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Self and cross families from three populations (A, low-density, ecologically marginal site for
lodgepole pine, and B + C, normal sites) were cultured in a common outdoor nursery for 2
yrs. Previous results had shown higher natural selfing rates and lower inbreeding depression in
embryo survival in A than in B + C. In the nursery test, selfing decreased means of size traits,
retarded phenological development, increased variance among families within populations,
increased the coefficient of within-family variance, and increased within-family skewness. The
selfing depression of mean values was moderately less and the selfing inflation of within-plot
variation was much less in A than in B + C. Results were compatible with the idea that the
higher selfing rate in A had purged both severely deleterious alleles affecting embryo survival
and severely deleterious alleles affecting later life-cycle traits retated to plant size. Purging
partially mitigated the genetic consequences associated with increased inbreeding in small
populations, but even with purging, population A retained a large inbreeding depression in
both embryonic and seedling traits. Key words: deleterious alleles, family variances, lodgepole

pine, purging, selfing.

INTRODUCTION

Inbreeding is the mating together of individuals re-
lated by ancestry (Falconer & Mackay 1996). In
organisms that normally outcross, inbreeding in-
creases homozygosity and leads to a reduction in
fitness, which is expressed as depression in embryo
and plant survival, vigour, developmental rate and
fertility, and often as an alteration in the means of
other traits (Husband & Schemske 1996, Crnokrak &
Roff 1999). Ritland (1996) emphasizes that “inbreed-
ing is a biological character of no little importance,
particularly in plants: inbreeding depression has impli-
cations for the evolution of mating systems, levels of
genetic variation, productivity, and species (and popu-
lation) conservation”.

The phenotypic consequences of inbreeding have
been attributed to partial dominance (mutation), over-
dominance  (selection), and epistatic  effects
(Charlesworth & Charlesworth 1987, Crow 1993, Rit-
land 1996). Most current experimental results seem to
support the partial dominance model and suggest that
alleles responsible for inbreeding effects arise and are
maintained predominantly through recurrent muta-
tion or balancing selection (Crow 1993, Fu & Ritland
1994, Husband & Schemske 1997, Charlesworth &
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Charlesworth 1999), although contributions by over-
dominance and gene interactions are not excluded
(Temin et al. 1969, Mina et al. 1991, Latta and Ritland
1994, Rumball et al. 1994).

The mutation load has been studied extensively in
Drosophila spp. with results indicating a bimodal
distribution of effects with the two modes centering on
a comparatively low frequency of mutations that are
lethal or highly deleterious when homozygous, and a
comparatively larger to much larger number with
minor effect (e.g., Crow & Simmons 1983, Lynch et al.
1999; but see also Keightley & Eyre-Walker 1999).
Study of the timing of inbreeding effects has indicated
that depression in early life-cycle traits (embryo and
germinant seedling survival) is primarily the result of
mutations of large effect, whereas inbreeding effects
on subsequent vigour and morphology (metric charac-
ters) much more often are due to mildly deleterious
mutations (Hadorn 1961, Mitchell-Olds & Guries
1986, Jiirgens et al. 1991, Husband & Schemske 1996).
Theoretical studies indicate that an increase in rate of
close inbreeding will usually affect the two classes of
mutants differently, tending to purge those of large,
but not those of small, effect (Lande & Schemske
1985, Lande et al. 1994, Barrett & Harder 1996,
Kirkpatrick & Jarne 2000).
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Table 1. Mating system estimates® for lodgepole pine in three lodgepole pine-ponderosa pine populations

(additional description of stands is given in text)

Character A

B C

Frequency of lodgepole pine in population 0.08
Inbreeding depression in fertility®
Estimated measured selfing rated
Estimated primary selfing rate®

0.813 (0.006)°
0.213 (0.010)
0.566 (0.010)

0.49 0.81

0.905 (0.004) 0.914 (0.005)
0.017 (0.001) 0.020 (0.001)
0.148 (0.012) 0.247 (0.010)

* Mating system derivations and estimates are given in Sorensen & Adams (1993). Values are based on nine trees per
population, and assume one embryo per ovule. The use of two embryos per ovule would have only a minor effect on the
values (Sorensen & Adams 1993) and would not alter any of the comparisons,

® 1 —(Self fertility +cross fertility).
¢ Standard error.

4 Probability that a filled seed after wind pollination is the result of self-fertilization.

¢ Probability that wind pollination results in self-fertilization.

Lodgepole pine (Pinus contorta Dougl. ex Loud.) is
a widely distributed conifer in western North Amer-
ica. Four varieties are recognized (Critchfield 1957).
The present study was conducted in the variety mur-
rayana [Pinus contorta var. murrayana (Grev. & Balf))
Engelm.] on the east slopes of the Oregon Cascade
Range.

