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Fertility Variation and its Impact on Effective Population Size 
in Seed Stands of Tamarindus indica and Azadirachta indica
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Abstract

Growth and reproductive traits were assessed
in seed stands of two native Indian tree species
Tamarindus indica and Azadirachta indica.
Positive correlation between growth (height and
GBH) and reproductive traits (male and female
contribution) were found in both species. Fertil-
ity was estimated from the flower and fruit pro-
duction of individuals. Based on the fertility
variation among individuals, parental balance,
femaleness index and status number (Ns) were
determined. The option of equal seed collection
among individuals was also considered for esti-
mating Ns. The percentage of fertile trees was
higher in the high flowering year in both
species. The best male contributing individuals
also showed high female contribution (fruit pro-
duction). The parental contribution in seed
stands showed high deviation from expectation;
20% individuals contributed about 70% of male
and female gametes in both species. Female-
ness index showed that female and male contri-
bution of individual tree was more balanced in
the good flowering year, compared to the poor
year. Coefficient of variation in male and female
fertility was higher in the low flowering year
resulting in high fertility variation among indi-
viduals and low status number. In T. indica, the
female contribution was less variable compared
to that of male fertility whereas in A. indica the
female fertility variation was higher than that
of male fertility. The relative status number 

(Nr = Ns /N) of the stands was lower for male
and female fertility compared to the combined
(male and female) fertility of individual trees. 

Keywords: status number, effective number of par-
ents, sibling coefficient, gene diversity, equal seed
harvest, Tamarindus indica, Azadiracta indica.

Introduction

Seed is the most commonly used reproductive
material for afforestation and plantation
forestry. There are three practical ways of
improving the genetic quality and productivity
of forests, by using seed from appropriate prove-
nances or plus trees, by collecting seed from
registered seed stands and by collecting geneti-
cally improved seed from seed orchards (ADMAS

and KUNZE, 1996; FENNESSY et al., 2007).

A seed stand is defined as a plus stand that is
upgraded and opened by removal of undesirable
individuals and then cultured for early and
abundant seed production (BARNER, 1973;
OECD, 1974). Seed stand serves as a useful
interim measure to provide seed of improved
genetic quality until more intensively selected
material is available from seed orchards
(HUGHES and ROBBINS, 1982). Seed collected
from registered seed stands give some level of
genetic improvement including adaptability,
vigor and tree form, through elimination of poor
genotypes and seed collection from vigorous
trees. In contrast, a seed orchard is an inten-
sively-managed plantation of specifically
arranged trees for mass production of geneti-
cally improved seed for establishment of new
forests. It is generally established with grafts,
cuttings or tissue culture plantlets propagated
from a selected plus tree, or with seedlings pro-
duced from selected parents (EL-KASSABY and
ASKEW, 1998). For selecting plus trees, growth
traits, pest and disease incidence, tree form and
fertility should all be considered (LINDGREN et
al., 1997).
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Substantial progress has been made in recent
years in improving wood production through
tree breeding in India, but adequate quantity of
improved seed is not available as breeding pro-
grams are in an early stage (FENNESSY et al.,
2007). The use of genetically improved planting
stock will improve wood yield, encourage large
scale production from seed orchards and con-
serve genetic resources.

Tamarindus indica (Tamarind) and Azadi -
rachta indica (Neem) are tree species indige-
nous to India that have economic value as food,
fuel and medicine. Several agencies are
involved in developing improved varieties of
these species in India. There is need for large
quantities of improved seed but not enough
seed stands and seed orchards are available in
southern India. 

Tamarind is an important multipurpose tropi-
cal fruit tree in the Indian subcontinent. Flow-
ering generally occurs in synchrony with new
flushing, which in most areas is during spring
and summer. Tamarind is a preferentially out-
crossing species and it is self-incompatible with
negligible amount of selfing (NAGARAJAN et al.,
1998). The hermaphroditic bisexual flowers are
insect pollinated and usually start bearing
fruits at 7–10 years of age, with pod yields
 stabilizing at approximately 15 years (KULKARNI

et al., 1993; BHADORIYA et al., 2011). 

