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Population Density and Mating Pattern in
Western Larch

Y. A. El-Kassaby and B. Jaquish

Variation in the mating systems of western larch as affected by different stand
density was investigated in two adjacent populations (natural and seed tree) in two
locations in the interior of British Columbia. Population multilocus outcrossing
rates, individual tree multilocus outcrossing rates, and the correlation of out-
crossed paternity were estimated from analysis of allozyme variation in embryonic
and megagametophytic tissue of wind-pollinated seeds. All population outcrossing
rate estimates were significantly different from t = 1. Positive association between
population density and outcrossing rate was detected for one location (0.903 ver-
sus 0.876) and inverse association was obtained for the second (0.793 versus
0.912). In three populations, the distributions of individual tree outcrossing rates
were skewed toward high outcrossing. In the fourth population, which produced a
low multilocus estimate of outcrossing, individual tree outcrossing rates were
widely distributed. High and significant correlated matings (6% and 10%) were de-
tected in the populations with high densities, while low (0.1% and 2.0%) estimates
were detected in populations with low density. It appears that the effects of popu-
lation density observed in this study and reported in previous studies can be over-

ridden by the presence of barriers that limit pollen movement.

Detailed knowledge and understanding of
the mating system in natural and artificial
plant populations are fundamental prereg-
uisites for understanding their genetic ar-
chitecture and evolutionary potential. Tra-
ditionally the mating system has been as-
sessed by the probability of self-fertiliza-
tion versus random outcrossing via the
“mixed-mating” model (Fyfe and Bailey
1951). Recently, several areas of research
into plant mating systems, such as the ex-
tent of consanguineous mating (Ritland
and El-Kassaby 1985) and the similarity of
paternity among siblings (Ellstrand and
Marshall 1986; Meagher 1986) or correlat-
ed matings (Ritland 1989), have received
increased attention as other facets of the
mating system (Ritland and El-Kassaby
1995). While most of the mating systems
studies have focused on the population’s
mating system estimate [see Schemske
and Lande (1985) for a review], variation
among individuals’ selfing rate and the ex-
tent of correlated mating (i.e., sibs’ genet-
ic relatedness) in an individual progeny ar-
ray have proven to be revealing and more
informative. For example, constant out-
crossing rate estimates over 3 years were
observed for a western white pine (Pinus
monticola) population. However, individu-

als’ outcrossing rates varied within (among
trees) and among years (for the same
trees), revealing the existence of consis-
tent inbreeders and outcrossers (El-Kas-
saby et al. 1987, 1993).

The mating system in a population is in-
fluenced by genetic and environmental
factors (Clegg 1980). Population density
represents one of the environmental fac-
tors potentially influencing the mating pat-
tern in forest tree populations. Positive re-
lationships between population density
and outcrossing rate were reported for
ponderosa pine (Pinus ponderosa; Farris
and Mitton 1984), tamarack (Larix laricina;
Knowles et al. 1987), and Engelmann
spruce (Picea engelmannii; Shea 1987), but
not for coastal Douglas-fir (Pseudotsuga
menziesii var. menziesii; Neale and Adams
1985), Jeffrey pine (Pinus jeffreyi; Furnier
and Adams 1986), subalpine fir (Abies la-
siocarpa; Shea 1987), Norway spruce (Pic-
ea abies; Morgante et al. 1991), and Bom-
bacaceous tree (Cavanillesia plantanifolia;
Murawski and Hamrick 1991). It should be
emphasized, however, that density should
be considered in concert with other fac-
tors, such as reproductive ecology (El-
Kassaby and Davidson 1991), reproductive
phenology (El-Kassaby and Ritland 1986;



Table 1. Log-likelihood G test on segregation ratios of seven polymorphic loci in western larch seeds

Number of
Locus Genotype trees Observed ratio Pooled G° Heterogeneity G*
IDH 1:2¢ 41 851:794 0.160¢ 59.318¢
PGM 1:2 25 522:447 0.016¢ 42.296¢/
G6P 1:2 26 592:448 0.0004 75.101
G6P 1:3 7 158:147 0.629¢ 11.7194
MDH1 1:2 54 1,019:1,114 0.088¢4 0.498¢
MDH4 1:2 16 315:325 0.883¢ 0.0614
PGI 1:2 3 63:67 0.684¢ 2.406*
6PG 1:2 57 1,177:1,106 0.137¢ 57.218¢

° Pooled G values indicate the overall deviation from 1:1 ratio.
® Heterogeneity G values indicate the amount of heterogeneity in the segregation ratio among trees.
< Allozymes were numbered starting with “1” for most common alleles; faster and slower alleles were given even

and odd numbers, respectively.
9 Not significant.
< Significant at 5%.
’Significant at 1%.

