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Abstract

Synchronization between female receptiveness and pollen dis-
persal, and fecundity of clones influence effective population 
size and genetic diversity of germplasm produced in seed 
orchards. Our objective was to determine clonal variation in 
phenological synchronization and in cone production in a 
Pinus patula seed orchard. Two-year phenology data of female 
and male strobili from a sample of 31 clones, and of male stro-
bili in trees from neighboring natural stands of the same spe-
cies were used. Synchronization indices between female recep-
tiveness and pollen release of the same clone (O̅iP̅i ), of other 
clones (O̅iP̅j ), and of natural stands ( O̅iP̅NS ) were calculated 
for each clone and averaged per precocity group (early, inter-
mediate, and late). Genetic parameters for cone production of 
clones during three consecutive cone harvests were estimated, 
as was their relationship to precocity and synchronization 
index O̅iP̅NS . Cone production showed a broad variation 
among clones and between years, with strong genetic control 
(H2

c ≥ 0.80) and stable (rB ≥ 0.79) between yeas. There was 
wide clonal variation in synchronization indices, but no signifi-
cant variation was found in most cases among precocity 
groups, neither were they consistent between years. Negative 
correlations [rp  = -0.37 and -0.40 (P < 0.05)] in cone production 
per clone in two years with the O̅iP̅NS  index in the first year, 
indicated that the most prolific clones had lower synchroniza-
tion with pollen release in natural stands in the orchard’s vicini-
ty, and thus less risk of genetic contamination.
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Introduction

The main objective of a seed orchard is to produce large 
amounts of seed with high genetic quality (El-Kassaby et al., 
1984). The genetic quality of seed orchard crops is evaluated 
by two major components: genetic gain (i.e., the shift between 
the mean phenotypic value in the offspring of the selected 
parents and that of the parental generation due to selection) 
and the genetic diversity achieved in the seed crops. Genetic 
gain is the ultimate goal of tree breeding efforts, but genetic 
diversity is important for the populations’ resilience and adap-
tability in the future (Koski, 2000; Funda et al., 2016). For a seed 
orchard progeny to reach the highest quality, gain and genetic 
diversity, a complete flowering synchronization and equality in 
reproductive capacity among parents is required (Reynolds & 
El-Kassaby, 1990; Kang, 2001), allowing for a panmictic equilib-
rium and parental balance in the seed crop (Kang et al., 2004). 
These conditions, associated with a sufficient number of clo-
nes, contribute, in addition, to reduce self-fertilization and 
minimize inbreeding in the progeny (Kang, 2001).

A weak synchronization between female receptiveness 
and pollen dispersal has negative effects on the orchard’s pan-
mictic equilibrium (Matziris, 1993), because it promotes imba-
lance in clone contribution, non-random crossings among 
them, or an increase in the proportion of empty seeds. Pheno-
logy affects the frequency of gene exchange among clones 
and the genetic composition of seed derived from seed 
orchard (Kang & Lindgren, 1998). In addition, as synchronizati-
on between the orchard’s clones is reduced, the risk of conta-
mination by pollen from off-orchard sources increases, thus 
reducing genetic gain (Slavov et al., 2005). Pollen 
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contamination is affected by various factors; among them, pro-
ximity and size of the contamination source, reproductive syn-
chrony between the orchard and the off-orchard source, and 
phenological variation among clones within the orchard are 
most important.  For instance, El-Kassaby & Ritland (1986) 
found that the level of genetic contamination by external pol-
len in orchards of Pseudotsuga menziesii (Mirb.) Franco, varied 
from 18 % in late-flowering clones, to 24 % in early-flowering 
clones. Similarly, in a seed orchard of the same species, conta-
mination percentage by external pollen varied from 23.3 % in 
late-flowering clones, to 55.5 % in the early-flowering (Slavov 
et al., 2005).

However, the impact of pollen contamination on the 
genetic quality of the seed crop in the orchard will also depend 
on the variation in clone fecundity and its relationship with clo-
ne phenology. If the most prolific clones are more likely to be 
pollen-contaminated, the negative impact on genetic gain 
would be higher. Thus, the number of female and male strobili 
(reproductive energy) and the conversion rate of female strobi-
li to seed cones (reproductive success) in a seed orchard are 
also important for determining the genetic quality of seed 
crops (Matziris, 1997; Kang & Lindgren, 1998; Gomory et al., 
2000; Kang, 2000; Ertekin, 2010). It is commonly observed that 
seed orchard parents vary in both reproductive energy and 
success with consistently high and low producers resulting in a 
disproportionate contribution from a reduced subset of 
parents (El-Kassaby et al., 1989; Koski, 2000). This increases the 
genetic relatedness in the progeny, and reduces the genetic 
diversity of the seed crop (Kang, 2001). Commonly, 25 % of the 
most prolific clones in the orchard, produce more than half of 
the male and female strobili, and 50 % of the most productive 
clones contribute with 80-90 % of female or male cones (Cha-
lupka, 1991). 

Studies on variation in cone production are the basis for 
first-generation seed-orchard management and for clone 
selection in advanced-generation orchards (Huwei et al., 2014). 
Production of female strobili largely determines seed produc-
tion in clones, and, therefore, affects the parental balance and 
the effective population size in the seed crop (Burczyk & Cha-
lupka, 1997). A cumulative contribution curve, known as a 
parental balance curve, is often used to quantify fecundity vari-
ation in seed orchards (Griffin, 1982; El-Kassaby & Reynolds, 
1990; Adams & Kunze, 1996). In previous studies, a significant 
variation in cone production has been found among clones 
and years, in different coniferous species, such as Pinus tabuli-
formis Carriere (Huwei et al., 2014), P. thunbergii Parl. (Kang et 
al., 2004), and Pseudotsuga menziesii (El-Kassaby et al., 1989). 
However, such information for subtropical pines is scarce. Fur-
thermore, the effect of an unequal fecundity of clones may be 
modified by phenological variation within the orchard. The 
most prolific clones can be partially or totally excluded from 
crossings with other clones if the male strobili release pollen 
before or after the female strobili in other clones are receptive; 
or vice versa, if the female strobili are receptive before or after 
pollen dispersal occurs in other clones (El-Kassaby & Ritland, 
1986). Despite this, the relationship between cone production 
and floral synchronization of clones has been rarely addressed 

(Burczyk & Chalupka, 1997), so information on the genetic rela-
tionship between clone fecundity, reproductive phenology 
and risk of pollen contamination is limited. 

