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Abstract.--The availability of electrophoretic techniques

has provided a large number of simply inherited genetic markers
(allozymes) which can be used to estimate levels of pollen con-

tamination in seed orchards. Using several allozyme loci, the
multilocus genotypes of both the male and female gametes con-

tributing to a conifer embryo can be determined. Because natural
stands contain many more adult genotypes than do clonal orchards,

they are expected to produce a much greater variety of multilocus

pollen genotypes, even when there are no differences in single

locus allele frequencies between orchards and background stands.

The level of pollen contamination in an orchard can be estimated

by analyzing a sample of orchard seed and determining the pro-

portion of pollen gametes having multilocus genotypes which could

not be produced in the orchard. This proportion is then divided
by the probability that a background pollen grain has a multi-

locus marker (i.e., a genotype different from those that can be

produced by orchard clones) to compute the level of contamina-

tion. Estimates of pollen contamination in several blocks of a

Douglas-fir seed orchard in western Oregon are used to illus-

trate this multilocus technique. Preliminary recommendations

for its use are also discussed.

Additional keywords: allozymes, migration models, pollen manage-

ment, Pseudotsuga menziesii.

In order to avoid pollen contamination from non-orchard (background)

sources, seed orchards should be located far from stands of the same species.

In most circumstances, however, this is not practical and pollen dilution

zones are often employed in an attempt to keep levels of pollen contamination

low. Although few direct estimates of pollen contamination have been made,

it appears that pollen dilution zones may not he as effective as intended and

that pollen contamination can he a serious problem in seed orchards

(Squillace 1967, Squillace and Long 1981, Friedman and Adams 1981). In addi-

tion to pollen dilution zones, other management techniques for minimizing

pollen contamination have been suggested, but their effectiveness is largely

unknown (Silen and Keane 1969, Denison and Franklin 1975, Bridgwater and

Trew 1981).
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Estimates of pollen contamination using genetic markers have recently been

reported for slash pine (Squillace and Long 1981) and loblolly pine

(Friedman and Adams 1981).

In the past, application of this method has been limited by the lack of

suitable genetic markers; but with the advent of electrophoresis in recent
years, a large number of simply inherited genetic markers (allozymes) have

become available. There are many advantages of using allozymes as genetic

markers for tree improvement research problems (Adams 1982). Advantages of

Particularly useful are markers unique to background pollen sources such

that (2) reduces to:

Recommendations for seed orchard location and pollen management (e.g.,
size of dilution zones) have generally been based on measures of pollen dis-

persion and differences between orchards and background stands in floral

phenology (Wang et al. 1960, Schmidt and Hamblett 1962, Silen 1962, 1963).

Such measures give some indication of the relative proportions of orchard
and non-orchard pollen present in an orchard at the time of pollination, but

do not provide estimates of their relative effectiveness in fertilization.

The availability of techniques for directly estimating pollen contamination

would enable seed orchard managers to determine the need for and success of

pollen management efforts.

Direct estimates of pollen contamination can be made with the aid of

genetic markers and the following well known migration model:

Q
o 

= q
b
m + q

o
(1-m) (1)

where

Qo = frequency of a marker in pollen gametes which have fertilized
o orchard ovules,

q
b
 = mean frequency of the same marker in pollen produced by back-

ground stands,

q
o 

= frequency of the marker in orchard pollen,

m = proportion of orchard ovules fertilized by pollen from background

stands, and

1-m = proportion of orchard ovules fertilized by orchard pollen (Spiess

1977).

The rate of pollen contamination (m) is estimated by solving (1) for m and

substituting estimates of marker frequencies so that:
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particular relevance to pollen contamination studies include: (1) the

ability (in conifers) to identify the genotypes of the male and female

gametes contributing to an embryo, and (2) the high levels of variation at

allozyme loci.