El-Kassaby et al. 1988), fecundity (Denti
and Schoen 1988; Schoen and Stewart
1986, 1987), and the distance between
mates (Adams et al. 1992; Erickson and
Adams 1989).

Western larch [Larix occidentalis Nutt.
(Pinaceae)] is a monoecious, deciduous
conifer that occurs in the upper Columbia
River Basin of North America (British Co-
fumbia, Montana, Idaho, Washington, and
Oregon). Its seed and pollen cones com-
monly occur in the upper and lower parts
of the crown, respectively, but consider-
able overlap exists. It is characterized by
infrequent cone production; however, in
good cone years it is a prolific seed pro-
ducer. The relatively large seed wings on
its small seed enable long-distance seed
dispersal by wind, although it is reported
that only about 5% of the total sound seed
produced is likely to reach beyond about
130 m of the seed donor (Boe 1953). Fire
is essential to the maintenance of western
larch in natural populations. The species
is one of the most shade intolerant coni-
fers in western North America and thus
grows in even-aged stands, often after wild
fires (Schmidt and Reymond 1990). Regen-
eration systems that promote the estab-
lishment of even-aged stands, such as
seed tree and clear-cut, are best suited for
western larch ecological requirements
(Smith 1962).

The seed tree regeneration system is
the most suitable silvicultural system for
the natural regeneration of shade intoler-
ant conifers. In this system, all trees in the
area are removed with the exception of
regularly distributed seed trees, which are
left either individually or in clusters in a
uniform fashion throughout the area to
serve as a seed source. This regeneration
system is expected to affect the mating
system pattern and the level of gene flow

among the remaining individuals (i.e.,
higher inbreeding and correlated matings)
(El-Kassaby and Namkoong 1994).

Genetic evaluation of the seed tree re-
generation system, specifically assess-
ment of the rate of selfing, mating among
relatives, and the extent of correlated mat-
ing, is important due to the impact of
these mating system features on the re-
generation potential of the seed tree sys-
tem. Moreover, this evaluation will help in
understanding the genetic architecture
and evolutionary potential of the new pop-
ulations produced by this regeneration
system (El-Kassaby and Namkoong 1994).

This study investigates the importance
of stand density in western larch on both
population and individual-tree outcrossing
rate estimates, and the level of correlated
mating in paired populations of different
densities in two locations in the interior of
British Columbia.

Materials and Methods

The western larch trees used in this study
were sampled from two “populations”
(natural and seed tree) at two locations
(Becker Lake and Flathead) in the interior
of British Columbia, Canada.

The Becker Lake population (50°15'N,
119°10'W; elevation 1200 m) is an even-
aged stand that originated from a fire ap-
proximately 120 years ago. The natural
stand is a diverse mix of western larch,
interior Douglas fir (Pseudotsuga menziesii
var. glauca), lodgepole pine (Pinus contor-
ta), white spruce (Picea glauca), paper
birch (Betula papyrifera), and trembling
aspen (Populus tremuloides) in the over-
story with a developing understory of
western red cedar (Thuja plicata). Overall
stand density was about 1,150 trees/ha, of
which 240 were western larch (approxi-

mately 21%). The average height of the
western larch dominant/codominant trees
was 25-30 m. The adjacent seed tree stand
is part of a 36 ha forest that was harvested
in 1991-1992, leaving about 60 regularly
distributed western larch trees per hect-
are. Prior to harvest, the seed tree stand
was part of the natural stand.

The Flathead population (49°04'N,
114°26'W, elevation 1380 m) is also an
even-aged stand that originated from a fire
approximately 100 years ago. The natural
stand consists of approximately 75% west-
ern larch, with the remaining 25% being
lodgepole pine and black cottonwood
(Populus trichocarpa). The stand density is
about 1,250 trees/ha. Average western
larch dominant/codominant height was
similar to that of the Becker Lake location
(about 25 m). The adjacent seed tree
stand is located in a 25 ha block that was
harvested in 1987, leaving about 30 regu-
larly distributed western larch trees per
hectare. Again, both stands (seed tree and
natural) were parts of the same stand pri-
or to harvest.

