values of Ne were higher when
the gender ratio was more balanced. An option of equal
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seed harvest might be good to mitigate fertility variation and to improve gene diversity of seeds.
Key words: status number, sibling coefficient, gene diversity,
gender balance, equal seed harvest, Fraxinus rhynchophylla.

Introduction
Establishment of seed orchards is aiming to the production of high genetic quality seed crops that can cover
the existing needs and to achievement of high genetic
efficiency. The genetic efficiency of seed orchards
depends primarily on the genetic value and genetic contribution of clones to the seed crop, the frequency of selfed embryos, and the proportion of embryos fertilized by
external pollen (MATYAS, 1991). The efficiency is also
described as the degree up to which the parental clones
transfer their genetic superiority and diversity to their
progenies.
The maintenance and utilization of the high level of
gene diversity is a major concern in the seed orchard
programs. As seed orchards become a predominant seed
source for broadleaved species, the breeding system of
the individual species attracts more scientific and managerial attention, as it may impact the orchard merit
(ADAMS and KUNZE, 1996).
The orchard goals can be reached only if several prerequisites are met (CHAISURISRI and EL-KASSABY, 1993).
One of the requirements is that the orchard clones contribute equally to their offspring as male and female
parents. In real conditions, however, this is rarely the
case (MUONA and HARJU, 1989; KANG and LINDGREN,
1998). Thus, lack of the above requirement leads to the
reduction of the effective population size and the
increase of genetic relatedness (KJÆR, 1996; KANG and
LINDGREN, 1999).
Status number is half of the group coancestry that is
expressed the accumulation of group coancestry (LINDGREN and MULLIN, 1998). Effective number of clone is
described how many sibs occurred due to the variation
of contribution among clones (KANG and LINDGREN,
1999). Effective population size and status number have
been used for monitoring taking into account what is
mainly considered as variation in gender and fertility
between orchard genotypes (FRANKEL and SOULE, 1981;
KJÆR and WELLENDORF, 1997).
Evaluating the effectiveness of female and male flower
function in a wind-pollinated clonal seed orchard
requires a standard measure on the relative probability
of cross-pollination between all possible pairs of parents
(EL-KASSABY and REYNOLDS, 1990). Maternal and paternal reproductive success can be assessed by the proportion of female and male flowers produced by each parent
that correlates highly with the number of sound seeds
produced (KJÆR and WELLENDORF, 1997). Field counts of
female and male flowers can serve as rudimentary estimates of potential clonal female and male gamete contributions and hence fertility.
Fraxinus rhynchophylla is distributed at slopes, along
rivers and roadsides throughout China, Japan, Korea
and Russia. Trees may reach 20 meters of height and
flowers are dioecious, opening with leaves. Pistillate
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flowers lax with tubular calyx, staminate flowers congested with cupular calyx and samara is spatulate with
decurrent wing. The produced wood is good for making
furniture, baseball bat, and bark is used for medicine;
syringin production, anti-inflammatory, febricide,
antidiarrhea and antileukorrhea diseases (LEE, 1980;
WILLIS, 1985; YANG et al., 2010). A breeding program of
F. rhynchophylla in Korea was initiated in 1950s with
plus-tree selection from natural stands. Grafted scion
materials were produced and used to establish the clonal seed orchards.
The objectives of this study are 1) to assess the flower
production and the number of clones contributing as
male and female parents in the clonal seed orchard of
Fraxinus rhynchophylla, 2) to calculate clonal fertility
variation estimated from the variation of flower production among orchard parents, 3) to estimate the effective
number of parents and the effective population size,
based on the fertility variation and the gender balance,
respectively. Gene diversity in the seed crop, as well as
the effect of pollen contamination on the quality of the
produced seed are discussed together with management
measures that should be followed in the Fraxinus rhynchophylla seed orchard.

Materials and Methods
Seed orchard and flowering assessment
The study was carried out in the clonal seed orchard
of Fraxinus rhynchophylla, operated by the Korea Forest Research Institute and located at Hwasung (lat.
36°30’N, long. 126°20’E, alt. 50m). The location of seed
orchard establishment was selected, so that it could be
isolated from the naturally occurring stands of the
species (Fig. 1). The seed orchard was established in
1992 and comprises 48 clones originating from plus
trees. The design of the orchard was completely random,
and grafts were two years old at the time of establishment and were planted at spacing 5 x 5 m in 2 ha area.
Even if no thinning was applied up to date, the overall
survival of the grafted material was 90 percent in 2004.
The seed orchard covers an area of 2 ha and the clones
are represented by 1 to 24 ramets, while the total number of trees in the seed orchard was 720. The numbers of
female and male flowers were counted separately for
each individual tree in the seed orchard in mid-May for
four consecutive years from 2004 through 2007. Rate of
pollen contamination could not be considered as fixed,
while it varied from year to year due also to the limited
number of ash trees surrounding the seed orchard. So,
pollen contamination was not taken into account in this
study.
Fertility estimation
The numbers of female and male gametes produced by
an individual are considered to indicate maternal and
paternal fertility, respectively. Expected total fertility
can be estimated as the average of maternal and
paternal fertility. Fertility variation can be described by
sibling coefficient (KANG and LINDGREN, 1999) that is the
probability of two genes taken from the gamete gene
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Figure 1. – Location of a clonal seed orchard of Fraxinus rhynchophylla and the origin of its
clones.