Lodgepole pine usually regenerates after fire or
other events that result in canopy openings (Stuart et
al. 1989). Seed production is regular and prolific and
stands are often overstocked (Dahms & Barrett 1975,
Stuart et al. 1989). Although dense stocking can
persist (Worrall et al. 1985), the usual pattern in
initially overstocked stands is probably self-thinning
approximating quasi-truncation selection for vigour
traits (Crow & Kimura 1979) with only the most
vigorous plants surviving and reproducing (Koch
1996).

Most seeds are disseminated within 60 m of the
seed source (Mason 1915, Boe 1956, Dahms 1963),
but they can disperse much farther under some condi-
tions (Bannister 1965, Critchfield 1978) because of
their slow rate of fall (Siggins 1933, Cremer 1971).
The species produces unusually large amounts of
pollen (Critchfield 1978) and pollen dispersal is exten-
sive (Fall 1992). Effective population sizes are esti-
mated to be large, > 1000 (Epperson & Allard 1989)
and > 4000 (Yang & Yeh 1995). Spatial autocorrela-
tion analysis in continuous stands has shown lack of
population structure in distribution of most geno-
types (Epperson & Allard 1989).

Lodgepole pine is mixed mating, but self fertility is
low (Smith et al. 1988, Sorensen & Adams 1993).
Mating system estimates indicate high measured rates
of outcrossing, often not significantly different from 1

(Yeh & Layton 1979, Epperson & Allard 1984,
Sorensen 1987). However, there is also evidence that
outcrossing rates are directly related to density of
conspecific individuals (Smith et al. 1988) or are
influenced by stand density or marginality (Yeh &
Layton 1979, Sorensen 1987). Investigations into sev-
eral other coniferous species (Piesch & Stettler 1971,
Farris & Mitton 1984, Knowles et al. 1987, Sorensen
1994, Kérkkdinen et al. 1996, Hedrick et al. 1999),
but not all (Furnier & Adams 1986, Morgante et al.
1991), also indicate lower estimated rates of outcross-
ing in less dense stands.

Some of these studies suggest severely deleterious
alleles affecting embryo survival are purged when
selfing rate is increased (Hedrick et al. 1999). To the
author’s knowledge, no previous study has looked at
the relation between stand density characteristics and
inbreeding effects on plant growth traits. Embryo
survival is an early life-cycle trait and decreased
embryo survival in conifers following self-pollination
is attributed primarily to recessive lethal and highly
deleterious alleles (Orr-Ewing 1957, Hagman &
Mikkola 1963, Mitchell-Olds & Guries 1986, Kuang
et al. 1999, Remington & O’Malley 2000). Seedling
vigour and other nursery characters are representa-
tive of later life-cycle traits with inbreeding effects
probably due predominantly to weakly deleterious
alleles (Falconer & Mackay 1996, Husband &
Schemske 1996). If these assumptions are correct, the
lodgepole populations, even though they differ in
inbreeding depression at the seed stage (Table 1), may
be expected to have comparable inbreeding depres-
sion in vigour traits (Lande et al. 1994, Ritland 1996).

In the present study, self and outcross progenies
from several seed trees in three populations were



Scand. J. For. Res. 16 (2001)

Effect of outcrossing rate on inbreeding depression 393

grown for 2 yrs in favorable nursery conditions, and
populations compared for the effect of selfing on
mean performance and on variances. Of the three
populations, one (population A) is a low-density,
ecologically marginal stand with a low frequency of
lodgepole pine; while the two others (B and C) are
non-marginal and representative of the main distribu-
tion (Table 1, top row). Self fertility and estimated
rates of primary and measured selfing are higher in A
than in B and C (Table 1, from Sorensen & Adams
1993). '

MATERIALS AND METHODS

Pollinations were done in three stands: A (43°46'N,
121°28'W, 1370 m) with self and outcross families
from eight seed parents; B (43°46'N, 121°29'W, 1430
m) from seven, and C (43°47'N, 121°31'W, 1540 m)
from four. All three stands were mixed lodgepole-
ponderosa pine (Pinus ponderosa Dougl. ex Laws.) on
the ecast slopes of the Cascade Range in central
Oregon, USA. Mature tree (trees capable of seed
production) components were 8, 49, and 81% lodge-
pole pine for stands A, B, and C, respectively. Popu-
lation A was on a marginal site for lodgepole, and
stand density of all trees of reproductive age was low.
This situation appeared to be historical. Populations
B and C were separated from A by 2-4 km, at a
higher elevation, on more mesic sites and more
densely stocked. In population A, lodgepole pine
appeared to be present as a minor, persistently seral
species; in B and C, it was a dominant, persistently
seral species (Pfister & Daubenmire 1973). The
amount of pollen inflight into population A is un-
known. According to pollination records, floral phe-
nology was slightly delayed in populations B and C
compared to A (average dates of artificial pollination
3-5 days earlier in population A). Phenology and
proximity (first pollen to arrive most -effective,
Sorensen & Webber, 1997) probably contributed to
isolation of the marginal population.

