1-(1-¢)

[A2]

By multiplying [Al] and [A2], we get the probability
(Qli) that the zvgote will not be viable when the female

gamete has i lethal alleles;
.y ni
[1 -(1-4") ]

oli=|". (@) (1-g)"

By summing Ql; for all i values between 0 and m, we get
the probability (Q) that the zygote formed by 2 gametes
randomly sampled from the gamete pool will not be viable;

[A3]

0=3( 7oy 0-ay"~![1- -(1-0') |

We may extend the @ for situations where the lethal
allele frequency, q, is not the same for all the loci. Suppose

Uo Ut U: Ux-2 X
Q=2 2 2 > |7
J1=0J,=0},=0 .lx- =0 k=1

the probability (Q) that the zygote formed by 2 gametes
randomly sampled from the gamete pool is

M U U U: Ux-2 X
0= >35> I1"
1=0 },=0/,=0};=0  J_, =0 k=1

.]k(l q mk.]k 1-

there are X groups with m,, my, mg, ..., m, loci with allele
frequencies of q,, da, qg, ..., @ in the female gamete pool,
and g*;, g%, q*;, .., q*, in the male gamete pool. Let i =
jitietig+ ..+ iu, =i andu, = u,_y~ jfork=>1.
Then the probability of obtaining exactly i loci with lethal
alleles in a female gamete randomly sampled from the
gamete pool is

Uo th U: Ux-2 X .
555 8 (7 o 1-a e
Ji=0),=0);=0 =0 k=1 Je

the last j, — i.e. j, — is replaced by u,_;.

The probability (Ql;) that the zygote is not viable when
male gamete randomly sampled from the male gamete
pool will have a lethal allele is

- TH %)

The probability (Q1)) that the zygote is not viable when
the female gamete has i lethal alleles is

[10-4)" | and

k=1

[A4]

Effects of Seed Orchard Inputs on Estimating Effective Population

Size of Seedlots
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Abstract

The effects of clonal variation in seed and pollen pro-
ductivity and reproductive phenological synchrony on
estimating effective population size (Ne) of orchard seed-
lots were examined by a computer simulation. Results in~
dicate that Ne decreases as the variability of these factors
increases. The relative importance of these factors on Ne
estimation changes with seed orchard conditions, and the
effect of an individual factor decreases as the variability of
the others increases.

Estimating Ne using only information on clonal seed pro-
duction may result in a large bias in either direction. By
adding information on pollen production, the bias of Ne
estimates may not only be greatly reduced but be pre-
dictable (always upward). Improvement in the accuracy of
Ne estimation by including reproductive phenological in-
formation is limited in seed orchards of more than 50
clones and with an average of more than 1.5 days of phe-
nological overlap between male and female clones. How-

Silvae Genetica 43, 2—3 (1994)

ever, information on reproductive phenology is important

if seed orchards are small and/or the levels of reproductive

phenological synchrony are low.

Key words: Seed orchard, seed qutlity, effective population size,
computer simulation.

FDC: 232.311.3; 232.311.1; 165.441.

Introduction

Seed orchards are commonly used to produce mass quan-
tities of genetically improved seed for reforestation (A~-
DERSSON, 1960). The genetic composition, and therefore
genetic quality, of annual seed crops from an orchard
varies with changes in many factors, including female
(seed) and male (pollen) productivity, as well as repro-
ductive phenology among orchard clones (WorssNErR and
FrankLIN, 1973). As more orchard seed is being used for
reforestation, the genetic quality of orchard seedlots is of
increased concern.
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Table 1. — Clonal variation in seed and pollen productivity, as well as phenological synchrony of some seed or-

chards in British Columbia.

Seed Orchard

PSCV’ PMCV? MRD® RDCV'
No. of Clones

Species (N)
Coastal Douglas-fir 71 0.98 0.86 5.81 0.57
Coastal Douglas-fir 94 2.14 1.05 0.77 0.55
Interior Spruce 114 2.48 4.65 - -
Interior Spruce 174 - - 3.63 1.15
Lodgepole Pine 103 - - 1.72 1.38
Western Red Cedar 100 0.82 0.73 5.67 0.49

Ranges of Values Used for Simulation

10-200

0-2.50 0-5.00 0.5-8.0 0-1.50

1) PSCV = coefficient of variability of seed productivity.
= coefficient of * variability of pollen productivity.

