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Summary. A method for quantifying mating behavior in 
clonal seed orchards of forest tree species is presented. It 
involves the estimation of effective numbers of pollen 
parents from seed samples collected from individual 
ramets in such orchards. These effective numbers are 
variance effective numbers for populations of male 
gametes that are successful in uniting with ovules to pro- 
duce viable seed. Three such effective numbers are de- 
fined for clonal seed orchards: Np(a) for male gamete 
populations for ramets within clones, Np(b) for male 
gamete populations for clones, and Np (c) for male gamete 
populations for entire orchards. Estimators for these ef- 
fective numbers and for standardized variances of allele 
frequencies in the male gametic populations are present- 
ed. Expressions are also given for the confidence intervals 
for each of the three effective numbers. Estimates of these 
parameters and the corresponding confidence intervals 
for two seed orchards are presented and interpreted. 
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Introduction 

Seed orchards are the link between breeding programs 
and reforestation efforts. Orchard populations most ef- 
fectively achieve their purpose when they consistently 
produce adapted, genetically improved seed that meet 
reforestation needs. The value of seed crops produced by 
orchard populations is compromised, however, when 
mating patterns deviate from the panmictic optimum. 
Genetic gains potentially available through breeding and 
testing are not realized in such cases. It is now apparent 
that mating behavior in wind-pollinated seed orchards 

frequently deviates from panmixia. Several factors are 
known to contribute to such departures from random 
mating. Pollen contributions from outside sources can 
cause such departures and were found to be substantial 
in two loblolly pine (Pinus taeda L.) seed orchards (Fried- 
man and Adams 1985). Selfing can be a factor (Shaw and 
Allard 1982; Ritland and E1-Kassaby 1985) and pheno- 
logical variation in reproductive traits may also cause 
uneven contribution of gametes (Griffin 1984; E1-Kass- 
aby et al. 1984). Similarly, differences in reproductive out- 
put (Griffin 1982; Schmidtling 1983; El-Kassaby et al. 
1989) can influence the clonal distribution of gametes in 
orchard seed crops. Deficient pollen production in young 
orchards (Daniels 1978) and for specific clones in mature 
ones (Askew 1988; E1-Kassaby and Askew 1990) has been 
shown to exist and to result in differential gametic output 
of clones. Male-female complementarities such as have 
been found in Douglas fir [Pseudotsuga menziesii (Mirb) 
Franco] (Apsit et al. 1989) also may result in dispropor- 
tionate gametic contributions by particular pollen par- 
ents in matings involving some females. 

In this paper we use an ideal clonal seed orchard 
model as the basis for quantifying mating processes in 
clonal seed orchards. We introduce the concept of effec- 
tive number of pollen parents (Np) as a measure of mating 
behavior in this ideal orchard. Our ideal clonal seed or- 
chard is similar to the ideal population described by 
Wright (1931) for purposes of defining effective popula- 
tion number. Wright defined effective population number 
as the size of the ideal population that has the same 
increase in homozygosity and random allele drift as an 
observed population. In this context the ideal population 
is considered to be the collection of N diploid individuals 
that are produced in each generation by random pairing 
of 2 N gametes randomly sampled from the previous gen- 
eration. 
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O u r  interest  is focused on d i sp ropor t i ona t e  cont r ibu-  
t ions by clones to the poo l  of  male  gametes  that  are  

successful in uni t ing  with  ova  to p roduce  seed. Such dis- 

p r o p o r t i o n a t e  con t r ibu t ions  m a y  cause frequencies  of  

neut ra l  genes in the gamete  poo l  to differ f rom their  

f requencies  in the r ame t  popu l a t i on  of  the c lonal  orchard .  

These  differences are equ iva len t  to those  p r o d u c e d  by 

r a n d o m  sampl ing  of  genes f rom the ramets  in the o rcha rd  

and therefore  are consis tent  with devia t ions  caused by 

genetic  drift. Variance effective numbers  are app rop r i a t e  

for eva lua t ing  the a m o u n t  of  genetic  drift or  var iance  in 

allele f requency a m o n g  samples  (Crow and D e n n i s t o n  

1988). Effective n u m b e r  of  pol len  paren ts  is therefore  

der ived as a var iance  effective number .  The  var iance  ef- 

fective n u m b e r  and  m e t h o d s  to es t imate  it are descr ibed 

in C r o w  and D e n n i s t o n  (1988) and K i m u r a  and C r o w  

(1963). 