Progenies from eight of the original seed parents
were not included in the nursery test for the following
reasons: seed packet mislabeling (one parent), self
families segregated for recessive markers and seed
previously germinated to obtain segregation ratios
(Sorensen 1987) (three parents), and insufficient self
seed for the nursery test because of low self fertility
(four parents). Thus, estimates of mating system
parameters in Table | are based on 27 parent trees,
whereas nursery estimates are based on only 19. For

the most part, different gene sets appear to influence
self fertility and later inbreeding depression (Snyder
1968, Sorensen & Miles 1974). Therefore, it is as-
sumed that the loss of low-fertility parents will only
negligibly bias the contrast between marginal and
non-marginal populations in the nursery. Original
mating-system values from Sorensen & Adams (1993)
are shown in Table 1, because it seemed biologically
more straightforward to give observed population
estimates at each stage even though some families
subsequently were lost.

Pollinations were done at the field locations in
1967, 1970, and 1973. All were years of abundant
flowering. Thirty to 70 female flower buds were iso-

lated on each tree. About half were pollinated by

self-pollen and half by a polymix of eight to 12 trees
from the same site but separated from the seed trees
by a minimum of 0.5 km. Isolation bags were in-
stalled before the opening of female buds. Stands
were visited twice weekly during the receptive period,
and flowers in individual bags were pollinated on two
or three successive visits. Isolation bags were re-
moved at the end of the first summer and replaced by
cloth bags in the following spring to provide protec-
tion from insects.

Cones were collected just before separation of cone
scales and stored in a dehumidified room at 30°C
until scales flared. Seeds were extracted by hand, with
round seeds separated into filled and empty classes
through X-ray. Seeds were stored in sealed plastic
envelopes at — 10°C until sowing in spring 1994,

In February 1994, seeds were removed from stor-
age and each family was placed in a small mesh bag.
Bags were soaked for 22 h in aerated water, excess
water was drained off, and mesh bags were placed in
large plastic containers for 60 days’ chilling at 2-3°C.
Long chilling increases the uniformity of emergence
and is similar to what would occur naturally.

In mid-April, seeds were surface dried and sown in
small depressions on the soil surface of raised nursery
beds. Seeds were covered with a thin layer of granite
grit and the soil surface was moistened as necessary
to maintain suitable conditions for germination.
Spacing was 10 cm between rows by 8 cm within
rows. Competition effects were minimal at this spac-
ing. Two rows of border spots were sown around the
test by using extra seeds from the outcrosses. Where
sufficient seeds were available, two seeds were sown
per spot and systematically thinned back to one in
late summer of the first year by removing the north
seedling in each spot. Seedlings were grown for 2 yrs
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Table 2. Description of seedling traits analyzed for inbreeding depression

Trait Description
Size
Height-1 Final height, year 1 (cm)
Height-2 Final height, year 2 (cm)
Diameter Final diameter at cotyledon scar, year 2 (mm)
Top weight Fresh weight of top at harvest,* year 2 (g)

Root weight
Elongation rate

Phenology
Emergence
Budset

Other
Cotyledon number
Variance,, ®
Standard deviation,, ®
Coef. of variation,, ®
Skewness,,®

Fresh weight of root at harvest, year 2 (g)
Relative elongation rate, year 2 (mm-mm ™~ lyr—")

Days from sowing to emergence above ground surface
Days from sowing to visible budset, year 1

Number of cotyledons

Family within-plot variance

Family within-plot standard deviation
Family within-plot coefficient of variation
Family within-plot skewness

* Plants were harvested in January after the second growing season.
® Variance, standard deviation, coefficient of variation, and skewness were calculated for each trait; only the last two are

discussed.

in the nursery. The traits measured are listed in
Table 2.

The experimental design was a split plot with 10-
plant family plots and four replications. The main
plots were seed parents, which were randomized
within replications. Subplots were self and outcross
families within seed parents. Family plots were non-
contiguous; i.e. seedlings were completely randomized
within seed-parent main plots.

