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Inbreeding in Pinus Radiata -
V. The Effects of Inbreeding on Fecundity
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Abstract

A successful inbreeding and hybrid breeding strategy in tree
improvement requires that 1) inbreeding (selfing) can produce
superior inbred lines (effective purging of deleterious alleles),
2) there is heterosis among crosses of inbred lines, 3) early
selection between lines is effective, and 4) inbreeding will not
substantially reduce reproductive ability. We have previously
reported that inbreeding depression on growth was lower in
radiata pine relative to other conifers and segregation in the
first two-generations of selfs generated superior inbred trees.
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In addition, we have observed that early selection among
inbred trees (lines) was more effective than in out-crossed pop-
ulations and there was an apparent heterosis in radiata pine.
In this study, the effect of inbreeding on the reproductive abili-
ty in young and adult trees of radiata pine has been quantified
from five populations of varied inbreeding levels (F =0, 0.125,
0.25, 0.5, and 0.75). It was observed that the effects of inbreed-
ing depression on fecundity was higher at a young age than at
older age and inbreeding depression at a young age is due to
two factors: 1) a delay of reproductive age (about 8.3, and 8.5%
of trees delayed for F=0.5 and F =0.75 populations, respective-
ly) and 2) a true reduction of flowering trees (6.7 and 13.1%
more trees having no flowers for F=0.5 and F=0.75 popula-
tions than F=0 population, respectively). Despite significant
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inbreeding depression on the percentage of female reproductive
trees and the number of cones on adult trees, overall inbreed-
ing depression on fecundity was low in radiata pine. One
founder clone contributed most of the significant inbreeding
depression observed for the population of eight founder clones.
It was observed that fecundity varied more widely among the
eight clones than among the inbreeding level (self and out-
cross).

Key words: Radiata pine, Pinus radiata, inbreeding depression, repro-
ductive ability, fecundity, fitness.

Introduction

A major deterrent of adopting an inbreeding-hybrid breeding
strategy in tree improvement program is the effect of inbreed-
ing depression observed on reproductive traits in several
conifer species (WILLIAMS and SAVOLAINEN, 1996). Inbreeding
depression on adult fecundity has three major implications in
tree improvement. First, inbreeding depression in adult repro-
ductive traits can result in the loss of valuable selections
(clones) as they contribute little or nothing to subsequent gen-
erations. Second, the effects of the inbreeding depression on
adult reproductive ability may retard recurrent breeding oper-
ations and prolong the completion of the breeding cycle in oper-
ational breeding programs. Third, the out-crossed embryos that
later develop on an inbred maternal parent may exhibit
reduced fitness as an indirect consequence of parental inbreed-
ing depression. Therefore, more than one generation of out-
crossing may be necessary to restore vigor. Such maternal
effects of reduced seed potential and delayed onset of reproduc-
tion in inbred trees can also delay the production of superior
hybrid seeds and make the production of hybrid seeds more
expensive.

In conifers, inbred individuals have been observed to have a
lower average fitness at all life stages (embryo development,
seedling to adult growth, and reproductive abilities). However,
reliable reports on adult reproduction in inbred conifers are
very rare due to the long-term nature of such studies. In a few
published reports inbreeding depression has been observed for
onset of reproduction as well as the number and size of male
and female strobili. Most reports of adult fecundity have, how-
ever, been limited to qualitative observations. In jack pine
(Pinus banksiana), a precociously flowering species, there was
a delay in age of first flowering and a reduction in strobilus
number (RUDOLPH, 1976). A 3-year delay was observed for west-
ern white pine (Pinus monticola) as well as a 15 to 26 % reduc-
tion in fitness after one generation of selfing (BINGHAM, 1973).
Flowering age was not delayed for loblolly pine (Pinus taeda),
but there was about a 30% decline in number of potential sites
for seeds in female cones of selfed maternal parents (SNIEZKO,
1984). In Douglas-fir (Pseudotsuga menziesii), no flowering age
data were reported, but male strobili and developing conelets
were smaller on selfed individuals when compared to their out-
crossed half-sibs (ORR-EWING, 1965). There is also substantial
variation in the number of seeds and germination of seed from
control-pollinated cones among three inbreeding levels (out-
crossed, first- and second-generation selfs of two clones) (ORR-
EwING, 1976). A very severe reduction in the number of cones
in the first- and second-generation selfs has been observed (53
and 89% depression, respectively) in maritime pine (Pinus
pinaster) (DUREL et al., 1996).