?) PMCV

) MRD = average number of days of reproductive phenological overlap between male and female clones in the

orchard.

49) RDCV = coefficient of variability of the number of days of reproductive phenological overlap among clones

in the orchard.

Parameters of interest related to the genetic quality of
orchard seedlots include predicted genetic gain and ef-
fective population size (Ne). Genetic gain evaluates the
potential improvement that may be achieved in the traits
of interest. It is usually calculated as the average breeding
value of orchard clones weighted by their proportional
contribution of gametes to the seedlot. In the absence of
correlations between productivity and breeding value, the
unweighted average breeding value of the orchard clones
provides an unbiased prediction of genetic gain of an or-
chard seedlot.

The effective population size of an orchard seedlot, or
the effective number of orchard clones which contribute
gametes to the seedlot, is equivalent to the number of
clones of an idealized seed orchard population in which all
clones have an equal expectation of being the parents of
any progeny individual (Heprick, 1983). Information on
Ne is useful in evaluating the attributes of individual
seedlots. Unlike genetic gain, however, Ne drops as varia-
tion in the proportional gamete contribution of orchard
clones increases. Without knowledge of clonal gamete
contributions, reliable estimation of Ne is impossible. Seed
and pollen productivity, as well as reproductioe phenolog-
ical synchrony are three major determinants of the
proportional gamete contributions of orchard clones (As-
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KEw, 1988) and, therefore, the effective population sizes
of orchard seedlots. Variation in these factors will result
in changes in the proportional gamete contribution of
orchard clones and a reduction in effective population
size. Since collecting these data may involve considerable
cost and effort, understanding which factors are the criti-
cal drivers of changes in Ne estimates is essential to en-
sure spending is focused and efficient.

In this study, a computer simulation was performed to
investigate the sensitivity of Ne to changes in the varia-
bility of seed and pollen productivity, as well as repro-
ductive phenological synchrony among orchard clones. The
accuracy of estimating Ne with different seed orchard in-
put is examined, and critical data needs for estimating Ne
for seed orchard seedlots are recommended.

Methods
Calculation of proportional gamete contributions

The methodology used in this study for calculating the
proportional gamete contributions of orchard clones was
modified from that developed by Askew (1988). Let

S; = the seed productivity of clone i,

M; = the pollen productivity of clone j, and

RD;; = the number of receptive days of clone i
during which clone j is shedding pollen,



Table 2. — Regression models of Ne on the 3 input variables and the predicted changes in Ne per unit change in each variable

(A’Ne*) (N=100, MRD=3.5).

Independent Variable
/ Conditions

Regression Model R?

Prob. > F A’Ne%

PSCV
PMCV=0.00, RDCV=0.00 102.27-21.95PSCV~-1.21PSCV? 0.99 0.0001 -24.43
PMCV=0.50, RDCV=0.15 95.95-21,93PSCV-0.97PSCV? 0.99 0.0001 -25.39
PMCV=2.50, RDCV=0.75 33.99- 8.95PSCV+0.76PSCV? 0.98 0.0001 ~-20.74
PMCV=5.0, RDCV=1,50 14.94- 3.00PSCV+0.16PSCV? 0.72 0.0065 -17.40
Average: -21.99
PMCV
PSCVv=0.00, RDCV=0.00 106.17-34,.30PMCV+3,25PMCV? 0.99 0.0001 -17.01
PSCV=0.25, RDCV=0.15 101.27-33.07PMCV+3.13PMCV? 0.99 0.0001 -17.20
PSCV=1,25, RDCV=0.75 64.85~20.16PMCV+1.86PMCV? 0.99 0.0001 -16.75
PSCv=2.50, RDCV=1.50 34.96- 8.27PMCV+0.54PMCV? 0.98 0.0001 -15.178§
Average: -16.68
RDCV
PSCV=0.00, PMCV=0.00 102.38-20.48RDCV+9.76RDCV? 0.75 0.0041 -$.70
PSCV=0.25, PMCV=0.50 92.01-16.39RDCV+5.82RDCV? 0.63 0.0184 -8.33
PSCV=1.,25, PMCV=2,50 27.09- 5.71RDCV+3,78RDCV? 0.17 0.4790 (1]
PSCV=2.50, PMCV=5.00 11.03- 9.02RDCV+5.19RDCV? 0.37 0.1547 0
Average: -3.51

8) A’Ne = difference between the predicted values of Ne at the highest and lowest input CV values of the corresponding vari-

able divided by the range of the CV values.