Neem is also a native tree species tradition-
ally known for its medicinal value. Neem flow-
ers profusely between February to May and the
honey-scented white flowers are a good source
of nectar for bees. Pollination occurs by wind
and insects, and phenological observations show
that trees within a population flower synchro-
nously, but populations vary in the time of onset
of flowering (VIKAS, 2011). Natural fruit set is
limited by poor pollination and artificial cross-
pollination could increase the fruit set (VIKAS,
2011).

The objectives of the present study were: 1) to
study the reproductive traits of two tropical tree
species; T. indica and A. indica; 2) to estimate
fertility variation among individuals in seed
stands; 3) to identify superior trees for immedi-
ate seed supply and 4) to get genetic informa-
tion for management of seed stands in both
species.

Materials and Methods

Fecundity assessment in seed stands

One plantation each of T. indica and A. indica
established with bulked seed of superior trees
in southern India was selected for evaluating
the fertility status of individual trees and diver-
sity of seed crop. Details of climate and location
of seed stands are given in Table 1. The stands
were thinned from an initial stocking of 400
trees per hectare to retain over 100 trees for
seed production. The stands were located in low
rainfall sites with a dry season of almost 6
months, April and May being the warmest
period of the year. 

Growth traits (tree height and girth of stem at
breast height, GBH) were recorded at the age of
three years in 2006 and fecundity for two con-
secutive years (2006 and 2007) when 90% of the
trees had flowered, indicating that the trees
were mature for seed production and the sites
were conducive for good flowering and seed pro-
duction in the tree species.

The total number of flowers and fruits in indi-
vidual trees were recorded separately in two
occasions when the trees were in peak flowering
and also when the fruits were ready for harvest
in 2006 and 2007. The total number of flowers
was considered as male contribution and the
total number of fruits as the female contribu-
tion of each tree. The male and female fertility
was determined based on estimates of number

Table 1. – Details of location of seed stands.
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of flowers and fruits per tree obtained by
extrapolating the flower and fruit counts made
on tertiary branches per secondary branch in
the total number of primary branches per tree
(BILA, 2000). A binocular was used for recording
the number of flowers and fruits in representa-
tive inflorescences per tertiary branch. 

Pearson’s correlation coefficient between
growth and flowering traits was calculated.
Rank correlation was also checked for the male
and female fecundity among individuals and
between years.

Parental balance and femaleness index

Parental balance was assessed using a cumu-
lative gamete contribution curve (GRIFFIN,
1982). The number of flowers and fruits pro-
duced per individual was sorted in descending
order from high to low and the cumulative con-
tribution percentage plotted against the propor-
tion of individuals. In our study, femaleness
index (Fi) is defined as the proportion of an
individual’s reproductive success that is trans-
mitted through its fruit (i.e., as female parents).
The femaleness index represents the sexual
asymmetry among individuals in their contribu-
tion to the next generation (LLOYD, 1979).

(1)

where fi and mi are the proportion of fruit and
male flower production, respectively, of the i-th
individual. 

Assessment of fertility variation

The number of male and female gametes pro-
duced by an individual is considered to indicate
male and female fertility respectively. Fertility
variation can be described by sibling coefficient
(KANG and LINDGREN, 1999) that is the probabil-
ity of two genes taken from the gamete gene
pool to originate from the same parent.

The sibling coefficient (�) is related to the
coefficient of variation (CV) in parental fertility
(KANG and LINDGREN, 1998; NIKKANEN and
RUOTSALAINEN, 2000). The sibling coefficient for
the parental fertility variation (�) can be
derived and divided into male sibling coefficient
(�m) and female sibling coefficient (�f) as,

(2-a)

(2-b)

(2-c)

where pi is the parental contribution of the i-th
individual, CVm and CVf are the coefficients of
variation in male and female fertility, N is the
number of individuals in the population, and mi
and fi are the male and female contributions of
the i-th individual, respectively.

Equal seed harvest is often proposed to con-
trol and mitigate the effect of unbalanced con-
tribution among parents in seed stands and
orchards (KANG and LINDGREN, 1999; BILA,
2000). Under the equal seed harvest option, the
female fertility is kept constant (�f =1). Thus
the parental sibling coefficient (�e) depends
only on the male fertility variation and fertility
variation under the equal seed harvest can then
be expressed as,

(3).