Effective number of pollen parents 

We define the effective number of pollen parents (Np) as the num- 
ber of parents in samples of male gametes from an ideal seed 
orchard that has the same variance in allele frequency that oc- 
curs among populations of male gametes which have united with 
ovules to form embryos in seed. Such populations of male 
gametes can be associated with ramets of a clone, clones, or 
entire orchards. The effective number of pollen parents may be 
determined by equating the variance of allele frequencies among 
populations of male gametes to the sampling variance for fre- 
quencies given by the binomial distribution, and then solving for 
the number of individuals that yield the appropriate sample of 
genes. This binomial distribution has as a parameter the allele 
frequency for the population of ramets in the seed orchard. Such 
an effective number will fall in the interval, i/2_< Np < 0% and is 
independent of the number of clones in the orchard. A large 
value of Np indicates that most of the clones are equally contrib- 
uting genes as male parents to the progeny population. If Np is 
small, either a few clones are contributing disproportionately 
large numbers of male gametes to the pool that is effective in 
producing seed or there is a large influx of male gametes from 
outside sources into the orchard. 

The effective number of pollen parents is determined from 
the sampling variance for allele frequencies of the ramet popula- 
tion in seed orchards, as determined from allele frequencies in 
male gametes that were successful in forming embryos in the 
progeny generation. Thus, it is based on differences between the 
allele frequencies in two generations and is a reflection of tempo- 
ral variation in allele frequencies. Use of temporal variation in 
allele frequencies as a basis for determining variance effective size 
was introduced by Krimbas and Tsakas (1971). This approach is 
based on the drift variance in allele frequency between genera- 
tions, which is given by p (1 - p)/2 N~ where p is the allele frequen- 
cy in the initial generation and N e is the variance effective size. 
An estimate of the standardized variance for allele frequency 
change, f=(Pl -P)z/P( 1 -P), where Pl is the observed allele fre- 
quency in the subsequent generation, is obtained and N e is then 
estimated by equating the expected and observed values o f f  and 
solving for Ne. This method was further developed by Lewontin 
and Krakauer (1972), who investigated the distribution of f and 
described a method of computing the approximate variance for 
estimates of N,. Subsequently, Nei and Tajima (1981) identified 

two sampling methods to estimate f ,  suggested two additional 
estimators for f ,  and described a method for computing confi- 
dence intervals for N e. Pollack (1983) introduced a different 
estimator for f and derived its sampling distribution. A revised 
model for gene sampling was described by Waples (1989), who 
also investigated two gene sampling procedures for the estima- 
tion of f and N~. Waples also introduced new methods of esti- 
mating confidence intervals for both f and N e. In this report we 
introduce estimators for f and Np appropriate for samples of 
genes taken from male gamete pools in clonal seed orchards, and 
we give confidence intervals for Np. 

Seed orchard model 

We consider a seed orchard for a monoecious, diploid species 
that is made up of multiple clones, each of which is represented 
by several ramets. It is assumed that each clone contributes male 
gametes to the seed orchard's pollen pool. As a basis for defining 
effective numbers of pollen parents (Np), we hypothesize and 
ideal seed orchard in which each ramet of each clone makes an 
equal contribution to the male gamete population that fertilizes 
the ovules produced by clones within the orchard. We further 
assume that the pollen pool for the ideal orchard contains only 
gametes contributed by ramets within the orchard. Allele fre- 
quencies of genes in the ideal orchard's pollen pool are then 
exactly equal to the allele frequencies in the ramet population 
that makes up the ideal orchard. This pollen pool serves as a 
reference population from which binomial samples of genes in 
male gametes are drawn. Such sampling generates the allele 
frequency drift that forms the basis for defining three effective 
numbers of pollen parents Nv(a), Nv(b), and Np(c). 

These three effective numbers, considered as a triple, provide 
a description of mating patterns in clonal seed orchards. N v (a) is 
the effective number of pollen parents defined on the basis of 
binomial sampling at the level of ramets within clones; Np(b) is 
the effective number defined for binomial sampling at the clonal 
level; and N; (c) is the effective number of pollen parents defined 
at the orchard level. Both Np(a) and Np(b) may vary among 
clones and can be determined for individual clones as well as for 
an entire orchard. 