then, the proportional seed (female gamete) contribution
by clone i (PS;) relative to the total orchard seed produc-
tion and the proportional pollen (male gamete) contribu-
tion by clone j (PM;) relative to the total within orchard
pollen production are
PSi = S‘I /21 Si and

respectively. Similarly, the proportion of clone i’s total
pollen capture days accounted for by clone j is

If data on seed and pollen productivity, as well as re-
productive phenology are available, the proportional ga-
mete contribution to the seedlot from matings between
clones i and j can be calculated as

(RDPij X PM'i)

GCj;(I) = ———— X X  x PS;.
If only seed and pollen productivity data are available,
the corresponding proportional gamete contribution can
be simplified as
GCU(II) = PIVIJ X PSi.

This is the proportion of the seedlot made up by the
specific cross between clone i as a female and clone j as a
male. The total proportion of gametes (female and male)
contributed to the effective gamete pool of the seed or-
chard by clone i can be calculated as follows:

1), if data on both seed and pollen productivity, as well
as reproductive phenology are available,
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Figure 1. — Predicted trends of Ne estimates with changes in the variability of seed productivity (PSCV) (a), pollen productivity
(PMCV) (b) and reproductive phenological synchrony among orchard clones (RDCV) (¢) (N=100, MRD=3.5).

Gi(D) = [2; GCy (1) + 2 GGy (D172
2), if only data on seed and pollen productivity are
available,
G{ID) = [2; GCy;(ID) + 2 GC;;(ID1/ 2;
3), if only data on seed productivity are available,
G{(III) = PS;.

There are a few assumptions for the above methodology:
1), pollen produced by each clone is equally viable, 2), the
probability of a successful pollination event is equal for ail
possible combinations of clones i and j, 3), all days
during the pollination period are equally suitable for pol-
len shed, distribution and pollination, 4) self-fertilization
and outbreeding occur with the same probability, and 5),
no pollen contamination from outside the orchard.

The first 3 assumptions may be violated. However, the
deviations from the assumptions, if any, are likely ran-
domly distributed throughout the orchard population, and
would have a limited effect upon parameters calculated
from the gamete contribution values. Assumptions 4 and 5
are known to be violated (see Apams and Birkes, 1990,
for references), but with information on the rates of selfing
and pollen contamination, G; can be adjusted.

Calculation of Ne for orchard seedlots
Two basic methods, inbreeding and variance effective
population size, are available for calculating effective pop-

ulation size (Crow, 1954). They are generally either iden-
tical or quite similar, but deal with different reference
populations (Crow and Kimura, 1970; HEprick, 1983; Kang
and Namkoong, 1988). In this study, the definition of in-
breeding effective population size presented by Kanc and
NamroonGg (1988) is employed. It is a modification of
RoBerTsON's (1961) definition of effective population size,
and is most useful for determining an Ne value which
relates to the effective number of clones in a seed orchard
which contribute gametes to a seed crop. Using the G; val-
ues derived above, the effective population size of an or-
chard seedlot can be calculated as

Ne = 1/3; G2,

where, G; = G;(I), G;(II), and G;(III), and the corre-
sponding formulas as referred to as Model 1, Model 2 and
Model 3, respectively.

Simulation

A PC based computer program was developed in SAS
(SAS Institute Inc.,, 1988). This program uses random
number generators to produce data with normal distribu-
tions of specified means and standard deviations. Three
sets of data were generated in each run: proportional seed
production of orchard clones (PS;), proportional pollen
production of orchard clones (PM;), and the number of
receptive days for clone i during which clone j is shedding
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Table 3. — Bias (%)!) of Ne estimated from Model 3 campared to that from Model 1 (N=100, MRD=3.5).