pool to originate from the same parent. This parameter
was compared under the assumption that all clones
contribute as parents to the same number of offspring.
The sibling coefficient (Ψ ) is related to the coefficient
of variation (CV) in parental fertility (KANG and LINDGREN, 1998; 1999). The sibling coefficient for the
parental fertility can be divided into maternal sibling
coefficient (ψm) and paternal sibling coefficient (ψp) as

parents in stands and seed orchards (KANG and LINDGREN, 1999; BILA, 2000). Under the equal seed harvest
assumption, the maternal fertility is kept constant
(ψm = 1). Thus, the sibling coefficient (Ψe) depends only
on the paternal fertility variation and formula (2) can
then be re-written as
(3)
Effective population size by fertility variation

(1-a)

(1-b)
where CVm and CVp are the coefficients of variation in
maternal and paternal fertility, Nm and Np are the numbers of female and male parents, and mi and pi are the
maternal and paternal contributions of the i-th clone,
respectively.
Total fertility variation (Ψ ) in an orchard is calculated
in the case of that there is no contamination from alien
pollen (KANG and LINDGREN, 1999; NIKKANEN and RUOTSALAINEN, 2000),

Effective numbers of female [Ne(m)] and male parents
[Ne(p)] were calculated from the sibling coefficients of
maternal (ψm) and paternal (ψp) fertility variation, while
clonal effective parent number [Ne(c)] was estimated
from the total fertility variation (Ψ ) as (see KANG and
LINDGREN, 1999),
(4)
Herewith, Nm and Np are the numbers of female and
male parents and N is the census number of parents in
the seed orchard. Relative effective number of parents
(Nr) is the inverse of the sibling coefficient (i.e.,
Nr = 1 /Ψ ). The above parameters were also estimated for
the case of equal seed harvest.
Effective population size by gender ratio

(2)

where Fi2 is the total fertility of i-th clone, and mi and pi
are the maternal and paternal contributions of the i-th
clone, respectively. N is the census number of parents in
the seed orchard.
Equal seed harvest is often proposed to control and
mitigate the effect of unbalanced contribution among

The effective population size by gender ratio was estimated based on the number of female and male parents
(FRANKEL and SOULE, 1981) as,
(5)
The results were then compared with the effective
population size by fertility variation.
81

DOI:10.1515/sg-2012-0010
edited by Thünen Institute of Forest Genetics

Kang et. al.·Silvae Genetica (2012) 61-1/2, 79-84

Results
Flower production
Female and male flower production in the clonal seed
orchard of F. rhynchophylla fluctuated over the years of
the study and reached their peaks during 2004 with
clonal average values as high as 3,384 (± 1,757.3) and
3,911 (± 2,011.3) for mean number of female and male
flowers respectively, while the lowest average values
were estimated in 2006 (Fig. 2).

The sibling coefficient of maternal fertility ranged
from 1.27 in a good flowering year to 2.14 in 2007
(pooled across years 1.21). The sibling coefficient values
of maternal fertility were always higher than those estimated for paternal fertility (Table 1).

There was also a variation of flower production
between genders (Fig. 2). Twenty-one out of the
orchards’ 48 clones were identified as female parents
and twenty-seven clones as male parents. Nineteen
among the 21 female parents were consistent female
flower producers across the study period. On the individual trees, the higher proportion of male than female
was found to be 52 % and about 7 % of the grafts did not
produce any flowers.
The CV value of female parent in the good flowering
year (0.519 in 2004) was lower than the one estimated
for the poor flowering year (0.744 in 2006). This means
that fertility is more similar among clones in the good
flowering years than in the poor ones. Also, the difference of fertility variation between genders was more
pronounced in poor flowering years than in good ones
(Fig. 2).

Figure 2. – The mean clonal production of female and male
flowers for four consecutive years in a clonal seed orchard of
Fraxinus rhynchophylla.

Table 1. – Sibling coefficient (ψm & ψp), effective parent number [Ne(m) & Ne(p)] and relative effective parent number [Nr(m) & Nr(p)] for maternal and paternal gamete gene pool
over the four consecutive years of the study.

*

m and p represent female and male parents, respectively.