Sampling method 

Male gametes that are successful in fertilizing ovules of each 
ramet in the orchard may be considered to be independent bino- 
mial samples withdrawn from the orchard's pollen pool, which 
has allele frequency Po~j for t h e f  h allele of the i th locus. As a result 
of the sampling, allele frequencies in the male gametes for the k th 
ramet of the I th clone, Pi~kz can differ from Po~j, particularly if the 
gamete sample size is small, i.e., if Np(a) is not large. From the 
natural sample of male gametes for each ramet, a subsample of 
size m is obtained from seed for estimating allele frequencies. 
Allele frequencies for the subsample, q~jk~, can differ substantially 
from P~jk~ because of binomial sampling variation, especially if m 
is small. 

The estimators we use for the standardized variances, (f), 
and the effective numbers of pollen parents, (Np), are appropriate 
only if sample sizes at the ramet and clone levels are equal. The 
confidence intervals presented are derived under the same sam- 
pling restriction. A sample of r ramets is considered for each of 
the n clones investigated. We assume a biallelic genetic model 
for x independently segregating loci. When multiple allelic loci 
are used, estimates may be obtained for each allele. In these 
cases, the alternate form for each allele consists of the entire 



collection of the remaining alleles. The allele frequency for such 
an alternate form is one minus the frequency of the allele under 
consideration. 

To estimate Nv(a ) we require the sampling variance of qUkZ, 
assuming Pou is known. To obtain an expression for the sampling 
variance of qUkZ, Var (qukz), we first consider the variance of PUk~ 
given PoU. Since PUkZ is a random variable and is subject to allele 
frequency drift because of binomial sampling, this conditional 
variance is 

Var (Pijkl [ Poij)  = Poij ( 1  - -  pou)/2 Np (a). (1) 

Likewise, since qijkt is the allele frequency for gamete sam- 
ples of size m produced by binomial sampling, 

Var (qukz I Pukt) = { PURZ (1 -- pUk~) } /rn . (2) 

Incorporation of the expression for conditional variance (Rao 
1973, p. 97) gives 

Var (qijkl) = Var (qUkil PoU) = E [Var (qijkllPukz)] + Var [E (qijkll 
P~J~)]' (3) 
where E indicates the operator for expected value. 

Since E(quk~lPukt)=pukz, substitution of the right members 
of the identities in Eqs. 1 and 2 into Eq. 3 yields 

Var (qijkl) = E [Pijkl (1  - -  pijkl)]/m + [Poij (1  - -  pou)]/2 Np(a). (4) 

Substitution of Pou for E(pukz) leads to 

Var (qlikt) =Poli( 1 -- Poij) [m + 2 Np (a)-- 1]/2 N v (a) m. (5) 

Var (Clut) is required for estimation ofNv(b ) and Var (t~u) is needed 
for estimation of Np(c). Here qut is the allele frequency of the 
male gamete sample for clone t and qu is the allele frequency in 
the male gamete pool for all clones. These frequencies can be 
obtained from 

~tljt= ~ qlikt/r and ~u= ~2 qljkl/rn, 
k = l  1 - 1  k = l  

where r indicates the number of ramets per clone and n the 
number of clones. Expressions for the variances Var(c~qt) and 
Var (~u) can be derived in the same way as Var (quu) was derived, 
yielding 

Var(?lut)=pou(1--Pou) {[rm+ 2Np~(b)-l]/[2Np(b)mr]} (6) 

and 

Var(qu)=Pou(1-Po u) {[rmn+ ZNp(c)- l]/[ZNv(c) rmn]}. (7) 

Estimation of the f and Np parameters 

For estimation of the f parameters, we employ estima- 
tors of the form suggested by Krimbas and Tsakas (1971) 
and used by Lewontin and Krakauer (1973) for their 
temporal method. Since allele frequencies in the ramet 
population of the orchard are assumed to be known, we 
replace estimates of the base population allele frequency 
in Krimbas and Tsaka's (1971) estimator by the known 
orchard allele frequencies Pou. 

We begin by giving the estimator for the standardized 
variance for gamete pools associated with ramets within 
single clones, 

ft(a)= ~ L (qljkt--Poij)2/Xrpou(1-pou), (8) 
i = 1  k = l  
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where t indicates the t th clone, r indicates the number of 
ramets per clone, and x indicates the number of indepen- 
dently segregating loci. For  the multilocus estimators dis- 
cussed here, only the frequency for the allele with the 
largest frequency, designated the jth allele, is used at each 
locus. 