Estimate of Status number

Status number of parent trees (Ns) was calcu-
lated as the ratio of census number (N) and the
parent sibling coefficient (�). The effective
number of male [Ns(m)] and female [Ns(f)] par-
ents was calculated (KIMURA and CROW, 1963;
KANG and LINDGREN,1999) from the sibling coef-
ficient of male (�m) and female (�f) fertility
variation as,

(4-a)

(4-b)

(4-c).

The effective number of parents [Ns(e)] under
the option of equal seed harvest among all indi-
viduals was estimated as,

(5).

where N is the census number of parents in the
seed stand. Relative effective number (Nr) is the
inverse of the sibling coefficient (i.e., Nr=1/�) or
the ratio of effective number to the census num-
ber of trees in the seed stand (i.e., Nr = Ns /N).
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Results

Growth and fecundity

Height and GBH (girth of stem at breast
height) varied substantially among individual
trees in both species ranging from 1.5– 7.5 m
and 6.3– 64.0 cm in T. indica, and 3.0– 7.0 m
and 6.0– 38.5 cm in A. indica, respectively. This
variation could be due to difference in origin
and adaptability of mother trees from which
seeds were collected for establishing the stand,
variability of sites or genotypic variation of
trees. But most of the trees were fertile indicat-
ing the age of maturity of trees for seed collec-
tion (Table 2). The percentage of fertile trees
was higher in 2007 than in 2006 which resulted
in greater male and female contribution of indi-
vidual trees. The individuals that produced

more flowers also contributed more fruits in the
stands consistently in both years.

There was a significant correlation between
growth traits (height and GBH) and male and
female contribution in both species (Table 3).
The correlation between growth and reproduc-
tive traits was however slightly different in
T. indica compared to A. indica (Table 3) since
the correlation in T. indica across two years was
not as consistent as in A. indica.

Though male and female contribution of indi-
vidual trees was generally correlated in both
species there was no significant correlation
between growth (height and GBH) and fertility
in T. indica in the low flowering year, 2006. But
GBH was significantly correlated with male fer-
tility and fruit production in 2007 (Table 3). In

* Growth (height and GBH) recorded in 2006. Percentage of fertile trees given in parenthesis.

Table 2. – Growth (height and GBH) and fecundity in seed stands of Tamarind and Neem in two years
(2006 and 2007).

** Significant at 0.01,  * Significant at 0.05 probability level.

Table 3. – Pearson’s correlation coefficient between growth traits, and male and female contribution in
seed stands of Tamarind and Neem (assessed in 2006 and 2007 – designated as 06 and 07).
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A. indica, height and GBH were significantly
correlated with male and female fertility in
both years (Table 3).

Cumulative contribution and femaleness index

There was great deviation from expected
parental balance of equal contribution in male
and female fecundity in both years (Fig. 1). The
representation was skewed with 70% male and
female contribution in the seed crop from 20%
trees in both species. In A. indica, the cumula-
tive curve of female contribution deviated more
from that of male fertility (Fig. 1). There was no
contribution from 10% trees in the A. indica
stand. Climate difference across years can alter
the genetic makeup of the seed crop as seen in
the drastic difference between male and female
fertility in Neem in 2007 (Table 2).

In T. indica, the femaleness index showed
that about 38% trees did not contribute to fruit

production in 2006 (Fig. 2). The situation
improved in 2007 with 87% trees contributing
fruits. The femaleness index varied from
0.25– 0.75 which indicated moderate gender
balance between male and female fertility in
Tamarind (Fig. 2).

In A. indica, the distortion of gender balance
was evident in both years (Fig. 2). About 20%
trees contributed more strongly as female par-
ents and about 60% of trees acted more as male
parents, compared to the scenario of equal con-
tribution.

Fertility variation and effective number

The coefficient of variation of male and female
fertility was lower in two species in 2007
(except female contribution of A. indica) com-
pared to that of 2006. Reduction in CV had
influenced fertility variation (sibling coefficient)
and effective number (Table 4). In T. indica, the

Figure 1. – Cumulative contribution curve in seed stands of Tamarind (left) and Neem (right) based on male
and female fertility. Straight line represents equal contribution among individuals.