The study was aimed at: 1) determining clonal variation in 
phenological synchronization between receptiveness of fema-
le ovules and pollen release from the same clone, from other 
clones, and from trees in nearby natural stands; 2) determining 
whether phenological synchronization of clones in the seed 
orchard is stable between years; and 3) determining clonal 
variation in production of female cones and its relationship 
with the risk of genetic contamination by external pollen.

Materials and Methods

Study area
The seed orchard of Pinus patula Schiede ex Schltdl. et. Cham. 
used in the study was established in 2003 by grafting of scions 
obtained from phenotypically selected, sexually mature, trees.  
The seed orchard is located in central Mexico, at the Reserva 
Forestal Multifuncional “El Manantial”, in Aquixtla municipality, 
State of Puebla, México (19°43´13” N, 97°59´20” W, 2,860 m), 
within the species’ natural distribution range. The orchard has 
an area of 1.2 ha, with a completely random design, a spacing 
of 3 x 3 m, with a different number of ramets per clone. At the 
beginning of the study, the orchard had 82 clones with a total 
of 657 ramets (1-22 ramets per clone). At that time, ramets 
were 12 years old, from grafting, and had already reached 
sexual maturity (Vargas-Hernández & Vargas-Abonce, 2016). 

Evaluation of reproductive phenology and cone 
production
In 2014 and 2015, the phenology of male and female strobili 
was recorded for a sample of 31 clones from the orchard, with 
three ramets per clone, totaling 93 trees, selected on the basis 
of their cone production in the 2012 seed crop. The course of 
phenology of male strobili was evaluated in five branches 
marked in the lower portion of the tree crown during January 
to March each year, with a 3-4 d interval, until all the pollen was 
released; the same was done for female strobili in five branches 
marked in the upper portion of the crown, until they were not 
receptive anymore. Observations were done on the same 
ramets in both years, although not necessarily on the same 
branches, due to natural variation between years in the pro-
duction of male and female strobili.

The phenology of male strobili and pollen dispersal from 
adult trees (e.g. in reproductive age) of Pinus patula was also 
evaluated during the same periods in four even-aged natural 
stands, along an altitudinal transect (2,807-3,011 m), at a dis-
tance of 150 to 1,000 m from the orchard’s center. Ten trees 
from each stand were selected, with male-strobili production, 
easily accessible and visible in the tree crown, to allow samp-
ling them. Matziris (1994) and Codesido & Merlo (2001) metho-
dologies, modified by Hernández-Zaragoza et al., (2016) for 
Pinus patula, were used to determine the phenological stages 
for female and male strobili.
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To determine the cone productive capacity of the samp-
led clones, all female mature strobili at the crown of the 31 clo-
nes, with their respective ramets, were collected and counted 
by the end of April in 2014, 2015, and 2016. These cone crops 
correspond to the flowering cycles in the spring of 2012, 2013, 
and 2014, respectively.

Data analysis
The start and end date (number of days from January 1st), and 
the length of the female receptiveness and pollen dispersal 
periods in each year were determined for each ramet and clo-
ne, with the phenological data obtained from each sampled 
branch. The same was done for pollen dispersal in trees samp-
led in the natural stands. The software program SYNCHRO (Zas 
et al., 2003) was used for this purpose. The index of average 
phenological synchronization (OP̅̅ ̅̅  ) between the period of 
female receptiveness in each sampled clone in the orchard 
and: a) the period of pollen dispersal of the same clone ( O̅iP̅i ); 
b) the period of pollen dispersal of other clones in the orchard 
(O̅iP̅j ); and c) the period of pollen dispersal of the trees in the 
neighboring natural stands (O̅iP̅NS ) was calculated with each 
year’s data. These indices were calculated following the proce-
dure proposed by Askew & Blush (1990), which is a quantitative 
measure of the proportional symmetry of the female and male 
phenograms generated by the SYNCHRO program. The index  
(OP̅̅ ̅̅  ) for the two mate trees is the ratio of the common area to 
the total (maximum) area between the female and male phe-
nograms summed across all days. It varies from 0 (no overlap) 
to 1.0 (complete overlap); in this scoring scale, an index value 
above 0.5 is considered an appropriate phenological synchro-
nization between mates (Askew & Blush, 1990). For instance, in 
Pinus radiata the synchronization index between pairs of 
mating clones varied from 0 to 0.82 across years (Codesido et 
al., 2005); in Pinus sylvestris, however, the index varied from 0 to 
0.40 in two years (Burczyk & Chalupka, 1997).

Synchronization indices were calculated for each single 
clone. Then, clones were grouped according to their precocity 
(defined according to the start date of the female receptiven-
ess period), in early, intermediate, and late-flowering clones. To 
determine differences in synchronization indices (O̅iP̅i , O̅iP̅j  
and O̅iP̅NS ) between early and late-flowering clones, the 
Student´s ‘T’ test for mean comparison was applied on the ave-
rage values of these indices for each clone group, considering 
the individual clone indices as sample values. The stability bet-
ween years in the phenological synchronization indices of the 
orchard clones (O̅iP̅i , O̅iP̅j  and O̅iP̅NS ) was evaluated by estima-
ting the Pearson correlation coefficient (rp) between the clone 
index values obtained each year.

Genetic and between-year variation in cone production in 
the orchard clones were estimated by variance analysis of the 
number of cones collected each year, using the Mixed proce-
dure from SAS (SAS Institute, 2002), and the following lineal 
model:

Where: Yijk is the observation of the kth ramet in the jth clone 
in the ith year, µ is the mean, Ai is the random effect in the ith 
evaluation year [(i = 1, 2, 3) ~ NID (0, σ2

a)], Cj is the random effect 
in the jth clone [(j = 1, 2,…31) ~ NID (0, σ2

c)], ACij is the random 
effect of the year x clone interaction ~ NID (0, σ2

ac), and Ɛijk is the 
error ~ NID (0, σ2

e). Before the analysis, the original data of 
number of cones (x) were transformed with the function √x to 
homogenize the variance between years and among clones 
(Steel & Torrie, 1980).