The expected value for this estimator can be ex- 
pressed as 

x 

E [ft (a)] -~ ~. ~ E [(qijkt -- Poij)2/x r Poij (1 -- Poij)] 
i - 1  k = l  

= L ~ Var(quk~)/xrPou(l--PoU). (9) 
i - 1  k = l  

Since the gamete pool for each ramet within a clone is 
considered to be an independent sample from the or- 
chard's male gamete pool, each ramet has an identical 
Var(quk~) , and substitution of Eq. 5 into Eq. 9 yields 

E [~ (a)] --- ~ [(m + 2 Npt (a) - 1)/2 Npt (a) mx].  
i = 1  

Here N;t(a ) indicates the effective number of pollen par- 
ents for ramets of clone t. The alleles at each locus are 
assumed to be selectively neutral and to segregate inde- 
pendently of the alleles at other loci; hence, they share a 
common Npt(a) and the expectation is reduced to 

E [~ (a)] = (m + 2 Npt (a) - 1)/2 Npt (a) m .  (10) 

An estimator for Npr for the t th clone can be obtained 
by equating ft(a) to E[~(a)] and solving for Npt(a). This 
estimator can be expressed as 

Np,(a) = ( m -  1)/2 (~(a) m -  1) (11) 

For  large m, the estimator 

Apt (a) = (x r -  2)/2 (x r) ft (a) (12) 

is asymptotically unbiased and is appropriate for estimat- 
ing Npt(a ). 

An estimator for f (a), the standardized variance male 
gamete pool allele frequencies for ramets within clones 
for entire orchards, is given by the average ~(a) over 
clones and can be written as 

f ( a ) =  zl (o, k,-poi,12/poi,(l-po,,t /nxr (13t 
l = 1  " =  k = l  

A corresponding entire seed orchard estimator for Np(a) 
is given by 

/s (a) = (m - 1)/2 ( f  (a) m -  1). (14) 

For large m, the estimator given in Eq. 15 may be used in 
place of the estimator shown in Eq. 14: 

p (a) = (n x r -  2)/2 (n x r) f (a). (15) 
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An est imator for the standardized variance in allele 
frequency among male gamete pools for a single clone is 
given by 

~ ( b ) =  (Oijt-poij)2/poo(l-Poij) / x ,  (16) 
i 

where t again indicates clone t. Using the expression for 
the variance of q~jt given in Eq. 6, the expected value of 
ft (b) is found to be 

E [ft (b)] = (r m + 2 N~, t (b) - 1)/2 Npt (b) r m. (17) 

An est imator for number  of effective pollen parents in the 
gamete pool for clone t is then 

Npt(b)=(rm - 1)/2(ft (b) r m -  1). (18) 

For  large r m the est imator 

Apt (b) = (x - 2)/2 x ft (b) (19) 

can be used. 
The comparable  est imator for the parameter  for clon- 

al gamete polls over an entire orchard is given by 

f~(b) = (gl~jz- Poij)2/Po~j (1 - Poij) /n x ,  (20) 
l i = i  

and the est imator for the effective number  of pollen par-  
ents in clonal male gamete pools across all clones is 

b2p (b) = (r m - 1)/2 (r m f (b) - 1). (21) 

Again, for large r m, the est imator 

Np(b) = (x n -  2)/2 (x n) f(b) (22) 

is appropriate.  
We now turn to ~stimators for the parameters  describ- 

ing the male gamete pool for an entire orchard. Estimates 
of the f parameter  for an orchard's  gamete pool can be 
obtained from 

f (c)=[i=~ ({llj--Pou)2/Poij(1--poo)l/x. (23) 

Taking the expected value of the right-hand side of 
Eq. 23 and substituting the expression in Eq. 7 for the 
variance of c]~j yields 

E [ f  (c)] = [r m n + 2 N v (c) - 1]/2 Np (c) r m n. 

The effective number  of pollen parents for an orchard can 
be estimated by 

iV, (c) = (n r m -  1)/2 ( f  (c) n r m -  1). (24) 

However,  if n r m is large, the simpler est imator 

Np(c) = ( x -  2)/2 x f (c) (25) 

can be used. 

Confidence intervals for the Np 

Appealing to the central limit theorem, we find that the 
r andom variable 

XUk~ = (qiju-- Poi~)/[Polj( 1 -- Poi~) 
�9 (m+2N,(a) - - l ) /2Np(a)  m] 1/2 

is approximately normally distributed as a N(0, 1) ran- 
dom variable for large 2Np(a)m. Therefore, X~k t is ap- 
proximately distributed as )~2 with one degree of freedom 
when 2Np(a) m is large. In our model, the male gamete 
pool for each ramet  is considered to be an independent 
sample of the gametes from the orchard and the genes at 
each locus are assumed to segregate independently. 
Therefore, 

r 

Y~ X~k~ = [(m + 2 N, (a)-- 1)/2 N v (a) ml-1 
i k 

�9 ~ ~ (qljkt-- Poij)Z/Pou (1 -- Poij) (26) 
i k 

is distributed approximately as Z 2 with x r degrees of 
freedom. Substituting Eq. 8 into Eq. 26 and rewriting the 
term in brackets yields m D ~(a)/[1 + ( m -  1)/2N,~(a)] dis- 
tributed approximately as )~2 with D = x r degrees of free- 
dom. For  an observed value of ft(a), we obtain 