Pollen contamination estimates based on single locus genetic markers

require at least moderate gene frequency differences between an orchard and

the background stand; otherwise, the efficiency of estimates is low, and very

large sample sizes are required to achieve a reasonable level of precision.
Unfortunately, the majority of allozyme variation that has been observed in

forest tree species seems to occur within populations. Gene frequency dif-

ferences among populations, even those separated by large distances, are

often quite small (Brown and Moran 1979, Adams 1982). The same lack of dif-

ferentiation appears to be true when allozyme frequencies in seed orchards
and background stands are compared. For example, gene frequencies among
clones (25 to 27) in three of ten 5 acre (2.0 ha) blocks in the Beaver Creek

Douglas-fir [ Pseudotsuga menziesii (Mirb.) Franco] seed orchard (USDA Forest

Service, Siuslaw National Forest, Oregon) and among adult trees in the sur-

rounding natural stand are compared for three allozyme loci in Table 1. Ead

orchard block represents a different breeding zone (geographical region), al

of which are different from the zone within which the orchard is located.

Although large differences among blocks, and between blocks and the back-

ground stand, might be expected, only limited gene frequency differences and

the presence or absence of alleles in low frequency were found.
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While limited gene frequency differences between orchards and background
stands may preclude the use of single locus allozyme markers for estimating
pollen contamination, a technique based on combining allozyme data over mul-
tiple loci shows a great deal of promise. In this paper, we introduce and
illustrate this multilocus technique which can be used in clonal seed
orchards even in the absence of gene frequency differences between orchards
and background stands.

DESCRIPTION OF THE MULTILOCUS TECHNIQUE

The multilocus estimation technique takes advantage of the large amount

of allozyme variation observed among trees within populations. It is based
on the premise that a limited number of multilocus genotypes exist among the

clones in any one orchard, relative to the number in background stands.

Thus, even when there are no differences in allele frequencies between an

orchard and a background stand, the background stand can be expected to pro-
duce a greater variety of multilocus pollen genotypes than the orchard.

Furthermore, as the number of variable loci included in an analysis increa-

ses, the ability to distinguish pollen gametes produced in the background

stand from those produced in the orchard will also increase. The expected

proportion of orchard ovules fertilized by background pollen with multilocus

markers (i.e., multilocus genotypes that are unique to the background stand)

is:

b = md (4)

where

m = probability that an orchard ovule is fertilized by a pollen grain

from the background stand, and

d = probability that a background stand pollen grain has a multilocus

marker.

The rate of pollen contamination is then estimated as:

m = b/d. (5)

Application of this multilocus pollen contamination estimator (m) re-

quires that the allozyme genotypes of all clones in an orchard be determined

r for each locus used in the analysis. In conifers, clone genotypes can be
inferred from the allelic composition of megagametophytes in a sample of

seeds, or determined directly by analyzing bud or needle tissues (Adams

1982). The multilocus genotypes of the clones are then used to generate the

array of all multilocus pollen genotypes which can be produced by the or-

chard. For example, using 14 variable allozyme loci, the number of multi-

locus pollen genotypes that can be produced by the clones in each Beaver

Creek block ranges from 154 to 416. In contrast, the number of multilocus

gametic combinations that are possible with the alleles in each block is

over a million. Therefore, it is not unreasonable to expect the natural

stand surrounding this orchard (with much larger numbers of adult genotypes)

to produce many pollen gametes with multilocus genotypes which could not be

produced in the orchard blocks.
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Once allozyme genotypes of the orchard clones are known, embryos from a
sample of orchard seed are analyzed and the genotypes of pollen gametes in-

ferred. The multilocus genotype of each pollen gamete in the seed sample is

compared to the array of pollen genotypes which can be produced by the or-
chard clones. The observed proportion of pollen gametes with genotypes not

matching those from the orchard clones (i.e., observed contaminants) is b.

The probability of observing contaminants (if they are present) will in-

crease as the number of variable loci used in the analysis increases.

To estimate d, genotypes of a representative sample of adult trees in

the background stand must be determined. From these adult genotypes it is

possible to infer the frequencies of multilocus pollen gametes produced in

the background stand. The frequency of pollen gametes with multilocus

markers (d) can then be calculated as one minus the total frequency of in-

distinguishable pollen gametes. Indistinguishable pollen gametes are those

gametes which can be produced in both the orchard and the background stand.