Broad sense heritability of the clone means (H2
c), also 

called “clonal repeatability” was calculated with the following 
equation:

𝐻𝐻𝑐𝑐2 =
𝜎𝜎𝑐𝑐2

𝜎𝜎𝑐𝑐2 + (𝜎𝜎𝑎𝑎𝑎𝑎
2

𝑎𝑎 ) + (𝜎𝜎𝑒𝑒
2

𝑟𝑟𝑟𝑟)
 

 Where: σ2
c is the variance among clones; σ2

ac is the vari-
ance due to year x clone interaction; σ2

e is the error variance; a 
is the number of years, and r is the number of ramets per clone. 
The genetic stability between years (reproductive cycles) in the 
clone contribution to the total cone crop was determined by 
estimating the type-B genetic correlation ( rB ) using the proce-
dure described by Falconer and Mckay (1996), applying the fol-
lowing equation:

rB = (σ2
c) / (σ2

c + σ2
ac) 

 The Spearman correlation coefficient for average cone 
production per clone was also estimated between years. To 
evaluate the relationship between cone production and risk of 
genetic contamination by external pollen in the orchard clo-
nes, the phenotypic correlations (rp ) of the average number of 
cones produced per year by each clone with the synchronizati-
on index (O̅iP̅NS ), and with the start date and length of the 
female receptiveness period of clones were estimated separa-
tely for each year’s phenology data.

Results

Clonal variation in cone production
Cone production in the seed orchard varied significantly (P ≤ 
0.001) both between years and among clones; moreover, the 
year x clone interaction was also significant. Average cone pro-
duction per tree varied from 6.3 cones in 2015, to 43.5 in 2016.  
In absolute terms, differences among clones were greater in 
2014 and 2016, but the variation coefficient was greater in 
2015 (191.14 %) due to a lower production that year.

Three clones (32, 33, and 86) were consistently less pro-
ductive in all three years; however, in 2015, six other clones did 
not produce cones.  The 12 most productive clones together 
produced 70 %, 74 %, and 80 % of the total cone crop in 2014, 
2015, and 2016 respectively (Figure 1). Despite fluctuations in 
the ordering of clones according to their cone production 
across years, as indicated by the significant effect of the year x 
clone interaction, the Spearman correlation coefficient bet-
ween years 2014 and  2016 was 0.74 (P ≤ 0.0001), and between 
2014-2015 and 2015-2016 was 0.60 (P ≤ 0.001).

Yijk = µ + Ai + Cj + ACij + Ɛijk 
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A wide genetic variation in cone production was found in the 
sampled clones in the orchard, both in the overall analysis as in 
the paired-year analysis (Table 1). The variance component of 
the year x clone interaction was relatively low (< 27 %) in relati-
on to genetic variation, except in the 2015-2016 cone crop ana-
lysis, where its contribution to total variance was almost equal 
to genetic variance. Broad-sense heritability of clonal cone pro-
duction (clonal repeatability) was 0.80, although estimated 
values fluctuated from 0.57 to 0.85 in the analysis carried out 
for different paired-years. Phenotypic correlations of clone 
means ( rp ) between years were positive and relatively high (rp  
≥ 0.57), while the type-B genetic correlation ( rB ) was 0.79 in the 
overall analysis, with values from 0.52 to 0.97 between the dif-
ferent paired-years (Table 1).

Clonal variation in phenological synchronization 
indices
The synchronization index O̅iP̅i  varied from 0.39 to 0.78 in 
2014, and from 0.21 to 0.75 in 2015 (Table 2), but the average 
values were significantly different (P ≤ 0.05) between years 
(0.60 vs. 0.52). Of the 31 clones evaluated, 58 % in 2014, and 23 
% in 2015 had O̅iP̅i  values higher than 0.6. However, no signifi-
cant differences were found in O̅iP̅i  among the early, interme-
diate, and late-flowering groups in both years. Thus, the O̅iP̅i  
index value was not related to phenological precocity of clo-
nes.

The value of O̅iP̅j  index varied from 0.42 to 0.71 in 2014, 
and from 0.26 to 0.59 in 2015, with no significant differences 
between years in the average values (0.54 vs. 0.50, Table 2), nor 
between precocity groups, except for the intermediate and 
late-flowering clones (P ≤ 0.05) in 2015. On the other hand, the 
value of the O̅iP̅NS  index varied from 0.35 to 0.64 in 2014, and 
from 0.25 to 0.66 in 2015, with no significant differences bet-
ween years in the average values (Table 2) nor between early 
and late-flowering clones. Late-flowering clones showed a gre-
ater overlap with external pollen release than the early-flowe-
ring clones in 2014, but in 2015 the overlap was similar for both 
clone groups (Figure 2).
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Figure 1 
Accumulated contribution of Pinus patula 
clones to the cone crop in the seed orchard in 
three consecutive years.

Table 1 
Variance components, σ2

ac/σ
2

c relation, broad-
sense heritability of clone means (H2

c), type-B 
genetic correlations (rB) of cone production, and 
phenotypic correlations of clone means (rp) in a 
Pinus patula seed orchard during three consec-
utive years.

Genetic 
parameter 

Cone production 
Overall analysis 2014-2015 2014-2016 2015-2016 

σ2
c 4.29 2.25 7.53 3.11 

σ2
ac 1.17 0.47 0.20 2.85 

σ2
e 5.94 4.94 7.31 5.56 

σ2
ac/ σ2

c 0.27 0.21 0.03 0.92 

H2
c 0.80 0.68 0.85 0.57 

rB 0.79 0.83 0.97 0.52 

rp    0.61**   0.73**   0.57** 

**Statistically significant (P <0.01) 

 

Table 2 
Average and extreme values of the phenologi-
cal synchronization index (OP̅̅ ̅̅  ) between female 
receptiveness in the orchard clone and pollen 
of the same clone (O̅iP̅i ), other clones (O̅iP̅j ), and 
natural stands (O̅iP̅NS ) for clones with different 
precocity in two consecutive years.