)(2_~/2(D) <_mD f~(a)/[1 +(m-1) /2Nvt (a)]<)~/2w ) (27) 

with confidence coefficient ( 1 -  c 0. Following revision of 
Eq. 27, the ( 1 -  e) confidence interval (CI) for Np~ (a) may 
be expressed as 

(1--e) CI for Npt(a ) 
2 m 1)/2[D .~(a) m -  2 = (Zl - ~/2 (D~( - z~ - ~/2 (D)], 

Zo~Sz(o)(m--1)/2[D ft(a) 2 m -  z~/2 (o)]- (28) 

Confidence intervals for the remaining Np can be 
derived in an analogous manner  and are presented in 
Table 1. However, for the cases i n  which number  of 
gametes sampled to determine allele frequencies is large, 
a method is available to determine confidence intervals 
for Np based on the sampling distribution for large sam- 
ple estimates of Np. We develop the confidence intervals 
for Npt(a ) for these samples here. Confidence intervals of 
this type can be obtained for the remaining Np by similar 
methods. 

For  sufficiently large m, the variance of allele frequen- 
cy among ramets of clone t can be shown from the expres- 
sion given in Eq. 5 to be approximately 

Var (qijkt) ~'~ Poij ( 1  - -  Poij)/2 Npt (a). 

The expected value of ft (a) is then found from Eq. 9 to be 
approximately 

E [ft (a)] ~ 1/2 Npt (a). (29) 

Substitution of Eq. 8 into Eq. 26 and replacement of 

(m+ZNpt (a ) - l ) /ZNpt (a )m by E[ft(a)] 



Table 1. Confidence intervals for effective numbers of pollen parents in different gamete pools 

Gamete pool Reference unit Degrees of ( 1 -  e) Confidence interval 
freedom (D) 
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Small seed sample per ramet 

Ramet Entire orchard x n r  

Clone Single clone x 

Clone Entire orchard x n 

Orchard Entire orchard x 

Large seed sample per ramet 

Ramet Entire orchard x n r  

Single clone x > 2 

Entire orchard x n 

Entire orchard x > 2 

Clone 

Clone 

Orchard 

(m-  1) Z~- ~/2(D> 
2 [D m f (a)-- X 2 _ ~/2 (o)1' 

(r m - 1) Z~ -,/2 (.) 
2 [D r m Z(b ) -  Zl 2 - a / 2  ( D ) ] '  

( r m -  1) )~-~/2(o) 
2 [D r m f (b) -- 221 _ =/2 (0>1' 

(n rm -- 1) 2 2 - ~/2(.) 
2 ) 2 [D n r m f (c) - -  Z1  - a /2 (D)] 

( m - l )  2 Z~/2 (D) 
2 [D m f (a) -- Z2/2 (o)] 

(rm-- 1) z )~a/2 (O) 
2 [ D r m  ft 2 (b) - G/a W)] 

( r m -  i) 2 ) ~ / 2  (D) 

2 [D r m f ( b ) - )~ -  ~/2 (m] 

(n r m -  1) X~/z(m 

^ 2 A 2 
Np (a) Xl - ~/2 w) Np (a) X~/z W) 

D- -2  ' D- -2  

N,t (b) Z21 ~,/2 (o) l~pt (b) Z2;2 
D- -2  ' D- -2  

2 Np (b) X1 - ~/2 (o) 2V, (b) Z2;2 
D- -2  ' D- -2  

z~-~/2(.> N~(c) z~/2(,) 
D--2 ' D--2 

indicates that  

D f t  (a) /E [ft (a)] 

is distr ibuted approximate ly  as ;~2 with D = x r degrees of 
freedom. Substi tutions involving Eqs. 12 and 29 reveal 
that  

(D -- 2) Npt (a)/Npt (a) 

is also approximate ly  distr ibuted as )(2 with D degrees of 
freedom. This form suggests 

Apt (a) Z21 - a/2 (D)/( D - -  2 )  ~ gpt (a) ~ Apt (a) Z2/2 (D)/(D - -  2 )  

(30) 
as the 1-c~ confidence interval for Npt(a ). 