Figure 2. – Femaleness index in seed stands of Tamarind (left) and Neem (right). Horizontal straight line repre-
sents equal contribution between genders.
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CV of female fertility was less than that of male
fertility implying that contribution of female
parent was less skewed than that of male par-
ent. In A. indica, however, the female fertility
variation among individuals was larger than
male fertility variation (Table 4). The female
fertility variation (sibling coefficient) was
higher in 2007 with lower effective number of
female parents compared to 2006, even though
the fruit production was higher in 2007. In both
species the relative effective number of male
and female parents was low ranging from 0.20
to 0.39 during the two consecutive years (Table
4). When male and female fertility variations
were combined, the relative effective number of
parents increased (Table 4).

If the relative effective number is low, man-
agement practices like rouging of poor flowering
trees and collecting equal amount of seed from

individuals in the seed stand should be consid-
ered for balancing the contribution of parent
trees. Equal seed harvest will increase the
effective number of contributing trees by reduc-
ing the fertility variation among individuals
(Tables 4 and 5). The combined relative effective
number (Nr(e)) was higher in 2007 in tamarind,
whereas it was low in Neem due to variability
in fruit production among the trees (Table 5).

Discussion

High flowering is generally associated with
low fertility variation among individuals in an
orchard ensuring good contribution to the next
generation (EL-KASSABY and REYNOLDS, 1990;
KANG and EL-KASSABY, 2002). Even in good
flowering years climatic factors and site condi-
tions may cause distortion in gender contribu-

* m and f represent male and female parents, respectively.

Table 4. – Coefficient of variation (CVm and CVf), sibling coefficient (�m and �f), effective number [Ne(m) and Ne(f)]
and relative effective number [Nr(m) & Nr(f)] for male and female gene pool over two consecutive years in seed
stands.

Table 5. – Sibling coefficient (�e), effective number [Ns(e)] and relative effective number [Nr(e)] for two
successive years estimated for equal seed harvest among individuals, which assumed that female
 fertility variation was constant and equal to one.
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tion of parent trees. This phenomenon is evi-
dent (Tables 2 and 4) from the variability in
fruit production of A. indica in 2007. Distortion
in gender contribution (i.e., femaleness index;
Fig. 2) may cause large variability in the seed
crop since most individuals deviated from the
horizontal line (balance between genders). High
femaleness index indicates that the individual
is contributing more as a female than as a male
parent compared to other individuals in the
population (BURCZYK and CHALUPKA, 1997). Sev-
eral weather parameters may be associated
with onset of flowering and receptivity as well
as pollen release which influence the composi-
tion of the seed crop.

Significant correlation between GBH and
reproductive traits (Table 3) can be used to
manage the stand for reducing self-pollination
in parent trees and thereby enhance fruit pro-
duction. Compared to tree height, the GBH can
be easily measured and used as an indirect key
for selection of good flowering trees (KANG and
EL-KASSABY, 2002).

Sibling coefficients (�) were considerably
higher than 1.0 (Table 4) when male and female
fertilities were considered independently, indicat-
ing that individual trees contributed differently
to the gamete gene pool. However sibling coeffi-
cients were low when gender fertility was com-
bined indicating good exchange of genes in the
population. The � expresses how much parents
vary in their contribution to the gene pool
because it raises the probability that sibs would
occur when compared to the situation of no differ-
ence in fertility among individuals (KANG et al.,
1999). All individuals contribute to the overall
fertility in a population, which is the ability to
produce genes transmitted to the offspring. If �
equals 1.0, all individuals have the same fertility.

When the relative effective number is esti-
mated to be low in any production population
(e.g., seed stands and seed orchards) certain
management options may be adopted to reduce
fertility variation and enhance genetic diversity
(ADMAS and KUNZE, 1996; KAMALAKANNAN and
VARGHESE, 2008). Thinning low flowering indi-
viduals and harvesting seeds equally from each
tree can be applied effectively in the stands
since there is significant correlation between
GBH and fertility in both species.

A seed stand is expected to produce good qual-
ity seed and should be managed to maximize
seed production (ELEVITCH, 2004). It is a good

practice to mark the trees before seed collection
to estimate the effective population size of seed
crop and evaluate the contribution of each tree
in different years. Tamarind trees are seen to be
more stable in their fertility and gender contri-
bution compared to Neem as evidenced by the
pattern across two successive years. Fruit set in
Tamarind is around 2% in both years whereas
in Neem fruit set varied considerably between
the low flowering (0.59%) and high flowering
(4.3%) years. In A. indica, there was drastic dif-
ference in fruit set in two consecutive years but
not much difference in percentage of flowering
trees. Low flowering did not have a big impact
on predicted diversity of seed crop in A. indica
as evidenced by the low sibling coefficient value
and the high relative population size. 