2014  2015 
Clonei group O̅iP̅i O̅iP̅j

a O̅iP̅NS
a O̅iP̅i O̅iP̅j

a O̅iP̅NS
a 

a) Early-flowering       

Average 0.57 0.49±0.25 0.42±0.22 0.48 0.49±0.23 0.55±0.08 

Minimum 0.48 0.42±0.23 0.35±0.20 0.28 0.43±0.17 0.40±0.05 

Maximum 0.64 0.58±0.27 0.54±0.25 0.65 0.58±0.29 0.66±0.14 

b) Intermediate-flowering     

Average 0.61 0.55±0.21 0.50±0.18 0.53 0.49±0.20 0.49±0.11 

Minimum 0.39 0.42±0.13 0.41±0.06 0.21 0.26±0.13 0.25±0.04 

Maximum 0.74 0.71±0.27 0.59±0.23 0.73 0.59±0.25 0.59±0.16 

c) Late-flowering        

Average 0.62 0.57±0.20 0.55±0.14 0.53 0.50±0.22 0.45±0.10 

Minimum 0.49 0.44±0.14 0.42±0.03 0.29 0.42±0.16 0.34±0.05 

Maximum 0.78 0.68±0.31 0.64±0.22 0.75 0.57±0.29 0.64±0.15 

Global OP̅̅ ̅̅  0.60 0.54 0.49 0.52 0.50 0.48 
aAverage values OP̅̅ ̅̅  ± standard deviation. 
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O̅iP̅j  values were slightly higher than those of O̅iP̅NS  for most 
clones in both years (Table 3). However, except for the late-flo-
wering clone group in 2015, no significant differences (P ≤ 
0.05) between the average values of O̅iP̅j  and O̅iP̅NS  were found 
in any group. The between-year correlation coefficient for O̅iP̅i  
and O̅iP̅j  indices was nearly zero (|r| ≤ 0.05, P ≥ 0.79), indicating 
that the possibility of self-pollination and cross-pollination for 
each clone is not stable in successive years. In contrast, the bet-
ween-year correlation for O̅iP̅NS  index was -0.48 (P ≤ 0.01), 
which implies that clones with greatest synchronization in 
2014 showed a lower synchronization in 2015 and vice versa, 
due to changes in both ovule receptiveness in orchard clones 
and pollen dispersal periods in neighboring stands across 
years.

Relationship of cone production with precocity and 
risk of genetic contamination
The phenotypic correlations between cone production in the 
orchard clones and the starting date, and duration of the fema-
le receptiveness period were low and non-significant in gene-
ral (Table 4). The exception was with the starting date of the 
receptiveness period in 2014, and when using the three-year 
average of cone production, which showed a moderate nega-
tive relationship (rp  ≤ -0.39). The negative sign in this correlati-
on indicates that the most productive clones tend to be the 
most precocious in female receptiveness, and, therefore, they 
would be expected to have lower risk of genetic contaminati-
on due to their lower overlap with pollen dispersal in natural 
stands. The negative correlations ( rp  = -0.37 and -0.40, P < 0.05) 
between cone production in the 2014 and 2016 cone crop and 
the O̅iP̅NS  value in 2014 shows that the most productive clones 
had a lower synchronization index with external pollen disper-
sal in nearby natural stands.  However, cone production in the 
2016 cone crop also had a positive correlation (rp  = 0.44, P < 
0.05) with the O̅iP̅NS  value in 2015. Using the three-year ave-
rage of cone production (a better estimate of clone fecundity), 
however, no significant correlation was found between this 
trait and the average O̅iP̅NS  index value (Table 4).

Discussion

Clonal variation in cone production and its relation 
to phenology 
Cone production in the orchard varied annually, as it naturally 
occurs in seed orchards of other coniferous species such as 
Pseudotsuga menziesii (El-Kassaby et al., 1989), Pinus nigra 
Arnold (Matziris, 1993), and P. halepensis Mill. (Matziris, 1997). 
This annual variation is more common in young seed orchards, 
since at the initial reproductive stages, some clones have not 
reached sexual maturity and they fail to produce female or 
male strobili, or produce them irregularly (Li et al., 2011). Pinus 

 

 

0

10

20

30

40

50

60

70

80

90

100

40 44 47 51 54 58 62 65 69 72 76 79 83 86 90 93 96 100

early
late
natural stands

0

10

20

30

40

50

60

70

80

90

100

40 44 47 51 54 58 62 65 69 72 76 79 83 86 90 93 96 100

2015

Day of the year, after January 1st

2014

Cl
on

es
in 

the
 gr

ou
p

(%
)

Figure 2 
Seasonal variation in female receptiveness pe-
riods for early- and late-flowering clone groups 
as related to the pollen release in natural stands.

Table 3 
Comparison of average synchronization index 
of female receptiveness period with pollen 
from other clones in the orchard (O̅iP̅j ) and from 
natural stands (O̅iP̅NS ) for clones with different 
precocity in two consecutive years.

Year Clone group  N 

Phenological synchronization 
index (OP̅̅ ̅̅ ) Pr > F 

O̅iP̅j O̅iP̅NS 

2014 Early-flowering   8 0.49 0.42 0.50 

 Intermediate 14 0.55 0.50 0.07 

 Late-flowering   9 0.57 0.55 0.92 

2015 Early-flowering   7 0.49 0.55 0.18 

 Intermediate 10 0.49 0.49 0.93 

 Late-flowering 13 0.50 0.45 0.02 

 

Table 4 
Phenotypic correlation (rp ) of cone production in 
clones with the O̅iP̅NS  value and with the starting 
date, and duration of female receptiveness in 
consecutive years in the seed orchard.

1Cones harvested in April 2016 come from the flowering cycle in 2014  
(See Materials and Methods). *Statistically significant (P <0.05). 

 

Trait and year  Phenotypic correlation (rp) 

Cone harvest Pollen in natural 
stands O̅iP̅NS 

Receptiveness 
Starting date Duration  

2014 2014   -0.37*   -0.40*   0.09 

2015 2014 -0.28 -0.17   0.02 

 2015  0.28  0.02 -0.03 

20161 20141   -0.40* -0.29 -0.11 

 2015    0.44* -0.27  0.25 

 rp (average values across years)   0.13  -0.39*  0.21 
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patula is a reproductively precocious species, where flowering 
commonly begins at 3 years of age in trees derived from seed, 
and heavy annual cone production is common by ages 8-10 
years (Wormald, 1975). Flowering at the Pinus patula seed 
orchard began the second year after planting in some clones 
and it was well established across clones when they were 4 
years old, but a wide variation in fecundity among clones has 
already been observed (Vargas-Hernández & Vargas-Abonce, 
2016). 

Despite the annual and clonal effects on cone production, 
variance of the year x clone interaction was lower than the 
genetic variance attributable to clones (Table 1), which indica-
tes that this fecundity trait is under high genetic control and is 
relatively genetically stable across cone crops. Genetic variati-
on in cone production could be accounted for by various fac-
tors. First, clone variation in sexual maturity, as mentioned by Li 
et al. (2011) in P. tabuliformis; second, variation in relative 
growth rate among clones, which produces differences in 
crown size; third, clone variation in flowering synchronization 
with environmental conditions in the site, as mentioned for 
Pinus tabuliformis (Huwei et al., 2014); and fourth, intrinsic dif-
ferences in genotype fecundity. Studies on cone production in 
Pinus contorta Dougl. (Ying et al., 1985) and P. thunbergii Parl. 
(Kang et al., 2004) indicated that some clones are highly prolific 
and have a greater participation in seed production. Apparent-
ly, differences in strobili production are less pronounced in see-
ding years (O´Reilly et al., 1982). 