Collections of seed cones were conduct-
ed in the two locations during early Sep-
tember 1993 (a very good seed and pollen
cone producing year). From each stand,
34-35 trees were selected, based on their
fecundity (i.e., trees bearing a sufficient
number of seed cones) and being 50~75 m
apart. Maternal identity of the seeds was
maintained throughout seed extraction
and electrophoresis.

Starch-gel electrophoresis of megaga-
metophytic (In) and corresponding em-
bryonic (2n) tissues were assayed follow-
ing El-Kassaby et al. (1982). Seven enzyme
loci (IDH, PGM, G6P, MDHI1, MDH4, PGI,
and 6PG) were assayed for estimation of
mating system parameters. Maternal tree
genotypes were inferred from the segre-
gation of allozymes in megagametophytic
tissue of about 40 seeds per heterozygous
tree used in the mating system estimation.
The number of trees included in the seg-
regation analysis are listed in Table 1. A
tandem assay of the haploid megagame-
tophyte and its corresponding diploid em-
bryo tissue revealed the pollen contribu-
tion. Differences between allele frequen-
cies in the maternal tree populations and
their corresponding outcrossing pollen-
pool allele frequencies were checked for
significance (P < .05) by comparing
bounds of confidence intervals (Table 2).
To confirm that the seed tree populations
were parts of the natural populations, the
level of genetic variation in the four pop-
ulations and their respective seed crops
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Table 2. Allelic frequencies and their 95% confidence intervals (1.96 SE) for seven polymorphic loci in the maternal and outcrossing pollen pools of western

larch populations

Flathead Becker Lake
Natural Seed Tree Natural Seed Tree
Locus Allele Ovule Pollen Ovule Pollen Ovule Pollen Ovule Pollen
IDH 1 0.957 + 0.010 0.962 = 0.002 0.972 + 0.006 0.959 + 0.002 0.456 *+ 0.059 0.465 + 0.013 0.557 = 0.058 0.481 = 0.013
2 0.043 = 0.010 0.038 = 0.002 0.014 = 0.003 0.040 = 0.002 0.544 = 0.059 0.535 = 0.013 0.443 + 0.058 0.519 = 0.013
3 0.014 = 0.003 0.001 = 0.001
PGM 1 0.957 + 0.010 0.983 + 0.001 0.986 + 0.003 0.980 + 0.001 0.897 = 0.022 0.909 = 0.004 0.829 + 0.033 0.874 = 0.006
2 0.043 = 0.010 0.017 = 0.001 0.014 = 0.003 0.020 = 0.001 0.103 + 0.022 0.091 = 0.004 0.171 = 0.033 0.126 = 0.006
G6P 1 0.700 = 0.049 0.746 = 0.010 0.800 + 0.037 0.791 * 0.009 0.957 = 0.010 0.959 + 0.002 0.958 + 0.009 0.979 + 0.001
2 0.229 + 0.041 0.204 = 0.009 0.171 £ 0.033 0.158 = 0.007 0.029 = 0.007 0.037 = 0.002 0.028 + 0.009 0.015 *+ 0.001
3 0.071 = 0.015 0.050 = 0.003 0.029 + 0.007 0.051 = 0.003 0.014 = 0.003 0.004 = 0.002 0.014 = 0.003 0.007 % 0.000
MDH1 1 0.686 + 0.050 0.762 £ 0.010 0.671 * 0.052 0.749 = 0.010 0.838 * 0.032 0.813 * 0.000 0.743 = 0.045 0.750 = 0.010
2 0.314 * 0.050 0.238 = 0.010 0.329 = 0.052 0.251 = 0.010 0.162 = 0.032 0.187 = 0.008 0.257 = 0.045 0.250 + 0.010
MDH4 1 0.971 = 0.007 0.963 = 0.002 0.929 = 0.015 0.963 = 0.002 0.897 = 0.022 0.902 + 0.005 0.957 = 0.010 0.951 *+ 0.002
2 0.029 + 0.007 0.037 % 0.002 0.071 = 0.015 0.037 = 0.002 0.103 = 0.022 0.098 * 0.005 0.043 = 0.010 0.049 * 0.002
PGI 1 0.958 + 0.009 0.981 = 0.001 0.972 = 0.006 0.991 = 0.000 0.971 = 0.007 0.995 + 0.000 0.986 + 0.003 0.999 * 0.000
2 0.014 = 0.003 0.001 = 0.000- 0.014 = 0.003 0.001 = 0.000 0.014 = 0.003 0.001 = 0.000 0.014 = 0.003 0.001 = 0.000
3 0.028 = 0.006 0.018 = 0.001 0.014 = 0.003 0.008 = 0.000 0.014 = 0.003 0.004 = 0.000
6PG 1 0.314 = 0.050 0.452 = 0.013 0.471 * 0.058 0.451 * 0.013 0.765 + 0.043 0.758 = 0.010 0.671 = 0.053 0.730 = 0.012
2 0.686 + 0.050 0.548 + 0.013 0.529 + 0.058 0.549 = 0.013 0.235 * 0.043 0.242 = 0.010 0.329 = 0.053 0.270 = 0.012
«Cl < 0.0004.