Numerical results from two seed orchards 

In coniferous species, the allelic state of the male gamete 
involved in forming a zygote can be ascertained for a 
number  of allozyme loci. If an allozyme locus is active in 
both the haploid  megagametophyt ic  and the diploid em- 
bryonic tissues, the allelic state of the male contr ibut ion 
can be determined by deduct ion from the allelic state of 
the megagametophyte  and genotype of the zygote. Thus, 
for these loci, allele frequencies in pollen pools can be 
est imated from samples of seed. 

Da ta  for seven clones in the Canadian  Pacific Fores t  
Products  Limited (formerly CIP  Inc.) combined clonal 
and seedling high-elevation Douglas  fir seed orchard lo- 
cated near Victoria, BC were suitable for use in estimat- 
ing the effective numbers of pollen parents. This orchard 
is arranged in 16 blocks, and seed samples were collected 
from each seed-bearing tree in six randomly  selected 
blocks in 1983. It had been cooled with a water-spray 
treatment  to reduce pollen contaminat ion  from outside 
sources and to promote  random mat ing among individu- 
als within the orchard (Fashler  and E1-Kassaby 1987). A 
detailed description of this orchard and the sampling 
method employed is given in Rit land and E1-Kassaby 
(1985) and E1-Kassaby and Rit land (1986). Genotypic  
scores for six unlinked allozyme loci were available for 
megagametophyt ic  and embryonic  tissues of freshly ger- 
minated seed from three ramets of each of the seven 
clones. The genotype of every cone-producing tree in the 
six blocks was determined for each of the loci studied in 
the embryonic  tissue. F r o m  these data, estimates of pol- 
len allele frequencies were obtained for each ramet, clone, 
and for the clonal por t ion of the orchard.  Allele frequen- 
cies computed  for the cone-bearing popula t ion  in the 
sampled blocks were assumed to be representative of the 
allele frequencies of the pol len-producing trees in the 
entire orchard.  Using these data, f parameters,  effective 
numbers of pollen parents,  and confidence intervals for 
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Table 2. Estimates of standardized variances and effective num- 
bers of pollen parents, with confidence intervals, in a Douglas fir 
seed orchard 

Clone number Standardized Effective 95% Confidence 
variance number intervals for 
f Np 

Ramets in clones 

25 0.0588 oo a 7.81, oo b 
87 0.0540 oo 9.07, oo 

160 0.2923 2.07 0.82, 4.66 
168 0.1126 10.15 2.60, oo 
344 0./207 8.64 2.37, 208.21 
410 0.0766 47.03 4.63, oo 
439 0.0674 645.16 5.78, oo 
Orchard-wide 0./116 10.38 5.94, 21.39 

Clones 

25 0.0168 oo 8.30, oo 
87 0.0246 210.02 5.06, oo 

160 0.1820 3.06 0.57, 9.12 
168 0.0444 22.02 2.54, oo 
344 0.0508 17.10 2.19, oo 
410 0.0292 70.47 4.11, oo 
439 0.0278 88.28 4.36, os 
Orchard-wide 0.0536 15.56 7.58, 34.32 

Orchard level 

0.0048 310.46 c 24.92, oo 
69.74 d 21.57, 251.91 

a Negative values for -gp are interpreted as infinite effective 
number 
u Negative values for end points are interpreted as infinite 
c Computed using the estimator given in Eq. 24 
a Computed using the estimator given in Eq. 25 

the effective numbers were estimated and are presented in 
Table 2. 

Np varied considerably among the clones investigated 
both on ramets-in-clones and clonal bases. Large Np were 
found for clones 25, 87, and 439. These observations are 
compatible with a pattern of mating that involves contri- 
butions by a large number of individuals in the orchard 
to the male gamete pool for each clone. The floral phenol- 
ogy for these clones is congruous with such an interpreta- 
tion, since all three flower in the middle of the orchard's 
flowering season. In contrast, clone 160 has particularly 
small Np's, which indicates that pollen from only a few 
individuals in the orchard were successful in fertilizing 
the majority of the ovules produced by this clone. As 
clone 160 does not exhibit extreme phenological repro- 
ductive behavior, its small Np is as yet unexplained. Small 
Np for a clone, however, is a result that is consistent with 
male-female interaction in mating, which has been found 
to exist in Douglas fir seed orchards (Apsit et al. 1989). 
Clones 168 and 344, which have small Np, are receptive 
to pollination early in the season, and clone 410, which 
flowers late, was found to have intermediate Np values. 