A wide variation in cone production among clones (El-Kas-
saby et al., 1989), under high genetic control (El-Kassaby & 
Cook, 1994), has also been found in seed orchards of Pseu-
dotsuga menziesii. Estimated values of broad-sense heritability 
for cone production were similar to those found in 11-year-old 
clones of Pinus nigra, which fluctuated from 0.61 to 0.71 (Matzi-
ris, 1993), but are higher than those found in clones of Pseu-
dotsuga menziesii (El-Kassaby & Cook, 1994) and Pinus halepen-
sis (Matziris, 1997), where H2

c values were below 0.48.  However, 
a higher genetic control has been found in clones of Pinus 
radiata, with H2

c = 0.91 in two years of evaluation (Codesido & 
Fernández-López, 2014).

The slight changes in estimated heritability across years 
reflect the effect of annual changes in cone production associ-
ated to within-clone variation in response to variation in envi-
ronmental conditions (Matziris, 1993). However, such variation 
is expected to diminish and stabilize with age of trees, as was 
the case for a 6-year-old Pinus pinaster Ait. seed orchard, where 
heritability increased with age from 0.76 to 0.82 (Merlo & 
Fernández-López, 2004). The high heritability estimates sug-
gest that observations carried out in the seed orchard are a 
useful tool for a better selection of clones to be established in 
second-generation orchards, by combining information about 
fecundity with productivity and wood quality.

Clonal participation in the cone crop was relatively low for 
this Pinus patula seed orchard. About 20 % of the clones samp-
led produced 50 % of the cone crop, and 39 % of the clones 
produced between 70 and 80 % of the cones harvested across 
the three years of evaluation (Figure 1). However, these data 
are similar to clonal contribution found in seed orchards of 

other species with ages below 20 years, as is the case of Pinus 
sylvestris (Burczyk & Chalupka, 1997) and P. pinaster (Merlo & 
Fernández-López, 2004), where 25 and 35 % of the clones con-
tributed 50 to 65 % of the cone production in the orchard. In a 
Pinus tabuliformis seed orchard, the estimated genetic contri-
bution of each clones varied substantially across years, with up 
to 21-fold differences between highest and lowest cone pro-
ducers (Li et al., 2011). It demonstrates clonal effects on game-
tic contribution and on expected genetic gains. This informati-
on could be useful for genetic roguing of the seed orchard, by 
removing the low producer clones (Li et al., 2011).

Negative phenotypic correlations of clonal cone harvest in 
2016 (from the 2014 flowering cycle) with O̅iP̅NS  index and 
start and duration of female receptiveness in 2014 (Table 4) 
indicate that more productive clones are less synchronized 
with pollen dispersal from natural stands and tend to start 
receptiveness earlier. This is a favorable situation, because it 
means that clones with higher potential for seed contribution 
to the cone crop had lower genetic-contamination risk, due to 
a lower overlap with pollen release in natural stands. However, 
when considering average clone values across sampled years, 
the correlation is weak and it might change from year to year 
(Table 4), mainly because of annual variation in flowering phe-
nology. Thus, the relationship doesn´t seem to be stable and 
there may be years in which the most productive clones may 
be exposed to high genetic-contamination risks, affecting 
germplasm quality and expected gains the orchard seed lots.

Clonal variation in phenological synchronization 
Although similar average values were found in O̅iP̅i  and O̅iP̅j , 
there was a wide variation among clones in these values, indi-
cating that the possibility of self-fertilization and cross-pollina-
tion varies among them. However, this possibility was not rela-
ted to precocity of clone receptiveness, nor were they 
consistent over the two consecutive years.  Rather, they seem 
to depend on environmental circumstances and on year-to-
year phenology variation of clones. Other coniferous species 
have also shown a wide variation in the phenological synchro-
nization between female-receptiveness with pollen release 
from other clones, as is the case of Pinus sylvestris L. (Burczyk & 
Chalupka, 1997), P. radiata D. Don (Zas et al., 2003; Codesido & 
Fernández-López, 2008) and P. tabuliformis (Li et al., 2012).

A considerable proportion of the clones sampled (over 50 
% in 2014) showed a relatively high value of O̅iP̅i  (above 0.6), 
but similar to what has been found in other pine species, since 
a higher synchronization is commonly expected between 
ramets of the same clone than between ramets of different clo-
nes (Li et al., 2012; Tan et al., 2019). However, the probability of 
self-fertilization in the orchard would be expected to be rela-
tively low, even in those clones, for various reasons. First, due 
to the high number of clones in the orchard, the number of 
different mates that can bring pollen to the ovules of each clo-
ne is at least 30 times larger (considering only the number of 
clones sampled) than that coming from the clone itself. In addi-
tion, the ramets of each clone are distributed in the orchard in 
a spatial design which reduces the possibility of pollen 
exchange among them. Assuming a similar pollen production 
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mass pollination, water spray, flowering stimulation, among 
others, could increase phenological synchronization and clo-
nal participation in the cone crop.  

Annual variation in phenological synchronization
Absence of between-years correlation of O̅iP̅i  and O̅iP̅j  values 
indicates that self-fertilization and cross-pollination likelihood 
in each clone change from year to year. These results differ 
from the stability in synchronization indices found among 
Pinus tabuliformis (Li et al., 2012) and Pinus sylvestris (Burczyk & 
Chalupka, 1997) clones; in Pinus radiata, synchronization indi-
ces improved with age (Codesido & Fernández-López, 2008).

Year-to-year changes in phenology of the receptive peri-
od, due to its greater dependence on environmental condi-
tions and lower genetic control (Muñoz-Gutiérrez et al., 2019), 
were the main factor affecting the stability of O̅iP̅i  and O̅iP̅j  
values across years. On the other hand, the negative between-
years correlation in O̅iP̅NS  values seems to be due both to insta-
bility of the receptive period and to annual variation in pollen 
dispersal period in natural stands (Muñoz-Gutiérrez et al., 
2017). The correlation between annual O̅iP̅NS  values is not high 
(r =-0.48), indicating, for practical purposes, that risk of genetic 
contamination of clones changes from year to year, so it is dif-
ficult to make predictions based on previous O̅iP̅NS  values.