Table 2. – Sibling coefficient (Ψ), clonal effective parent number [Ne(c)] and relative
effective parents (Nr values for the four successive years of the study, estimated for
varying clonal female and male clonal fertilities and for equal seed harvest, which
assumes that maternal fertility is constant and equal to one.
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Table 3. – Effective number of female parents (Nm) and male parents (Np) and effective
population size (Ne) by sex ratio in a seed orchard of Fraxinus rhynchophylla.

Effective population size
The effective number of parents was mirrored to the
sibling coefficients (Table 1), but not synchronized with
the CVs of clonal flower production. The maternal and
paternal effective numbers were highest in 2005 and
lowest in 2007, while both years were characterized by
intermediate flower production. When the flowering
data were pooled, the relative effective number of
parents was 82 % for female parents and 78 % for male
parents (Table 1).

and 2007), and this would cause the distortion of sexual
contribution among clones.
Based on the sex ratio, the clonal effective population
size ranged from 47.3 in 2004 to 43.9 in 2007. This
result showed the same trend across years as the effective number of parents estimated according to their fertility variation, but the clonal effective population size
by gender ratio values were much higher than those
estimated for clonal effective number of parents (Table 2
and 3).

The lowest effective number of parent was estimated
for 2007 that was an intermediate flowering year. When
maternal and paternal fertility varied, the clonal effective number of parent was ranged from 38.1 to 23.9
(Table 2). Under the assumption of equal seed harvest, if
equal number of seeds was collected from each clone
(i.e., maternal fertility constant), then the sibling coefficient would decrease and the clonal effective number of
parents would increase (Table 2).

The relative effective number of maternal, paternal
and clonal parents for the studied years were high when
the flowering was abundant (2004) (Fig. 3). The seed
production was high in 2004, moderate in 2005 and
2007, no seeds were found to be collected in the poor
flowering year (data not shown).

There were 48 clones in total; 21 female and 27 male
parents in the clonal seed orchard of F. rhynchophylla.
All clones produced flowers in the good flowering year
(2004) (Table 3). However, a few individual did not produce flowers in specific years of the study (2005, 2006

Theory on fertility variation among seed orchard
clones was formulated considering maternal (ψm) and
paternal (ψp) fertility variation. The correlation between
maternal and paternal fertilities was not considered
because the studied species, Fraxinus rhynchophylla is a
dioecious species (cf., KANG and EL-KASSABY, 2002). Fertility variation is described by the sibling coefficient (Ψ ),
describing how much fertility varies among parents as
the increase of the probability that sibs occur compared
to the situation where fertility is equal across the population (KANG and LINDGREN, 1999).

Discussion

If there is equal fertility among clones, the effective
number of parents equals to the census number; the
population is ideal and the progeny are distributed in a
Poisson distribution (KIMURA and CROW, 1963). The Ne(c)
depends only on the fertility variation among clones and
does not depend on how parents are related or inbred
(e.g., selfing is regarded as producing two offsprings).

Figure 3. – The relative effective number of female, male and
clonal parents for the four years of the study in the F. rhynchophylla clonal seed orchard.

The values of Ne were higher than those of Ne(c) (Tables
2 and 3). When pooled, the Ne was estimated to be 47.2.
Thus, the amount of random genetic drift in the seed
orchard of 48 clones is equal to the one that would have
been recorded in an ideal population consisting of 23.6
maternal and 23.6 paternal (balanced sex ratio) randomly mating clones. But, this estimation is made under
the assumption that the female and male parents contribute equally to next generation (FRANKEL and SOULE,
1981).
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If an equal amount of seed was harvested from each
female parent then the sibling coefficient would
decrease and the effective number of parents would
increase when compared to the collection of the whole
seed crop that incorporates the female and male fertility
variation among different genotypes.
Mixing seed crops of different years is an effective
management strategy for enhancing effective population
sizes (BILA, 2000; KAMALAKANNAN and VARGHESE, 2008).
If seeds from different seed production years are mixed,
the fertility variation could be considerably reduced, as
it was also revealed from the pooled effective population
size values estimated in the present study.
Effective population size as a parameter of genetic
diversity of the seed orchard output is an important
indicator of orchard functioning. It is determined by the
variation of male and female contributions of parental
genotypes, influenced by the variation in gamete production, reproductive phenology and pollen dispersal
(GÖMÖRY et al., 2008; EL-KASSABY and REYNOLDS, 1990).
Therefore, reproductive output such as fertility variation, phenology, pollen contamination should be considered for the accurate estimation of effective population
size.
Sexual allocation in fertility would also be one of the
considerations in the effective number estimation
(SAVOLAINEN et al., 1993). The relative effective number
of parents in the moderate flowering year (2007) was
lower than that in the poor flowering year (2006). This
result could be the outcome of the distorted gender ratio
during the moderate flowering year, compared to the
poor flowering one.
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