Analyses were conducted in two stages. First, to
determine whether the selfing effect was significant,
the data were analyzed as a split-plot experiment by
using the model (Snedecor & Cochran, 1967):

Yie=pu+ R+ S;+e€;+ P+ (PS) +d (H
where u is the overall mean; i=1,...,4 random
replications, R; j=1,-..,19 random seed parents,
S; k=1, 2 fixed pollen treatments, P; main plot
error, €;= N(0, o5), and subplot error J,; = N(0, Jp).
Pollen mean square (MSp) was tested against MSpg.
The effect of inbreeding on within-plot variation was
evaluated using (1) the coefficient of family within-
plot variation (o, /plot mean) (Lewontin, 1966, Ben-
del et al., 1989) corrected for small numbers
(Haldane, 1955), and (2) within-plot skewness.
Within-plot coefficient of variation and skewnesses
were calculated for each plot and values analysed

according to the above model. Pooled variance
among families within populations (F/P) was also
calculated separately for outcross and self families.
These values could not be compared statistically, but
the ratio, MSg pein/MSg/poutcross)» Would indicate the
direction in which selfing affected variation among
families.

The second step in analysis was to test the popula-
tion contrasts: A vs. (B+C) and B vs. C (B and C
were pooled in the first contrast, because they had
common mating system estimates, Table 1). This was
done by entering the value for inbreeding effect (IE)
of each progeny-pair (self and cross) in each replica-
tion into an hierarchal model with three populations
of eight, seven, and four self-cross pairs per popula-
tion and four replications. The value for each pair in
each replication was calculated as IE =1 — (W /W),
where W is the performance of the self (,) and
polymix outcross () progenies (Lynch 1988, Johnston
& Schoen 1994). If W, >W,, IE=1—(WJ/W,)
(Agren & Schemske, 1993, Holtsford, 1996). Agren &
Schemske (1993) used the term “relative perfor-
mance” instead of inbreeding depression. Here, the
terms “inbreeding effect” or “response to selfing’ are
used in cases where W, > W, A nested model was
used for the population contrast:

Yie=p+ R+ L+ Siy + €4o 2

17
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Table 3. Mean outcross value, significance of inbreeding effect, mean inbreeding effect, significance of location

contrasts [A vs. (B+C)J* and (B vs. C), and significance

inbreeding effect

of variation among families within locations Jor

Among populations

Mean outcross  Inbreeding Mean inbreeding  Among seed trees
Trait® value effect effect (%) within populations A vs. B+C) B yvs. C
Size traits
Height-1 6.50 <0.0001 17.7 0.0063 0.1051 0.0974
Height-2 20.8 <0.0001 24.4 <0.0001 0.0155 0.4935
Elongation rate 1.17 <0.0001 9.6 <0.0001 0.0382 0.9601
Diameter 5.69 <0.0001 21.9 0.0036 0.0235 0.4811
Top weight 199 <0.0001 44.9 0.0099 0.0632 0.5706
Root weight 6.39 <0.0001 43.1 0.0319 0.0484 0.9112
Phenological traits .
Emergence 15.3 0.0033 —5.4¢ <0.0001 0.0064 0.2626
Budset 140.1 <0.0001 —4.4 <0.0001 0.2556 0.8319
Other trait
Cotyledon no 4.68 0.0358 —-2.9 <0.0001 0.7190 0.7056
Within-plot coefficients of variation
Height-1 0.183 0.6565 5.5 0.1848 0.0481 0.5948
Height-2 0.160 0.0086 —17.6 0.0379 0.0128 0.3366
Elongation rate 0.122 0.0404 ~15.5 0.0022 0.0160 0.0124
Diameter 0.146 0.0077 —-17.7 0.0188 0.0432 0.2460
Top weight 0.310 0.0024 —~18.8 0.1676 0.0189 0.3168
Root weight 0.356 0.0152 —12.8 0.0294 0.1204 0.1604
Emergence 0.0139 0.0484 —9.5 0.7908 0.0010 0.9386
Budset 0.0313 0.0004 —22.1 0.2067 0.0367 0.2269
Cotyledon no. 0.0979 0.0006 —-17.9- 0.0761 0.5662 0.6761

* Population A is low-density, ecologically marginal lodgepole stand (8% lodgepole pine in a mixed-conifer stand),
populations B and C are higher density, nonmarginal stands, 49% and 81% lodgepole, respectively.

® Traits and units of measurement are described in Table 2.