Implications for seed production
The present study showed that cone production in Pinus patula 
was under strong genetic control and genetically stable, but it 
varied widely from year to year and among clones, which 
should affect the gene diversity of resulting seed crops, as has 
been shown for other coniferous species (Park et al., 2017). This 
information about the differential clone contribution to the 
gamete gene pool is important for the proper estimation of the 
expected genetic composition and genetic gain in planting 
seedlots (Burczyk & Chalupka, 1997; Stoehr & El-Kassaby, 1997; 
Koski, 2000). Genetic composition of the seed crop in a seed 
orchard is important. The main goals in seed-orchard manage-
ment include maximization of genetic gain, avoidance of 
inbreeding depression, and increase in genetic diversity in the 
seed crop (Koski, 2000). These goals may be affected by factors 
such as self-fertilization, contamination with external pollen, 
synchronization in reproductive phenology among orchard 
clones, and differences in female and male fertility (Kang, 
2001), among others. Avoiding or reducing self-fertilization 
and increasing synchronization among orchard clones will 
help increase cross-fertilization rates and reduce inbreeding 
and risk of contamination from external pollen.

In our case, wide clonal variation in O̅iP̅i  and O̅iP̅j  values 
associated with a broad genetic variation in clonal reproducti-
ve phenology warn about possible breeding groups inside the 
orchard, with some clones more prone to self-fertilization, as 
has been found in Pseudotsuga menziesii (Kess & El-Kassaby, 
2015). In addition, lack of phenological isolation of the orchard, 
and broad clonal variation in O̅iP̅NS  index also warn about risk 
of genetic contamination, particularly for late-flowering clo-
nes. These two factors have negative effects on the genetic 
quality expected in the seeds produced in the orchard. 

for all the clones, and all other factors remaining constant, the 
probability of self-fertilization is below 5 % for all the clones. 
Thus, self-fertilization does not seem to be an important prob-
lem in the orchard, despite moderate and high O̅iP̅i  values. In 
Pinus tabuliformis orchards, 80 % of the clones had values from 
0.60 to 0.90 in the O̅iP̅i  synchronization index (Li et al., 2012).

Average O̅iP̅NS  values were similar in both years, but the 
wide variation in this value among clones shows that genetic 
contamination risk varies widely among them, as has been 
found in Pseudotsuga menziesii, where early and late flowering 
clones had higher pollen contamination from natural stands 
than the intermediate class (El-Kassaby & Ritland, 1986). The 
greater phenological overlap in the late-flowering clones in 
2014 (Figure 2) and the variation in O̅iP̅j  and O̅iP̅NS  within each 
group shows that risk is associated to phenological earliness, 
as well as to annual variation in pollen dispersal period in near-
by stands, which depends mainly on environmental conditions 
(Muñoz-Gutiérrez et al., 2017). Even though no difference was 
found in phenological synchronization among clone groups, it 
has been shown in other species that early-flowering clones 
have longer receptiveness and dispersal periods (Codesido et 
al., 2005). In our study, the starting date of female receptiven-
ess had a high negative correlation with the duration of the 
receptive period ( rp ≤ -0.85), indicating that clones initiating 
earlier have a longer female receptiveness period. On the con-
trary, intermediate and late-flowering clones, despite having a 
shorter receptiveness period, have a more homogeneous syn-
chronization index with pollen dispersal in other clones, which 
promotes mating among all clone pairs in the orchard (El-Kas-
saby & Ritland, 1986).

Overall, contamination risk in the orchard is greater than 
self-fertilization due to the number of trees producing pollen 
in the orchard’s neighborhood, although it depends, to a great 
extent, on the total amount of pollen produced and the over-
lap with the ovule receptiveness period. Muñoz-Gutiérrez et al. 
(2017) found that pollen production in the orchard is much 
higher than in natural stands, with a longer dispersal period. In 
addition, O̅iP̅j  and O̅iP̅NS  data show that, globally, synchroni-
zation with the orchard’s pollen is slightly higher, which can, as 
a whole, significantly reduce the possibility of genetic contami-
nation.

Even so, low reproductive synchronization among some 
clones in the orchard can create scenarios where some of them 
are more exposed to contamination by external pollen, or less 
represented in the orchard’s progeny. This is the case of those 
clone mates with O̅iP̅j  values lower than 0.5. It is possible for 
orchard clones to be grouped in small breeding groups due to 
the wide variation in phenological synchronization among 
them, as has been found in seed orchards of Pseudotsuga men-
ziesii (El-Kassaby & Ritland, 1986; Kess & El-Kassaby, 2015). This 
scenario may have negative effects on the orchard’s genetic 
efficiency, since it may reduce effective population size and 
genetic diversity of progeny, as compared to the panmixia ide-
al scenario. However, this negative effect could be reduced by 
the orchard’s design and management, given that ramets from 
a given clone are not surrounded by the same clones across 
the orchard, and management activities, such as supplemental 



137

Multifuncional El Manantial” for providing access and logistic 
support to obtain the field data. We also thank to the National 
Council of Science and Technology (CONACyT) in Mexico for 
the scholarship provided to Liliana Muñoz-Gutiérrez during 
her Ph. D. studies, and to the Colegio de Postgraduados for the 
financial support to carry out the study.

References

Adams GW, Kunze HA (1996) Clonal variation in cone and seed production in 
black and white spruce seed orchards and management implications. The 
Forestry Chronicle 72(5): 475-480. https://doi:10.5558/tfc72475-5.

Askew GR, Blush TD (1990) An index of phenological overlap in flowering for 
clonal conifer seed orchards. Short note. Silvae Genetica 39(3-4): 168-171.

Burczyk J, Chalupka W (1997) Flowering and cone production variability and its 
effect on parental balance in a Scots pine clonal seed orchard. Annals of 
Forest Science 54(2): 129-144. https://doi.org/10.1051/forest:19970201.

Chalupka W (1991) Usefulness of hormonal stimulation in the production of ge-
netically improved seeds. Silva Fennica 25(4): 235-240.  
https://doi.org/10.14214/sf.a15620.

Codesido V, Fernández-López J (2008) Using SYNCHRO.SAS, a program to facili-
tate phenological data processing, in a radiata pine seed orchard in north-
ern Spain. In: Proceedings of a Seed Orchards Conference; Lindgren D (ed). 
pp: 43-52. Umea, Sweden. https://doi.org/10.13140/2.1.4524.6088.