Bias (%) Compared to Ne from Model 1

Ne from PMCV=0.00 PMCV=0.50 PMCV=2.50 PMCV=5.00
PSCV Model 3 RDCV=0.00 RDCV=0.15 RDCV=0.75 RDCV=1.50 |Average|
0.00 100.00 0.00 (ns)? + 5,29 (*)? +65.30 (*) +84.54 (%) 38.78
0.25 93.82 - 4.53 (%) + 2.91 (ns) +67.02 (*) +85.05 (*) 39.87
0.50 78.81 - 16.89 (*) - 11.34 (*) +62.87 (*) +82.76 (*) 43.47
0.75 64.88 - 37.79 (*) - 19.39 (*) +56.70 (*) +79.52 (*) 48.35
1.00 49.19 - 56.89 (*) - 49.38 (%) +47.25 (%) +79.33 (*) 58.20
1.25 37.76 - 83.05 (*) - 82.28 (%) +38.19 (*) +74.89 (*) 69.60
1.50 31.67 ~-111.90 (*) - 79.44 (%) +24.60 (*) +58.95 (*) 68.70
1.75 29.90 - 99.70 (*) - 84.18 (*) +31.77 (*) +60.37 (*) 69.00
2.00 21.17 -157.01 (*) -130.94 (*) +15.73 (ns) +58.48 (*) 90.55
2.25 17.16 -177.21 (*) -144.58 (*) - 7.93 (ns) +42.19 (*) 93.01
2,50 13.75 -186.98 (*) -156.73 (*) -17.96 (ns) +46.98 (*) 102.18
Average 48.92 - 84.72 - 68.93 +37.23 +68.46 65.61

Ne (model 3) — Ne (model 1)

1) Bias (%) = X 100 %.

Ne (model 3)

?) ns: Ne estimates from Model 1 and Model 3 are not significantly different (p>>0.05).
%) *: Ne estimates from Model 1 and Model 3 are significantly different (p<{0.05).

pollen (RD;;). These data were used to generate values for
Ne following the above models.

The input data for simulation were the means of pro-
portional seed and pollen production of orchard clones, the
average number of days of reproductive phenological over-
lap between male and female clones and the standard
deviations of these 3 variables. Available data from 6 seed
orchards located in both the coast and interior of British
Columbia, which are believed to bracket the seed orchard
conditions in the province were used to determine opera-
tionally relevant values for these input variables (T'able 1).

Seed orchard size (number of clones) and the average
length (days) of reproductive phenological overlap between
female and male clones were fixed at 100 and 3.5, respec-
tively, which are the average conditions of the 6 orchards
(Table 1). The observed ranges of variability, as measured
by the coefficient of variation (CV), of seed and pollen
productivity, as well as reproductive phenological syn-
chrony (i. e. PSCV, PMCV and RDCV, respectively) were
equally divided into 10 levels. Standard deviations were
calculated from the corresponding CV values and specified
means, which were used as 10 sets of input data.

For each set of input data 50 independent runs were
performed. Means of Ne estimates over independent runs

150

were calculated for the three models described above and
analysis of variance (ANOVA) was employed to test the
siginificance of their differences. The trends in Ne with
changes in the variability of seed and pollen productivity,
as well as reproductive phenological synchrony (i.e. PSCV,
PMCV and RDCV) were examined by regression analysis.
The sensitivity of Ne to changes in the variability of these
factors was quantified by changes in Ne% per unit change
in the coefficients of variation of the corresponding fac-
tors.

The effects of seed orchard size and the average length
of reproductive phenological overlap among seed orchard
trees on the accuracy of Ne estimation from different
models were also investigated.

Results

Trend and sensitivity of Ne with changes in the variabil-
ity of input variables

As expected, the effective population size (Ne) of an or-
chard seedlot decreases as the variability of seed and
pollen productivity (PSCV and PMCV, respectively), as
well as reproductive phenological synchrony among or-
chard clones (RDCV) increases (Figure 1 and Table 2).



Table 4. — Bias (%)') of Ne estimated from Model 2 compared to that from Model 1 (N=100, MRD=3.5).

Bias (%) Compared to Ne from Model 1

Ne from
PSCV PMCV Model 2 RDCV=0.00 RDCV=0.15 RDCV=0.75 RDCV=1.50 |Average]|
0.00 0.00 100.00 0.00(ns)? + 0.02(ns)  +11.07(*)®  +11.38(*) 5.62
0.25 0.50 90.10 - 0.69(ns) + 0.59(ns) + 6.97(*)  +11.24(*) 4.87
0.50 1.00 72.56 + 2.26(ns) + 1.35(ns) +12.51(*) +10.82(*) 6.74
0.75 1.50 59.65 + 9.61(*)  +14.20(*) +20.97(*)  +35.46(*) 20.07
1.00 2.00 46.89 +11.86(*) +16.40 (ns) +31.20 (*) +42.89(*) 25.59
1.25 2.50 35.37 +25.05(*)  +11.14(ns)  +39.41(*)  +31.04(*) 26.67
1.50 3.00 28.47 +19.53(ns) +21.22(ns)  +18.83(ns) +37.86(*) 24.34
1.75 3.50 19.33 + 0.31(ns) + 0.67(ns) +30.32(*)  +26.59(ns) 14.49
2.00 4.00 19.16 +19.31(ns) +25.84(ns)  +43.37(*)  +36.12(*) 31.16
2.25 4.50 14.66 +11.12(ns) +15.42(ns)  +51.71(*)  +44.61(*) 30.70
2.50 5.00 13.29 +24.00(ns) +33.03(ns)  +58.99(*)  +47.86(*) 40.93
Average 45.41 +11.12 +12.72 +29.58 +30.53 20.99