“ Negative sign indicates that value for self families is larger than value for outcross families, ¢.g. emergence is later for self
than for cross families and, for within-plot coefficients of variation, negative sign means coefficients are larger for self than

for cross families.

where 4 is the overall mean, i=1,...,4 replications;
J=1, 2 fixed locations (or populations), L; k=
1,...,n random seed trees within populations, S/L;
and €, =N(0, g). MS_ was tested against MSg)y,
and the latter against MS,.

RESULTS

General selfing effects

Selfing significantly reduced plant size and the rela-
tive rate of elongation in the second year, and de-
pressed rate of development (i.e., delayed seedling
emergence and date of budset) (Table 3). Inbreeding
depression in height and diameter were about equal,
as were depressions in top and root weights. Plant
weights had about twice the depression of height and

diameter. Depression in percentage was larger for size
than for phenology traits, but this may have been a
scaling effect. Phenology was measured on time scales
with arbitrary starting points that may not have been
appropriate for determining the magnitudes of in-
breeding. Mean emergence time was 0.9 day later and
mean bud set date 6.9 days later for selfs than for
outcrosses. Inbreeding effects were similar to those
reported for other conifers in comparable nursery test
environments (Sorensen & Miles, 1974, Sorensen et
al., 1976, Sorensen, 1997).

As has been observed in most evaluations of in-
breeding, progenies within populations differed sig-
nificantly in response to selfing (Table 3, Among seed
trees within populations). As two examples, mean
family inbreeding depression in second-year height
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ranged from 18.2% to 47.6% in population B. In the
same population, inbreeding delayed bud set from
— 0.5 days (selfs set buds before crosses) to 23.4 days.

Inbreeding also strongly influenced variances.
First, within-plot (i.e. within-family) coefficients of
variation were significantly larger for self than for
cross families for all traits except first-year height
(Table 3, values of mean inbreeding effect on within-
plot coefficients of variation are negative). Second,
the pooled mean square term for families-in-popula-
tions was larger for self than for cross families for all
traits except for weights and days to emergence
(Table 4, MSg;,;) and was much larger for second-
year height. When this variance was expressed as
coefficient of variation [Table 4, (\/ MSy,; /mean)100],
which adjusts for size differences between self and
cross families, variation among self families was
larger than variation among cross families for all
traits except for days to emergence. Within-plot
skewness was also affected by selfing, significantly so
for second-year relative elongation rate and diameter.
Size traits were more negatively skewed (larger tail of
small values) and phenological traits more positively
skewed in self than in cross families.

Population contrast

In spite of highly significant variation among seed
trees within populations, the population contrast, A
vs. (B + C) was often significant; the contrast B vs. C
was not significant except in one case (Table 3). In
the following presentation, B and C are considered to
be samples of a common population for inbreeding
purposes. For all traits, the response of the mean to
selfing was less in population A than in population
B + C (Table 5).

The most striking population contrast, however,
was in the response of within-plot variation to selfing.
For all traits except cotyledon number and first-year
height, the selfing effect on within-plot coefficient of
variation was much less in population A than in
B + C (Table 5, larger negative values under B+ C
than under A mean that selfing increases coefficients
of variation more in population B + C families than
in A families). Similarly, the selfing effect on within-
plot skewness was much less in A than in B+ C. For
example, within-plot skewness for second-year height
was much greater (longer tail) for B + C self families
(—0.495) than for A self families ( — 0.112). This is
in contrast to within-plot skewness for cross families,
which was similar for both populations (0.161 and
0.096 for A and B+ C, respectively).

DISCUSSION

Inbreeding depression in vigour and population
contrast

Selfing significantly depressed size, slowed the rate of
development, increased phenotypic variance and
skewness within families, and increased variance
among families within populations. The following
discussion will focus on second-year height and rela-
tive elongation rate as fitness traits and bring in other
traits as appropriate. First-year height and to a lesser
extent second-year height are influenced by seed size
and emergence time (Sorensen & Campbell 1993),
which means that elongation rate may best reflect the
fitness associated with vigour.

Phenotypic responses to inbreeding depend on the
gene action underlying the trait (Falconer & Mackay,
1996). If genetic variance is additive, selfing will not
change the mean, but will change variances, increas-
ing variance among and decreasing variance within
families. A change in mean associated with selfing is
evidence for nonadditive gene action. If the change in
mean is directional and the loci affecting a trait
combine additively, primarily dominance variance is
indicated; if the mean changes curvilinearly with in-
breeding coefficient, interlocus interactions, also in-
volving dominance, are implied (Crow & Kimura,
1970). As concerns the variance response to selfing,
dominance effects after selfing initially increase phe-
notypic variance both within and among families
(Robertson, 1952).