Primarily because few seeds were sampled per ramet 
(m = 15), confidence intervals for the Np were large except 
for the cases with small Np. It is thus evident that seed 
samples of much larger size are necessary for each ramet 
in situations for which moderate and large Np are possi- 
ble. 

The large /Vp values obtained at the orchard level 
suggest that there was little effective contamination by 
pollen from outside the orchard in the progeny of the 
seven clones investigated. E1-Kassaby and Ritland (1986), 
who studied the same seed crop in this orchard, found 
there was almost no contamination from outside sources. 
The interpretation of our effective number results there- 
fore agrees with the conclusion of E1-Kassaby and Rit- 
land (1986). 

The second source of data for estimates of Np was the 
Champion International low-specific-gravity loblolly 
pine seed orchard located near Newberry/SC. Elec- 
trophoretic assays of embryos and megagametophytes 
for seven unlinked gene loci were obtained from seed 
collected in 1976 from two ramets for each of nine clones. 
Samples for each ramet consisted of 56 seeds. A descrip- 
tion of the seed orchard and the allozyme loci investigat- 
ed can be found in Friedman and Adams (1985). Allele 
frequencies in male gamete pools were computed from 
the results of the isozyme assays and used to estimate f ,  
Np, and confidence intervals for Np, for ramets in clones, 
clones, and the entire orchard. Estimates of the f and Np 
parameters and confidence intervals for the Np are pre- 
sented in Table 3. 

Values for Np did not vary greatly among clones and 
almost always fell in a range (10_<Np_<30) that can be 
considered moderate for effective numbers. While the ex- 
treme Np values observed for some clones in the Douglas 
fir seed orchard were not found in this loblolly pine or- 
chard, the Np values did fall within a range that indicates 
departure from panmictic mating behavior. While little 
information concerning flowering phenology is available 
for clones in this orchard, it is known that clones 7, 17, 
and 20, which have Np estimates below 20, tend to flower 
late in the orchard's flowering season. The relative unifor- 
mity of Np among clones and the intermediate magnitude 
of values could have resulted from a combination of sub- 
stantial pollen contamination from outside sources and 
out-of-phase flowering phenology for some clones. Fried- 
man and Adams (1985) found that considerable pollen 
contamination occurred in the 1976 seed crop of this 
orchard. 

Confidence intervals for the Np are much narrower 
than intervals computed for comparable Np for the Dou- 
glas fir orchard. This reduction probably is a reflection of 
the larger per-ramet seed samples for the loblolly pine 
orchard (m=56 for loblolly pine versus m = 1 5  for the 
Douglas fir). The intervals estimated for values of Np for 
individual clones are still large for intermediate Np values. 
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Table 3. Estimates of standardized variances and effective num- 
bers of pollen parents, with confidence intervals, in a loblolly 
pine seed orchard 

Clone number Standardized Effective 95% Confidence 
variance number intervals for 
f Nv Nv 

Ramets in clones 

3 0.0515 14.60 4.45, 50.38 
6 0.0479 16.35 4.85, 62.90 
7 0.0497 15.43 4.65, 55.98 

10 0.0480 16.29 4.83, 62.35 
12 0.0308 38.03 8.37, 0o a 
13 0.0396 22.61 6.09, 146.24 
14 0.0360 27.00 6.84, 336.21 
17 0.0615 11.27 3.64, 32.55 
20 0.0564 12.75 4.01, 39.74 
Orchard-wide 0.0468 16.96 11.40, 25.52 

Clones 

3 0.0409 15.50 3.09, 55.33 
6 0.0442 14.06 2.85, 47.72 
7 0.0468 13.10 2.68, 43.06 

10 0.0397 16.09 3.18, 58.75 
12 0.0269 27.54 4.83, 174.51 
13 0.0248 31.28 5.29, 260.86 
14 0.0303 23.19 4.25, 114.78 
17 0.0512 11.73 2.44, 36.86 
20 0.0502 12.00 2.49, 38.02 
Orchard-wide 0.0394 16.24 10.10, 25.17 

Orchard level 

0.0313 16.47 b 3.88, 39.33 
11.40 ~ 3.85, 36.52 

a Negative value for an end point is interpreted as being infinite- 
ly large 
b Computed using the estimator given in Eq. 24 
c Computed using the estimator given in Eq. 25 

It is evident that somewhat larger seed samples per ramet 
(m> 56) are necessary to produce desirable confidence 
intervals for Nv's for individual clones when N v values are 
in the moderate range. 