Ne (model 2) - Ne (model 1)
X 100 %.

1) Bias (%) =
Ne (model 2)

) ns: Ne estimates from Model 2 and Model 1 are not significantly different (p>>0.05).
3) *: Ne estimates from Model 2 and Model 1 are significantly different (p<0.05).

However, the sensitivity of Ne to changes in various
variables was quize different. As indicated in table 2, when
the number of clones in the seed orchard equals 100 and
the average length of reproductive phenological overlap
among orchard clones is 3.5 days, per unit change in the
variability of seed productivity (PSCV) results in an
average Ne reduction of about 22%, while per unit change
in the variability of reproductive phenological synchrony
(RDCV) only causes an average reduction of less than 4 %.
It is also evident that the effect of each variable on Ne
tends to decline as the variability of the other variables
increases (Figure 1 and Table 2).

Accuracy of Ne estimation with different seed orchard in-
put
I. Model 3 vs. Model 1

As table 3 and figure 2a indicate, when the variability of
pollen productivity (PMCV) and phenological synchrony
(RDCV) is low, Ne deived from Model 3 tends to be an
underestimate compared to that from Model 1. Also the
bias increases with the variability of seed productivity
(PSCV). However, when PMCV and RDCV are near the
averages or higher, Ne from Model 3 tends to be an over-
estimate, and the bias declines as PSCV increases. With a
seed orchard size of 100 clones and an average length of
reproductive phenological overlap of 3.5 days, the bias of

Ne estimated from Model 3, compared with that from
Model 1, could be as high as 187 %. In most cases, it is
statistically significant (T'able 3). The bias increases as the
variability of pollen productivity and reproductive pheno-
logical synchrony approaches the extremes. Estimating Ne
using only information on seed productivity may result in
substantial error, and the error increases with variability
in seed productivity.

II. Model 2 vs. Model 1

Model 2 consistently overestimates Ne compared to
Model 1 (Table 4 and Figure 2b). When the variability
of reproductive phenological synchrony is low, the up-
ward bias is negligible (statistically nonsignificant in most
cases). But as RDCV nears the average or higher, the bias
becomes significant (Table 4). Without information on the
variation of reproductive phenological synchrony, one may
expect an average upward bias of 21% in Ne estimation in
a seed orchard of 100 clones and with average reproductive
rhenological overlap of 3.5 days. The bias tends to in-
crease with the variability of seed and pollen produc-
tivity.
Effect of orchard size on Ne estimation

The effect of orchard size on the estimation of Ne using
Model 2 was investigated. For a wide range of orchard
sizes, Ne estimates consistently show the following trends:

151



1eo - ® MODEL3
A "e.. O MODEL1: PMCV=0.0 RDCV=0.00
~. S~ s MODEL1l: PMCV=0.5 RDCV=0.15
oo O 0 MODEL1: PMCV=2.5 RDCV=0.75
: 0 MODEL1l: PMCV=5.0 RDCV=1.50

""""" Do T D
0 o DA O O — Qe -
_____ _o_______-o
o = v L v T — T v~ v Ls v
0,00 0.25 0.50 0.75 1,00 1,25 1.50 1.75 2.00 2.25 2.50
PSCV
(a)
8 4 . . . . . . . . .
J.o o.s 1.0 1.5 2.0 2.5 3.0 3.5 4,0 4.5 s,0
PAMCYV
v00 @ MODEL2
O MODEL1: RDCV=0.00
A MODELl1: RDCV=0.15
l& 0 MODEL1: RDCV=0.75
o0 o4 \ . ¢ MODEL1: RDCV=1.50
a0 =
70 -
60 -
so -
40
30
20 =
10 4
o - Y T T T _— v L] v LS v L
0,00 0,25 0,50 0,75 1.00 1.25 1,50 1.75 2,00 2,25 2.50
PsSCV
(b)