Estimated frequencies of the indistinguishable pollen gametes in the

background stand can be inferred from the adult genotypes in one of two ways.

In the first, all possible allelic combinations of loci used in the analysis

are generated for each sample tree. Since information on linkage relation-

ships (i.e., whether linked genes are in "coupling" or "repulsion") is gen-

erally not available, we make the simplifying assumption that all gametic

types from each sample tree are produced in equal frequency. The estimated

frequency of each indistinguishable pollen gamete in the background stand is

then calculated as its unweighted mean frequency among gametes of all sample

trees. The second method of estimating the frequencies of indistinguishable

pollen gametes utilizes single locus allele frequencies which are computed

from the sample of adult genotypes. The frequency of each indistinguishable

pollen gamete in the background stand is assumed to be the product of its

component allele frequencies. This method is somewhat simpler computation-

ally than the first, since all possible multilocus gametic combinations do

not have to be generated for each sample tree. In practice, we have found

that both methods lead to very similar estimates of d, and for the examples

in the next section the second method was employed.

Both of the above methods for estimating multilocus pollen frequencies

assume that: (1) the genes used in the analysis are in linkage equilibrium

in the background stand, and (2) pollen productivity is independent of

multilocus gametic genotype. In large outcrossing populations of forest

trees, the first assumption is probably not violated to any great degree,

and if it were, it is not clear what effect, if any, this would have on
estimates of m. The second assumption seems to be reasonable, especially

when a large number of variable loci are utilized, because each multilocus

gamete can be produced by a variety of adult genotypes. Certainly, genetic

markers based on alleles at one or a few loci would be much more sensitive

to violations of the second assumption.

The number and distribution of sample trees must be considered in
choosing a representative sample from the background stand. Sample size is

dependent on the size of the background stand and on practical constraints

on sampling. Preliminary computer simulations to test the effects of sample

size on estimates of d suggest that 50 to 100 trees is a minimum for ade-
quately estimating d. The distribution of these trees should be such that

73



all background sources of pollen are well represented. Even though pollen
can travel considerable distances, it is likely that dominant and codominant
trees close to the orchard will contribute the majority of contaminating pol-

len an orchard receives. Thus, for practical purposes, sampling should be
restricted to these trees.

where

n = number of seed orchard embryos sampled to estimate b.

This must be considered a minimum variance because it does not take into ac-
count the fact that d is estimated. Since var(m) is directly proportional

to 1/d 2 , it is highly sensitive to the magnitude of d.

ILLUSTRATION OF THE MULTILOCUS TECHNIQUE

Use of the multilocus technique is illustrated with data from the Beaver

Creek (BC) seed orchard. The first heavy cone crop in the BC orchard was in

1980 (the year of sampling) when the average age of clones in the orchard was

14 years. The orchard is surrounded by a large, essentially continuous stand

of Douglas-fir. No pollen dilution zones, either between adjacent blocks or

between the orchard blocks and the surrounding natural stand, are present.

Pollen contaminants in any one BC block could come from other orchard

blocks or from the natural stand. Ideally, allele frequencies used in esti-

mating d should be based on a representative sample of genotypes in both

background sources. At BC, however, genotypes of all clones in all blocks

were already known. For each block the allele frequencies in all remaining

blocks were very similar to those among a sample of 183 2/ trees from the

natural stand. Therefore, instead of randomly sampling ramets in other

blocks, background stand allele frequencies for each block were calculated

as unweighted means of the frequencies in other blocks and the natural stand.

Multilocus estimates (based on 14 allozyme loci) of pollen contamination

from all background sources for each of three blocks and for all ten blocks

combined are given in Table 2. For example, of 259 seeds sampled in block 7,

47 were found to have pollen gametes with multilocus genotypes which could

not have come from any clone in the block (i.e., b = 47/259 = 0.181).