Discussion 

Values of the parameters in the triple [N v (a), Np (b), Np (c)] 
provide insight into mating patterns in clonal seed or- 
chards. Here reference is to Np(a)'s and Nv(b)'s deter- 
mined on an orchard-wide basis. It can be shown that t h e  
three parameters have values that occur in the order 
Np (a) <_ Np (b) <_ N v (c). The following partition of the N v 
parameter space is useful for interpreting mating behav- 
ior. 

Case I 

Nv(a ) small, Nv(b ) and Nv(c ) large. This indicates behavior 
that results in allele frequency variation among male 

gamete populations for ramets within clones, which is 
equivalent to the sampling variation produced by genetic 
drift, but which yields negligible allele frequency sam- 
pling variation among the gamete populations for clones 
and for the entire orchard. This pattern occurs because 
different ramets within clones have different gamete sam- 
ples. It will be produced when most matings occur among 
neighboring plants and ramets are randomly located with 
respect to the clonal composition. 

Case II  

Nv(a ) = Np (b) small, Nv(c) large. Behavior results in allele 
frequency variation that is equivalent to that produced 
by genetic drift among male gamete populations for 
clones. In addition, male gamete populations for the 
ramets of each clone are identical genetic replicate popu- 
lations. This pattern of variation could result from clonal 
variation in flowering phenology. The Douglas fir seed 
orchard we investigated, with its large Np(c) and its mod- 
erate but similar Nv(a ) and Np(b), most closely fits this 
case. 

Case I I I  

Np (a) = Np (b) = Np (c) small. This indicates a pattern that is 
consistent with genetic drift at the level of the male 
gamete pool for the entire orchard, but one in which the 
male gamete populations for all ramets, regardless of 
clone, are identical genetic replicate populations. The 
loblolly orchard studied, which had moderate but almost 
equal Np values, most closely fits this case. 

Case IV  

Nv(a ) and N v (b) small, but Nv(a)< N v (b)<_ Np(c). The pat- 
tern here is consistent with genetic drift variation among 
male gamete pools for clones, with additional drift effects 
occurring among male gamete pools for ramets in clones. 
If Nv(c ) is moderate in value, behavior is equivalent to 
genetic drift at the level of the orchard male gamete pool, 
with additional drift variation occurring among clonal 
male gamete pools. If N v (c) is large, allele frequency sam- 
pling variation at the level of the orchard gamete pool is 
negligible. 

Case V 

Nv(a), Np(b), and Nv(c ) large. When this case occurs, the 
seed orchard behaves as a panmictic unit. There is little 
allele frequency variation among the male gamete pools 
at the ramets in clones, clones, or orchard levels. 

Pollen migration from outside sources into seed or- 
chards probably causes allele frequencies in orchard 
gamete pools to differ from the allele frequency of the 
ramet population of the orchard. The result is a reduction 
in Np that is indistinguishable from one produced by 
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other factors. I t  is therefore difficult to determine whether 
pollen contamina t ion  is a contr ibut ing factor. Even when 
the pollen contaminat ion  rate is high, the in terpreta t ion 
of the reduced Np is the same as if other factors are 
responsible, i.e., the number  of effective pollen parents  
from the orchard  itself is small. Consequences of the fac- 
tors producing the small effective numbers,  however, are 
different. In the case of pollen contaminat ion,  orchard 
seed pools suffer from an infusion of genes from undesir- 
able sources. If migrat ion of alien pollen is not  a factor, 
orchard  seed gene pools  are depaupera te  because of the 
d ispropor t ionate  large contr ibut ions of genes from a few 
clones. 

Waples (1989) has pointed out  that  the temporal  
method of est imating effective popula t ion  size, which is 
the method we propose  for determining Np, is less precise 
for populat ions  with large effective number  than for those 
with a small value. However,  such a method  is exactly 
suited for use in the si tuat ion of interest in seed orchards.  
There, concern is focused on detecting clones and or- 
chard popula t ions  that  have small Np, and thus the great- 
est est imation precision is desired for popula t ions  with 
small values for Np, while less precision is necessary for 
those with high N v values. 

Al though in this paper  we address only est imation of 
Np in clonal  seed orchards,  it is clear that  the methods 
described can be adapted  for use in natura l  populat ions.  
Similarly, these methods can be employed to determine 
numbers of effective males in seed crops produced  by 
various natura l  regenerat ion methods,  such as seed tree 
and shel terwood methods as well as in seed product ion 
areas. 
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