The large inbreeding depression in vigour (e.g.,
25% in second-year height) is in line with that re-
ported for many other conifers (e.g., Bingham &
Squillace, 1955, Squillace & Kraus, 1962, Sorensen &
Miles, 1974). Conifer tests also have indicated a
predominantly linear relation between inbreeding co-
efficient and inbreeding depression in size traits
(Squillace & Kraus, 1962, Matheson et al., 1995,
McKeand & Jett, 1995, Durel et al., 1996, Sorensen,
1997). These responses to inbreeding indicate largely
dominance variance. This, however, is in contrast
with designed mating tests, in which dominance vari-
ance (specific combining ability) is much lower than
additive  variance (general combining ability)
(Yanchuk, 1996, King et al., 1998, McKeand &
Bridgwater, 1998). The contrast, large inbreeding
dominance effects and low outcross dominance vari-
ance, is evidence that the deleterious recessives con-
tributing to inbreeding depression are at low,
probably very low, frequencies in the population
(Falconer & Mackay, 1996, Skreppa, 1996).
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The large effect of selfing on within-plot variation,
increasing both coefficient of within-plot variance
and within-plot skewness, indicates phenotypic out-
liers and suggests that some of the recessive alleles
have severely deleterious effects. Severe vigour defects
(e.g., dwarfism, chlorophyll abnormalities, needle and
root abnormalities) (Eiche, 1955, Orr-Ewing, 1969,
Franklin, 1969, Sorensen, 1987, and unpubl. results)
have been observed in several coniferous species.

These population-genetics characteristics of lodge-
pole pine and at least some other widespread conifers
suggest that a portion of the inbreeding depression in
vigour is due to rare, severely deleterious, partially
dominant alleles. The contrast between populations
A and B + C in inbreeding response (Tables 3 and 5)
indicated that the higher natural selfing rate in A has
purged severely deleterious alleles associated with the
phenotypic outliers, but not deleterious alleles of
small effect. The primary evidence that purging has
involved very rare alleles associated with outliers is
that self families in A, compared with B + C, have a
greatly reduced inbreeding effect on within-plot vari-
ance and skewness, but only a moderately reduced
inbreeding effect on mean values. A few outliers
inflate variances much more than they change means
(Snedecor & Cochran, 1967, Hawkins, 1980). These
results are in good agreement with other observations
and with current theory (Dubinin, 1946, Lande and
Schemske, 1985, Charlesworth & Charlesworth, 1987,
Crow, 1993, Lande et al, 1994, Husband &
Schemske, 1996, Kirkpatrick & Jarne, 2000).

Other traits

Fitness and non-fitness traits often differ in genetic
background and in inheritance pattern (Falconer &
Mackay 1996). Non-size traits may or may not fit
into the “fitness” category for various reasons. In this
test, with the exception of first-year height, the popu-
lation contrast in response to selfing was always
much larger for within-plot variation than for means.
First-year height, which is partially determined by
seed size, a maternal influence that decreases with age
(Sorensen & Campbell, 1993), had somewhat less
response to selfing than did other size traits. Because
seed weight differs both among and within families
(Silen & Osterhaus, 1979), it adds a confounding
effect to first-year height growth and may contribute
to lower expression of selfing depression.

Plant size in conifers is determined by both rate
and duration of growth (Cannell et al., 1981, Reh-
feldt & Wykoff, 1981). Date of budset, therefore,

would be a component of vegetative vigour (Skroppa
& Magnussen, 1993), because it contributes to the
duration of growth. In agreement with this, self
progeny had larger within-plot coefficient of variation
for date of budset than did cross progeny (Table 3)
and greater within-plot skewness (0.636 and 0.381 for
self and cross families, respectively), and self families
had greater variation among families within locations
than did cross families (Table 4). The population
contrast was somewhat less for date of budset than
for the pure vigour traits (Table 5), but its response
was that of a partial fitness trait.

Days to emergence showed a similar pattern to
date of budset. Days to emergence depends on rate of
embryo development after sowing. It is a function of
seed weight, a maternal trait, but also of embryo size
and vigour, and of response to pretreatments that
overcome dormancy, also a maternal trait in conifers
(Downie & Bewley, 1996). Germination rate has sig-
nificant additive genetic variance (Morgenstern, 1974,
Bramlett et al., 1983) and is conditioned by major
rare recessive alleles functioning in the embryo
(Sorensen, 1971). Populations differed significantly
for this trait (Tables 3 and 5) indicating that de-
creased population size and increased selfing in popu-
lation A probably purged severely deleterious alleles
affecting the rate of embryo development.