Codesido V, Fernández-López J (2014) Juvenile radiata pine clonal seed orchard 
management in Galicia (NW Spain). European Journal of Forest Research 
133(1): 177-190. https://doi.org/10.1007/s10342-013-0757-3.

Codesido V, Merlo E (2001) Caracterización fenológica del huerto semillero de 
Pinus radiata de Sergude. III. Congreso Forestal Español. Actas del Congreso 
Tomo III: 69-74.

Codesido V, Merlo E, Fernández-López J (2005) Variation in reproductive phenol-
ogy in a Pinus radiata D. Don seed orchard in Northern Spain. Silvae Geneti-
ca 54: 246-256. https://doi.org/10.1515/sg-2005-0035.

El-Kassaby YA, Cook C (1994) Female reproductive energy and reproductive suc-
cess in a Douglas-fir seed orchard and its impact on genetic diversity. Silvae 
Genetica 43(4): 243-246.

El-Kassaby YA, Fashler AMK, Crown M (1989) Variation in fruitfulness in a Doug-
las-fir seed orchard and its effect on crop-management decisions. Silvae 
Genetica 38(3-4): 113-121.

El-Kassaby YA, Fashler AMK, Sziklai O (1984) Reproductive phenology and its im-
pact on genetically improved seed production in a Douglas-fir seed or-
chard. Silvae Genetica 33(4): 120-125.

El-Kassaby YA, Reynolds S (1990) Reproductive phenology, parental balance and 
supplemental mass pollination in a Sitka-spruce seed-orchard. Forest Ecolo-
gy and Management 31(1-2): 45–54.  
https://doi:10.1016/0378-1127(90)90110-W.

El-Kassaby YA, Ritland K (1986) The relation of outcrossing and contamination to 
reproductive phenology and supplemental mass pollination in a Doug-
las-fir seed orchard. Silvae Genetica 35(5): 240-244.

Ertekin M (2010) Clone fertility and genetic diversity in black pine seed orchard. 
Silvae Genetica 59(4): 145–150. https://doi.org/10.1515/sg-2010-0017.

Falconer DS, Mackay TFC (1996) Introduction to quantitative genetics. 4th Edi-
tion. Longmans Green, Harlow, Essex, UK. 459 p.

Funda T, Wennström U, Almqvist C, Andersson GB, Wang XR (2016) Mating dy-
namics of Scots pine in isolation tents. Tree Genetics & Genomes 12(6): 112. 
https://doi.org/10.1007/s11295-016-1074-z.

Gömöry D, Bruchanik R, Paule L (2000) Effective population number estimation 
of three Scots pine (Pinus sylvestris L.) seed orchards based on an integrated 
assessment of flowering, floral phenology and seed orchard design. Forest 
Genetics 7(1): 65–75.

Griffin AR (1982) Clonal variation in radiata pine seed orchards. I. Some flower-
ing, cone and seed production traits. Australian Forest Research 12: 295–
302.

However, due to the large number of clones in the orchard, the 
overall proportion of self-fertilization in relation to cross-fertili-
zation is expected to be low. In addition, clone fecundity (fema-
le-cone production) showed a negative moderate correlation 
with the O̅iP̅NS  index, which reduces the potential impact of 
genetic contamination on the genetic quality of the seed crop.

Various authors recommend several management practi-
ces in similar situations, including the use of techniques: a) to 
induce, increase, and homogenize flowering among clones; b) 
to increase and homogenize synchronization of reproductive 
phenology inside the orchard (Ross et al., 1985); c) to increase 
phenological isolation of the orchard in relation to external 
pollen dispersal; and d) to increase orchard-pollen competi-
tiveness and success in fertilization, especially in those clones 
with low reproductive capacity and low O̅iP̅j  values.

Conclusions

The study showed that cone production in Pinus patula is high-
ly variable, both among clones and years, but it has a strong 
genetic control and low genotype x environment interaction 
across cone crops, so it is genetically stable. The strong imba-
lance in clone contribution to annual cone crops negatively 
affects the effective population size and genetic efficiency of 
the orchard, and so the genetic diversity of seed lots produced. 
Even so, the most prolific clones tend to be receptive earlier in 
the flowering season and have lower synchronization with 
external pollen from natural stands, so they have lower risk of 
genetic contamination from outside the orchard.

Synchronization indices between female receptiveness 
and pollen of same clone O̅iP̅i  and with pollen of other clones 
in the orchard (O̅iP̅j ) varied widely among clones, so the likeli-
hood of self-fertilization and cross-fertilization would vary 
among them. The risk of genetic contamination also varied 
among clones and seed crops, given the broad variation found 
across clones and years in the synchronization index between 
female receptiveness of clones in the orchard and pollen from 
neighboring natural stands. Considered together, pollen con-
tamination seems more important than self-fertilization in 
affecting the genetic efficiency of the orchard, given the 
amount of trees releasing pollen in the orchard’s neighbor-
hood. Because of large clonal variability across years in the 
genetic contamination risk, however, it is difficult to predict the 
impact on the seed crop based on previous flowering cycles. In 
order to minimize this risk, management practices to increase 
and homogenize flowering potential and phenology among 
clones, and to increase phenological isolation of the orchard, 
would be required.

Acknowledgments

The authors are very grateful to Ing. León Jorge Castaños Mar-
tínez and Salvador Castro Zavala, owners of “Reserva Forestal 



138   

las-fir. I. Effects on flowering. Canadian Journal of Forest Research 15(2): 
341-347. https://doi.org/10.1139/x85-055.

SAS (Statistical Analysis System) Institute (2002) SAS/STAT Computer Software. 
Release 9.00. SAS Institute Inc. Cary. N.C.  328 p.

Slavov GT, Howe GT, Adams WT (2005) Pollen contamination and mating pat-
terns in a Douglas-fir seed orchard as measured by simple sequence repeat 
markers. Canadian Journal of Forest Research 35(7): 1592-1603. https://doi.
org/10.1139/x05-082.

Steel RGD, Torrie JH (1980) Principles and procedures of statistics: a biometrical 
approach. McGraw-Hill Book Co., New York. 2da edition. 633 p.

Stoehr MU, El-Kassaby YA (1997) Levels of genetic diversity at different stages of 
the domestication cycle of interior spruce in British Columbia. Theoretical 
and Applied Genetics 94(1): 83–90.  
https://doi:10.1007/s001220050385.