Fertility was affected by climatic differences
in both species in two successive years, with a
significantly higher flowering in 2007. Neem
responded to the climate difference by substan-
tial reduction in fruit set in 2006 without much
reduction in percentage of flowering trees.
Tamarind responded to the climate difference
with a drop in percentage of flowering trees
while maintaining the flower to fruit ratio.
There was no contribution from 10– 35% trees
in two years but there was fair equality in gen-
der contribution in Tamarind. 

In Neem, there is a gradation in the female-
ness of trees. This adaptation enables the tree
species to maintain diversity in seed crop across
different years. Hence it is vital to monitor the
trees for flowering and fruit set each year before
seed collection. It would also be very useful to
number the trees serially in the seed stand and
maintain record of the mother trees harvested
each year. Mixing seed of different years would
thus be a very effective strategy to enhance the
effective population size in the seed crop. 

Genetic relatedness among individual trees
and pollen contamination from outside were
ignored in this study. There might be some
coancestry among individuals if they have origi-
nated from the same mother or father (half sibs
or full sibs). If all individuals (N=108) of
Tamarindus indica are assumed to be half-sibs,
loss of genetic diversity would be 1 / (2 x Ns) =
1 / (2 x 48.7) = 0.0103 in the seed crop in 2006
(Table 4), which is 1.03%, compared to the
parental population (KANG and LINDGREN, 1999;
BILA, 2000). If coancestry exists, the effective
number could be lower than observed, whereas
pollen contamination from outside trees would
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enhance the effective population size of seed
crop. Pollen contamination from inferior trees
would lead to loss in genetic gain but enhance
gene diversity (EL-KASSABY et al., 1989; TORI-
MARU et al., 2013). Gene diversity is essential
for high fruit production as both the tree species
have self-incompatibility mechanisms to pre-
vent inbreeding. Genetic quality of seed can be
maintained if seeds are harvested in good flow-
ering years and mixing seed from different
years would help in maintaining diversity in
the seed crop. 
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Morphological characterization and in vitro germination 
of heat-treated pollen in Eucommia ulmoides
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Abstract

Polyploid breeding has the potential to
increase the economic secondary metabolites of
Eucommia ulmoides. However, pollination with
induced ploidy-mixed pollen has failed to pro-
duce polyploids (GAO, 2006). In this investiga-
tion, the morphological characterization and in
vitro germination of heat-induced ploidy-mixed
pollen of E. ulmoides were analysed to deter-
mine why there is no polyploid production.
Heat-treated pollen grains were easily distin-
guished as large and small according to their
length. The large pollen grains were signifi-
cantly longer than both untreated and heat-
treated small samples, suggesting that they
were probably 2n pollen. Rather than the three
germinal pores in small pollen, the large grains
typically had four pores and, in some cases,

shallow furrows, which might affect their ger-
mination. Although the maximal germination
rates of the treated small and large pollen were
not significantly different, the large pollen ger-
minated tardily during the early stages of incu-
bation. The small pollen maintained its growth
during the incubation, but the tube growth of
large pollen almost stopped after 24 h incuba-
tion. Both vegetative and generative nuclei in
the large pollen moved into tubes later than in
small pollen and the frequency of mitosis in
generative nuclei of large pollen was low. There-
fore, the tardy germination, poor tube growth,
and weak activity of both vegetative and gener-
ative nuclei probably caused the poor competi-
tion of large pollen in certation. Finally,
techniques to increase the competition of high-
ploidy pollen and the prospect of 2n female
gamete induction in the polyploid breeding pro-
gram of E. ulmoides are discussed.

Key Words: Eucommia ulmoides Oliver; heat-treated
pollen; polyploid breeding; poor competition; tardy
germination

Introduction

Eucommia ulmoides Oliver (2n =2x = 34), an
endangered deciduous tree species distributed
in central and eastern China, is an important
economic resource for the herbal medicine and
the organic chemical industry (YAO et al., 2012).
Some phytochemicals of E. ulmoides leaves have
been demonstrated to exhibit a wide range of
biological activities, such as antioxidant activity,
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