Figure 2. — Comparison of Ne estimates from model 1 to those from models 3 (a) and 2 (b) under different seed orchard condi-
tions (N=100, MRD=3.5).
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1) Ne derived from Model 2 always tends to be an over-
estimate compared to that from Model 1; and 2) the bias
increases with the variability of pollen and seed productiv-
ity, as well as reproductive phenological synchrony. How-
ever, Ne estimates become more accurate as the number
of clones in the seed orchard increases. Figure 3a illus-
trates the trend of average bias of Ne estimates with
changes in seed orchard size when the average length of
reproductive phenological overlap between orchard clones
is 3.5 days. It is obvious that the effect of orchard size on
Ne estimation is most significant for orchards with less
than 50 clones.

Effect of average level of reproductive phenological syn-
chrony on Ne estimation

The effect of average length of reproductive phenological
overlap between orchard clones on Ne estimation using
Model 2 was examined. Regardless of the level of repro-
ductive phenological synchrony among seed orchard clones,
Ne estimates have the following common features: 1) Ne
derived from Model 2 always tends to be an overestimate
compared to that from Model 1; and 2) the upward bias in-
creases with the variability of seed and pollen productivity
as well as reproductive phenological synchrony. However,
the accuracy of Ne estimates declines as the average length
of reproductive phenological overlap among orchard clones
decreases. Figure 3b shows the trend of average bias of Ne
estimates with changes in the average length of repro-
ductive phenological overlap in a seed orchard of 100 clon-
es. When the average length of reproductive phenological
overlap is 0.5 days (the lowest level of the screened data),
the average bias of Ne estimates from Model 2 is as high
as about 55 % compared to that from Model 1. However, as
the average length of reproductive phenological overlap in-
creases to 8.0 days, the bias lowers to about 17 %. It is also
clear that the effect of reproductive phenological syn-
chrony on Ne estimation is most significant when its levels
are low. When the average length of reproductive pheno-
logical overlap among orchard clones is over 1.5 days,
variation in the level of reproductive phenological syn-
chrony does not seem to strongly affect the accuracy of
Ne estimation (Figure 3b).

Conclusions

Results from this study demonstrate that variation in
seed and pollen productivity, as well as reproductive
phenological synchrony has significant influence on the
estimation of effective population size (Ne) of an orchard
seedlot, and that Ne decreases as the variability of these
factors increases. However, different factors may have
differing effects on Ne estimation, and their relative im-
portance may change with different seed orchard condi-
tions. For example, information on reproductive phenolog-
ical synchrony is more important to Ne estimation in
seed orchards of smaller sizes, and/or with shorter periods
of average reproductive phenological overlap among or-
chard clones. In addition, the effect of an individual fac-
tor on Ne estimation tends to decrease as the varia-
bility of the other factors increases.

Estimating Ne for an orchard seedlot by using only
information on seed productivity may result in either a
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positive or a negative bias, depending on the levels of
variation in pollen productivity and reproductive pheno-
logical synchrony. On average, a bias as high as 66 % may
be expected in a seed orchard with 100 clones and with an
average length of reproductive phenological overlap of 3.5
days. For seed orchards with smaller sizes and lower levels
of reproductive phenological overlap the bias may be much
higher. Adding information on pollen production can
greatly improve the estimation of effective population size
of an orchard seedlot. The bias could not only be reduced
drastically (more than 3 times under the same seed orchard
conditions) but also be predictable (always upwards).

Reproductive phenological information further improves
the accuracy of Ne estimates. Such improvement is limited
in seed orchards with a large number of clones and with
moderate to long periods of average reproductive pheno-
logical overlap. However, for seed orchards with small
numbers of clones (<50) and/or with low levels of repro-
ductive phenological overlap (<1.5 days), information on
reproductive phenology is important to reliably estimate
the effective population size of an orchard seedlot.

On a practical level, collecting the data needed to
accurately estimate the effective population ‘size of an
orchard seedlot (seed and pollen productivity plus repro-
ductive phenology) may be expensive. In many orchards,
however, these data are at least partly available through
other activities such as seed collection by clone, phenolog-
ical monitoring for supplemental mass pollination and
contaminant pollen, and pollen surveys to estimate or-
chard viability. Effective collection and use of these data
may provide information necessary for reliable estima-
tion of Ne with minimum cost.
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