was assessed by Nei's (1978) genetic dis-
tance method.

Single-locus (¢) and multilocus (¢,,) es-
timates of outcrossing rate, and outcross-
ing pollen allelic frequencies (p) were es-
timated using the maximum likelihood
procedure of Ritland and El-Kassaby
(1985). The correlated matings (r,) were
estimated following the method of Ritland
(1989) after modification to account for
the added information obtained from the
megagametophytic tissue of conifer seeds
(Ritland, in preparation). The sample sizes
(number of trees and seeds per stand)
used in estimating the mating system pa-

rameters [single-locus (¢,) and multilocus
(t,) estimates of outcrossing rate, out-
crossing pollen allelic frequencies (p), and
correlated matings (r,)] are listed in Table 3.

Results

The seven loci were polymorphic in all the
four populations studied. Four loci (PGM,
MDHI1, MDH4, and 6PG) were diallelic,
while /IDH (Flathead seed tree population),
PGI (both of the Flathead populations and
the Becker Lake natural population), and
G6P were triallelic (Table 2). Segregation
analyses for all the observed pooled alle-

Table 3. Estimates of single-locus (t), multilocus (¢,), and correlated paternity (r,) for the four

populations

Flathead Becker Lake
Locus Natural Seed Tree Natural Seed Tree
IDH 0.847 (0.096) 0.923 (0.113) 0.775 (0.056) 0.910 (0.044)
PGM 0.859 (0.099) 0.936 (0.202) 0.748 (0.040) 0.837 (0.042)
G6P 0.827 (0.043) 0.711 (0.049) 0.538 (0.115) 1.004 (0.445)
MDH1 0.946 (0.035) 0.867 (0.050) 0.836 (0.063) 0.987 (0.042)
MDH4 0.890 (0.119) 0.905 (0.029) 0.673 (0.088) 0.907 (0.175)
PGI 0.823 (0.158) 0.515 (0.234) —a —
6PG 0.841 (0.046) 0.920 (0.038) 0.852 (0.058) 0.887 (0.035)
© 0.864 (0.018) 0.838 (0.028) 0.771 (0.028) 0.914 (0.018)
[ 0.903 (0.015) 0.876 (0.022) 0.793 (0.026) 0.912 (0.018)
r, 0.062 (0.009) 0.020 (0.008) 0.104 (0.034) 0.001 (0.018)
N 35 35 34 35
n 1,380 1,400 1,360 1,343
No. of trees/ha 1,250 30 1,150 60
No. of larch trees/ha 940 30 240 60
% larch 75 100 21 100

SDs are given in parentheses.

< Single-locus outcrossing was not calculated due to the lack of information in the pollen gene pool (see Table 2,

for pollen pool extreme allele frequencies).
®Single-locus minimum variance mean.
¢ Number of trees sampled.
4 Number of seeds censused.
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lic combinations were not significantly dif-
ferent from the expected 1:1 ratio (Table
1), indicating that these allozymes exhib-
ited distinct, codominant expression and
simple Mendelian segregation in their
mode of inheritance. The heterogeneity G
test among trees’ segregation ratios was
significant for three allelic combinations
(IDH, PGM, and G6P) (Table 1); however,
close examination of these allelic combi-
nations on an individual-tree level indicat-
ed a lack of systematic bias toward any
specific allele (data not given).