Cotyledon number appears to have the characteris-
tic of a threshold trait, either an additional cotyledon
develops or it does not. Heritability is moderately

Table 4. Variation among families-within-populations
given in two forms, pooled mean SQUAFE 011, location
(M|[Sp,) and its coefficient of variation, (\/MSF/L/
mean) 100

MS;,, («/MSg,,/mean) 100

Trait* Self Cross Self Cross
Height-1 0.320 0.301 10.8 8.44
Height-2 3.67 1.48 12.2 5.85
Elongation 0.0104  0.00431 9.68 5.62

rate
Diameter 0.174 0.138 943 6.52
Top weight 5.06 8.28 20.5 14.5
Root weight 0.674 0.742 23.5 13.5
Emergence 1.02 1.51 6.31 8.41
Budset 88.3 18.6 6.28 3.06
Cotyledon 0.213 0.0770 9.53 5.93

number

* Traits and units of measurement are described in Table 2.
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Table 5. Selfing effect on family means and on within-
Jamily coefficients of variation for the population con-
trast, population 4 vs. populations B+ C pooled

Selfing effect on

Coefficients of

Means variation (%)

Trait* Ab B+C A B+C

Height-1 15.0¢ 19.6 16.2 —2.3
Height-2 18.6 28.6 -31 282
Elongation rate 4.9 12.9 —-20 =257
Diameter 18.0 24.7 —4.0 =276
Top weight 40.5 48.1 —-50 —2838
Root weight 37.5 47.2 -39 =192
Emergence —-13¢ -84 49  —19.9
Budset —34 -52 =115 =298
Cotyledon no. —-23 -34 -208 1538

* Traits and units of measurement are described in Table 2.
®Population A is a low-density, ecologically marginal
lodgepole pine stand (8% lodgepole mixed with ponderosa
pine). Locations B and C are higher density (49% and §1%,
respectively), less marginal stands mixed with ponderosa
pine and white fir.

¢ Probabilities that the population contrast is statistically
significant are given in Table 3.

4 Negative sign indicates that values for self families are
larger than values for cross families.

high (h,u, = 0.58, Morgenstern, 1974). The popula-
tion contrast, A vs. B+ C, was not significant for
either mean inbreeding depression or selfing effect on
within-plot variation (Table 3). This suggests no
purging in population A, and that cotyledon number
is behaving more as a morphological than as a fitness
trait.

Comparison with other conifers

Because inbreeding depresses plant height, the mea-
sured degree of depression to some extent will depend
on how plants respond to changing light conditions
and to developing height inequalities. Different conif-
erous species respond differently to the former (Chen
et al., 1996) and probably differently to the latter.
Lodgepole pine showed inbreeding depression in the
trait relative elongation rate and an increase in in-
breeding depression between first- and second-year
heights (Table 3). Second-year relative elongation
rate in Douglas-fir [Pseudotsuga menziesii (Mirb.)
Franco], by contrast, was non-significantly greater for
inbred than for outcross seedlings (Sorensen 1997).
This was attributed to a photomorphogenic response

in Douglas-fir that sensed increasing neighbor prox-
imity as plant size increased. The light-mediated plas-
tic response partially dampened the development of
size inequality (Ritchie 1997). It is possible that phys-
iological plasticity will influence the relation between
ontogeny and expression of inbreeding effect.

Comparison with other plant species

Several studies have compared mating system and
inbreeding effects in closely related taxa (reviewed in
Parker et al. 1995, Byers & Waller 1999). Inbreeding
effects are often lower by a few percent in popula-
tions with higher rates of selfing. Results perhaps
most comparable to lodgepole pine are reported by
Willis (1999). He compared self and outcross popula-
tions of the annual monkeyflower (Mimulus guttatus)
for several measures of survival and fertility, both
before {(ancestral) and after (purged) five generations
of selfing. In all traits, mean inbreeding depression
was a few percentage points less in the purged than in
the ancestral population. The difference was not sig-
nificant but was very similar to the difference in mean
inbreeding depression in vigour between populations
A and B+ C in lodgepole pine. Willis (1999) con-
cluded that deleterious alleles of large effect (lethals
and steriles) are probably purged during the five
cycles of selfing. This seems compatible with the large
interpopulation difference in self-family variances in
the lodgepole pine test.

In monkeyflower, much of the inbreeding load was
retained after selfing (Willis 1999), as it was in the
marginal population of lodgepole pine. This is in
agreement with the theory that most of the inbreed-
ing load expressed later in ontogeny is due to weakly
deleterious alleles, and that little purging of these
alleles should be expected when rate of inbreeding is
increased.