Furthermore, d is estimated to be 0.423 indicating that approximately 42.3

percent of the pollen gametes produced by all background sources have multi-

locus markers. Thus, total contamination in block 7 is estimated to be

0.181/0.423 = 0.43. The average level of pollen contamination over all ten
blocks was estimated to be 0.52. Although this estimate seems high, it is

not unreasonable, given the low level of pollen production in the orchard.

An estimate of pollen contamination in an older Dougas-fir orchard (20

2/ 

Genotypes of trees were inferred from a sample of seeds or determined di-
rectly from bud tissues. Of the 14 loci scored in seeds, only 8 could also

be scored in buds. Thus, numbers of trees genotyped per locus ranged from

57 (6 loci) to 183 (8 loci).
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The multilocus technique was also used to determine the amount of pollen

contamination in each block from the natural stand only. First, the propor-

tion of pollen gametes in the seed sample of each block which could not have

come from any of the orchard blocks was determined (b s in Table 2). Then,

allele frequencies in the natural stand were used to calculate d s , and m s was

estimated as bs /d s (Table 2). Pollen from the surrounding natural stand
accounted for a large proportion of the total contamination in BC blocks 5,
7, and 10. Over all the blocks, pollen from the natural stand (m s = 0.39)

made up 75 percent of the total contamination (m = 0.52). The high propor-

tion of contamination from the natural stand again seems reasonable given the

low level of pollen production in the orchard. As the orchard ages and pol-

len production within each block increases, it is likely that both total con-

tamination and the proportion of contamination due to pollen from the natural

stand will decrease.

As the number of clones in an orchard increases, the ability to detect

pollen contaminants will decrease because fewer multilocus pollen genotypes
in background sources will differ from those produced by the orchard clones.

Nevertheless, when all 251 clones at BC are considered together, a moderate
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proportion (a s = 0.112) of the pollen in the surrounding stands is expected
to have marker genotypes. Thus, even in an orchard with large numbers of

clones or with small values of d, it is possible to use the multilocus tech-
nique to estimate m. However, larger sample sizes would be required to
maintain low standard errors.

CONCLUSIONS AND RECOMMENDATIONS

The multilocus method of estimating pollen contamination in clonal seed
orchards has several advantages over single-locus methods described pre-
viously (Friedman and Adams 1981). Because a large proportion of contami-

nants are observed directly, multilocus estimates are more efficient (i.e.,

have lower standard errors) than single-locus estimates. Furthermore, unlike

single-locus methods, the multilocus method does not require differences in
allele frequency between the orchard and background stand. Finally, both

methods require estimates of allele frequencies in the background stand.

Frequencies of a number of multilocus markers are combined to estimate d in

the multilocus method. Thus, d is not likely to be very sensitive to factors
such as unequal pollen production, gametic selection or genetic subdivisions

in the natural stand, all of which might cause single-locus marker frequen-

cies in pollen to differ considerably from those in adult trees.

Although we are still testing the multilocus technique, some preliminary

recommendations for its use can be made:

1. Multilocus genotypes of all clones in the orchard and a sample of

trees from the background stand are necessary to estimate d. Unless

radical changes in the composition of the orchard or background

stand are made, d need only be calculated once. Levels of pollen
contamination in subsequent years or after application of different

pollen management techniques can then be determined by estimating
b from a sample of the seed crop and dividing it by the previously

estimated d.

2. Based on preliminary computer simulations, a sample of at least 50

to 100 dominant or codominant trees in the background stand is a

minimum for adequately estimating d.

3. The availability of variable loci and the degree of precision re-

quired dictate the number of loci to use in estimating m. The mag-

nitude of d decreases as the number of loci decreases. In BC block
5, estimates of m were similar using 14 or 9 loci but the standard

error of the estimate based on 9 loci was approximately 23 percent
larger. Thus, to maintain a certain level of precision with fewer

loci, the sample of seeds in the orchard crop must be increased.

4. The number of seeds to sample in the orchard crop depends on the

size of d and the degree of precision required. In the absence of

previous knowledge of the magnitude of m, we suggest that sequen-
tial sampling be employed, with sample size progressively increased

until the desired level of precision is reached.
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