Estimates of allelic frequencies and
their 95% confidence intervals for the
ovule (maternal trees) and outcrossing
pollen pools for the seven loci studied are
listed in Table 2 for each of the four pop-
ulations. Ovule and pollen pool allelic fre-
quencies differed at the 95% level (Table
2). In general, the natural populations pro-
duced fewer significant differences (25%
and 63% of the allelic comparisons be-
tween the ovule and the outcrossing pol-
len pools were significant for Becker Lake
and Flathead populations, respectively)
than observed for the seed tree popula-
tions (73% and 77% for Becker Lake and
Flathead populations, respectively) (Table
2). This suggests that the maternal trees
were not representative of the local pollen
pools, especially for the seed tree popu-
lations.

Estimates of Wright's inbreeding coeffi-
cient (F; Wright 1922), which measures the
excess of homozygosity above Hardy-
Weinberg expectations, were significantly
different from zero (P < .05) for maternal
trees. Negative F values were observed for
three of the maternal populations [Becker
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Figure 1. Frequency distribution of single-tree outcrossing rate by population: (A) Becker Lake natural; (B) Becker Lake seed tree; (C) Flathead natural; and (D) Flathead
seed tree.

Lake natural (F = —0.110) and seed tree
(F = —0.066) and Flathead seed tree (F =
-0.208)], indicating an excess of hetero-
zygotes. A positive value (F = 0.064) was
recorded for the Flathead maternal natural
population, indicating a deficiency of het-
erozygotes. In contrast, the means of Fval-
ues over progeny loci were positive [Flat-
head natural (0.053) and seed tree (0.116)
and Becker Lake natural (0.078) and seed
tree (0.034)] for the four populations, in-
dicating that some inbreeding had taken
place in the seed crops (see below).
Single-locus outcrossing rate estimates
ranged between 0.515 (PGI, Flathead seed
tree population) and 1.004 (G6P, Becker
Lake seed tree population) and were sig-
nificantly heterogeneous (P < .05) among
loci for all populations studied (Table 3).
Multilocus outcrossing rate estimates
ranged between 0.793 and 0.912 for Becker
Lake natural and seed tree populations, re-
spectively (Table 3). All multilocus out-
crossing rates were significantly different
from t = 1.0 (Table 3). In addition, signifi-
cant differences were detected between
the natural and seed tree populations’ ¢,
estimates for the two locations; however,
this difference was not consistent in its di-
rection (Table 3). In the Flathead location,

the natural population ¢, estimate was
higher than the seed tree estimate, while
at Becker Lake the seed tree population ¢,
estimate was higher than the natural
stand (Table 3). With the exception of the
Becker Lake seed tree population, differ-
ences between the mean single locus and
the multilocus estimates were detected
(Table 3), indicating the existence of mat-
ing among relatives in the remaining three
populations.

Estimates of outcrossing rates varied
among trees within populations (Figure
la-d). With the exception of the Becker
Lake natural population, the individual
tree estimates in the three remaining pop-
ulations produced skewed distributions,
with the majority of the trees yielding a
high outcrossing rate (Figure 1b—d). The
Becker Lake natural population produced
a wide distribution of single-tree outcross-
ing rate estimates (Figure la).

The correlation of outcrossed paternity
varied between the natural and seed tree
populations (Table 3). In general, higher
estimates of correlated matings were ob-
tained for natural populations than from
their seed tree counterparts. Natural pop-
ulations produced significant 6% (Flat-
head) and 10% (Becker Lake) correlated

matings, while seed tree populations yield-
ed only 2% (Flathead) and 0.1% (Becker
Lake) (Table 3).

To assess the genetic similarity between
the seed tree populations -and their re-
spective natural populations, the level of
genetic variation present in the two loca-
tions (between the Flathead and Becker
Lake), between the natural and seed tree
populations within each location, and be-
tween the seed crops and their respective
maternal populations was assessed using
Nei's (1978) genetic distance (Figure 2).
The dendrogram confirmed the genetic
similarity between each seed tree stand
and its natural population within each lo-
cation, as well as the presence of genetic
differences between the Flathead and
Becker Lake locations. In addition, as ex-
pected, the genetic variation present in
the four seed crops was similar to that of
their respective maternal tree populations
(Figure 2).

Discussion

The mating system pattern of a plant spe-
cies is expected to show variation that is
due to either genetic or environmental fac-
tors (Clegg 1980). The mixed mating sys-
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