Genetics of marginal populations

It is not known for how many generations population
A has existed as such, only that the current situation
is marginal both ecologically and in population num-
bers. As noted in the introduction, conifers are wind
pollinated, and many widespread species, within their
main distribution, occur in stands where one species
dominates or at least occurs at moderately high fre-
quencies. Under these conditions, high outcrossing
rates are usually estimated and inbreeding loads are
so large that many conifer populations at the adult
stage have no evidence of selfing (Savolainen 1994).
Marginal populations have decreased density or spe-
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cies frequency and lower estimated outcrossing rates
(Farris & Mitton 1984, Sorensen & Adams 1993,
Hedrick et al. 1999). The population contrast for
lodgepole pine (Tables 1 and 5) indicates that the
marginal population has experienced a bottleneck
sufficient to purge both embryonic lethals (Table 1)
and severely deleterious alleles affecting vigour (Table
5) (Barrett & Charlesworth 1991, Hedrick 1994, Latta
& Ritland 1994, Latter et al. 1995, Kirkpatrick &
Jarne 2000). This indicates that purging has a role in
mitigating the negative effects of increased inbreeding
in marginal populations. The large reduction in
within-plot coefficient of variation in the marginal
compared with the non-marginal populations sug-
gests that purging has primarily involved extreme
individuals within families (i.e. alleles present at very
low frequency in the population), but the very low
self fertility of some seed trees and the highly signifi-
cant difference among families (Table 3) suggests that
purging may also occur among maternal lineages
(Holtsford 1996, Carr & Dudash 1997, Willis 1999).
In summary, it appears that the selection against rare
deleterious alleles should enhance the ability of mar-
ginal populations to persist in the face of increased
inbreeding.

How far can this process proceed? Within-plot
coefficients of variation (Table 5, under A) and
within-plot skewnesses (not given) show that for size-
related traits except first-year height (see above), self-
family values in population A do not differ greatly
from cross-family values (2% larger to 5% smaller).
Apparently, most of the extreme alleles have been
removed. This suggests that the remaining inbreeding
depression in vigour traits in population A is due to
detrimental alleles of relatively small effect. Given the
mating system of the species (outcrossing and selfing)
this load probably is resistant to further selection
(Lande et al. 1994, Hedrick 1994, Willis 1999).

There is some evidence that purging of detrimental
alleles may be enhanced if the rate of inbreeding is
reduced (Ehiobu et al. 1989, Latter et al. 1995, Se-
walem et al. 1999). Because of increased spacing
among lodgepole trees in a marginal population like
A and because pollen dispersal is extensive, it seems
probable that most of the increased inbreeding in
population A would come from increased rate of
selfing rather than biparental matings or lower level
inbreeding. In other words, in this situation it is
probable that most of the inbreeding will continue to
be selfing even though the population size is greatly
reduced.

In addition, increased environmental stress may
influence the mitigating effect of purging. Tests with
Drosophila (Bijlsma et al. 1999, 2000) indicate that
“inbreeding and environmental stress are not inde-
pendent but can act synergistically.” In other words,
although purging may increase the persistence of
marginal populations given stable environmental con-
ditions, the effects of the remaining inbreeding load
may be enhanced if environmental conditions become
more stressful (Bijlsma et al. 2000).

One factor that may bias the marginal-non-mar-
ginal contrast is the effect of previous inbreeding in
the marginal population on the genetic structure of
the outcross families (Waller 1993, Fazekas & Yeh
2001). If outcross families are less heterozygous in the
marginal than in the nonmarginal population, this
could reduce the inbreeding depression of the mar-
ginal self families. Because outcross males in all pop-
ulations were separated from sced parents by 0.5 km
or more, it seems unlikely that differences in outcross
inbreeding contribute greatly to the population con-
trast. This is supported by the similar within-family
skewnesses for outcross families from all populations,
and by the fact that the skewnesses for size traits
were marginally positive, with no indication of small
outliers in either population.

Finally, the estimated inbreeding depression did
not differ between populations B and C, even though
the lodgepole pine frequency was intermediate in B
(Table 1). Similarly, filled seed production following
wind pollination did not differ between these stands
and pure lodgepole pine in the same general areca
(Sorensen & Adams 1993). Lodgepole pine, even as a
50% component in a mixed forest with ponderosa
pine, responded as a large, random mating popula-
tion. According to theory, the reduction in number of
intermating individuals must be large before there is
an effect on measures of inbreeding, and even at
extreme reduction in numbers the effect is small
(Kirkpatrick & Jarne 2000). Lodgepole pine appears
to behave in agreement with this model both for
alleles associated with embryo survival and for
severely deleterious alleles associated with seedling
vigour and development.
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