Tan C, Zhen Z, Xiuli C, Guoqing J, Zhuchun Z, Zhongping F (2019) The flowering 
synchronicity of second-generation clonal seed orchard of mason pine (Pi-
nus massoniana). Scientia Silvae Sinicae 55(1): 146-156.  
doi:10.1707/j.1001-7488.20190117

Vargas-Hernández JJ, Vargas-Abonce JI (2016) Effect of gibberellic acid (GA4/7) 
and partial stem girdling on induction of reproductive structures in Pinus 
patula. Forest Systems 25(2): e063.  
http://dx.doi.org/10.5424/fs/2016252-09254.

Wormald TJ (1975) Pinus patula. Tropical Forestry Papers No. 7. Oxford, UK: De-
partment of Forestry, Commonwealth Forestry Institute. 212 p.

Ying CC, Murphy JC, Andersen S (1985) Cone production and seed yield of 
Longepole pine grafts. The Forestry Chronicle 61: 223-228.  
https://doi.org/10.5558/tfc61223-3

Zas R, Merlo E, Fernández-López J (2003) Synchro: A SAS Program for analyzing 
the floral phenological synchronization in seed orchards. Silvae Genetica 
52(5): 212-215.

Hernández-Zaragoza O, López-Upton J, Vargas-Hernández JJ, Jiménez-Casas M 
(2016) Clonal variation in reproductive phenology in a seed orchard of Pi-
nus patula. Bosque 37(2): 255-264.  
http://dx.doi.org/10.4067/S0717-92002016000200004.

Huwei Y, Li Z, Fang P, Li W, Li Y (2014) Variation and stability in female strobili 
production of a first-generation clonal seed orchard of Chinese pine (Pinus 
tabuliformis). Silvae Genetica 63(1-6): 41-47.  
https://doi.org/10.1515/sg-201-0007.

Kang KS (2000) Clonal and annual variation of flower production and composi-
tion of gamete gene pool in a clonal seed orchard of Pinus densiflora. Cana-
dian Journal of Forest Research 30(8): 1275–1280.  
https://doi:10.1139/x00-060.

Kang KS (2001) Genetic gain and gene diversity of seed orchard crops. Doctoral 
thesis, Swedish University of Agricultural Sciences. Acta Universitatis Agri-
culturae Sueciae, Silvestria, Umeå, Sweden.

Kang KS, Lindgren D (1998) Fertility variation and its effect on the relatedness of 
seeds in Pinus densiflora, Pinus thunbergii, and Pinus koraiensis clonal seed 
orchards. Silvae Genetica 47(4): 196-201.

Kang KS, Lindgren D, Mullin TJ (2004) Fertility variation, genetic relatedness, and 
their impacts on gene diversity of seeds from a seed orchard of Pinus thun-
bergii. Silvae Genetica 53(5): 202-206.  
https://doi.org/10.1515/sg-2004-0037

Kess T, El-Kassaby YA (2015) Estimates of pollen contamination and selfing in a 
coastal Douglas-fir seed orchard. Scandinavian Journal of Forest Research 
30(4): 266-275. https://doi.org/10.1080/02827581.2015.1012112.

Koski V (2000) A note on genetic diversity in natural populations and cultivated 
stands of Scots pine (Pinus sylvestris L.). Forest Systems [S.l.] 9: 89-95.  
http://dx.doi.org/10.5424/677

Li W, Wang X, Li Y (2011) Stability in and correlation between factors influencing 
genetic quality of seed lots in seed orchard of Pinus tabuliformis Carr. over a 
12-year span. PLoS ONE 6:e23544.  
https://doi:10.1371/journal.pone. 0023544.

Li W, Wang X, Li Y (2012) Variation in floral phenological synchronization in a 
clonal seed orchard of Pinus tabuliformis in Northeast of China. Silvae Ge-
netica 61(4): 133-142. https://doi.org/10.1515/sg-2012-0017.

Matziris D (1993) Variation in cone production in a clonal seed orchard of black 
pine. Silvae Genetica 42(2-3): 136-141.

Matziris D (1994) Genetic variation in the phenology of flowering in Black pine. 
Silvae Genetica 43(5-6): 321-328.

Matziris D (1997) Variation in growth, flowering and cone production in a clonal 
seed orchard of Aleppo pine grown in Greece. Silvae Genetica 46(4): 224-
228.

Merlo E, Fernández-López J (2004) Análisis del balance parental reproductivo en 
un huerto semillero de Pinus pinaster. Forest Systems, [S.l.] 13(2): 387-397. 
doi: http://dx.doi.org/10.5424/841.

Muñoz-Gutiérrez L, Vargas-Hernández JJ, López-Upton J, Ramírez-Herrera C, 
Jiménez-Casas M, Aldrete A (2019) Variation in reproductive phenology in a 
Pinus patula seed orchard and risk of genetic contamination from nearby 
natural stands. New Forests 50: 1027-1041.  
https://doi.org/10.1007/s11056-019-09712-1.

Muñoz-Gutiérrez L, Vargas-Hernández JJ, López-Upton J, Ramírez-Herrera C, 
Jiménez-Casas M, Aldrete A, Díaz-Ruíz R (2017) Temporal and spatial varia-
tion of pollen dispersal in a seed orchard and nearby natural stands of Pinus 
patula. Bosque 38(1): 169-181.  
https://doi.org/10.4067/S0717-92002017000100017

O´Reilly C, Parker WH, Barker JE (1982) Effect of pollen period and strobilus num-
ber on random mating in a clonal seed orchard of Picea mariana. Silvae Ge-
netica 31(2-3): 90-94.

Park JM, Kwon SH, Lee HJ, Na SJ, El-Kassaby YA, Kang KS (2017) Integrating fe-
cundity variation and genetic relatedness in estimating the gene diversity 
of seed crops: Pinus koraiensis seed orchard as an example. Canadian Jour-
nal of Forest Research 47(3): 366-370.  
https://doi:dx.doi.org/10.1139/cjfr-2016-0223.

Reynolds S, El-Kassaby YA (1990) Parental balance in Douglas-fir seed orchards 
(cone crop vs. seed crop). Silvae Genetica 39(1): 40-42.

Ross SD, Webber JE, Pharis RP, Owens JN (1985) Interaction between gibberellin 
A4/7 and root-pruning on the reproductive and vegetative process in Doug-