Two issues relating to inbreeding effects on reproductive
ability in the long-lived trees should be examined. Whether 1)
inbreeding only delays reproduction age or 2) if inbreeding sim-
ply reduces reproductive ability. If inbreeding only delays
reproductive age, the effect of inbreeding depression on fecun-
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dity may be a byproduct of its effects on growth. This is
because inbred trees grow slower than out-crossed progenies,
on average. If inbreeding reduces adult flowering, it may be
caused by recessive alleles for reproductive traits. All previous
inbreeding studies in trees reported inbreeding effects only on
reproductive ability at a very early (juvenile) age (age 1 to 4
years) except for maritime pine at age 11 years (DUREL et al.,
1996). Therefore, reported results do not discriminate between
the delay of reproduction age of inbred trees and reduced adult
flowering. Distinguishing these two types of inbreeding depres-
sion on reproduction may shed light on the genetic causes of
inbreeding depression on reproductive traits. Therefore, it is
desirable that inbreeding depression on fecundity is examined
for both types.

We have previously reported on a radiata pine (Pinus radia-
ta) experiment involving five levels of inbreeding in which
inbreeding reduced survival and growth, but increased varia-
tion of growth traits. Furthermore, the numbers of sound seeds
and growth rate did not decline significantly from the first-
generation of selfs (S,) to the second-generation of selfs (S,)
(GrIFFIN and LINDGREN, 1986; WU et al., 1998a, 1998b, 2002;
MATHESON et al., 2002). A further logical question is whether
inbreeding has severe adverse affects on the reproduction of
radiata pine. In a previous preliminary study of radiata pine,
selfing was observed to have little effect on adult flowering in
the first-generation selfed progenies (PawsEy, 1964). These
findings suggest that selfing might be effective in purging dele-
terious alleles from populations of radiata pine and could be
used to produce superior inbred lines and hybrids. In this
report, we quantitatively investigate inbreeding effects on
fecundity of young and adult trees up to two generations of
selfs in radiata pine. The reproductive traits examined include
the percentage of trees bearing female strobili and the number
of female cones and flowers on each tree. We are particularly
interested in answering the following questions: 1) whether
inbreeding delayed the onset of reproduction, 2) whether
inbreeding reduced adult fecundity, and 3) whether there are
clonal effects of inbreeding depression on reproduction.

Material and Methods

1. The experiment

Two radiata pine inbreeding experiments were surveyed for
their fecundity. The first radiata pine inbreeding experiment
was set up in the1980s in Mount Gambier, South Australia, as
a comprehensive study of the effect of inbreeding in radiata
pine. The detailed mating design and field experiment were
described by WU et al. (1998a). With this mature experiment
(18 year-old at the time of the final flowering survey), we inves-
tigated adult reproduction in three populations: 1) a non-
inbred base population, which is consisted of progenies from
crosses among eight unrelated, non-inbred founder clones and
is designated as S, (population 1) with the inbreeding coeffi-
cient F equal to 0; 2) a population of the first-generation selfs
(population 4, F=0.5, also called S,), created by selfing the
eight founder clones; and 3) a population of the second-genera-
tion selfs (population 5, F=0.75, also called S,), created by self-
ing the selected first-generation selfs at age 4 and 5 years from
planting. Selfed progenies (S,) from one founder clone (Clone 1)
did not flower during the controlled pollination seasons (1976
and 1977) used in creating the second-generation selfs. There-
fore, the S, population consists only of 7 founder clones. These
three populations were planted at Mount Gambier, South Aus-
tralia at a site called Symons in 1981 with four replications
and the two populations (S, and S,) were also planted at a sec-
ond site nearby (about 1.2 km from the first site) called Kilsbys
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in 1982 with six replications. A six-tree row plot was used and
spacing was 2 m x 3 m at both sites.

In 1993, a systematic thinning was conducted to remove the
second and third trees in each six tree row plots. The fecundity
survey was first conducted in the 1997 flowering season (July
and August) at age 15 and 16 years from planting for the two
sites, respectively. The number of female flowers on each tree
of the two selfed populations (S, and S,) was recorded. It was
observed that some trees which did not flower in 1997 had
cones with viable seeds from previous years, while some trees
which did flower in 1997 had no mature cones (no accumulated
cones). It was decided that both old cones and recent-year
flowers should be counted simultaneously to truly reflect the
fecundity of selfed trees. In 1999 (age 17 and 18 years from
planting), the total number of cones on each tree as well as the
number of new flowers was recorded. Due to the size of the
trees (most trees were between 12 and 24 m tall), an elevated
platform vehicle (reaching 25 m in height) was used to examine
all branches and trunks for flowers and accumulated cones.
Sixteen trees were too high (over 28 m) for counting female
flowers and these trees were more or less even distributed
among the three inbreeding levels. Therefore the number of
female flowers for these 16 trees were counted as missing.
Hence, comparisons between inbred and outcrossed progenies
of the same pedigree are possible. Reproductive ability for male
flowers (strobili) was not investigated because it is extremely
difficult to quantify the male strobili because of the large size
of the trees. In addition, almost all trees produced pollen,
although a large variation between clones was observed.

Two families in population S, (out-crossed) and four families
in population S; were planted only at the Kilshys site. It was
desirable to include these families into the analysis of main
Symons trial. Six families in population S; and four families in
population S, were planted at both sites. For these common
families, a linear model was fitted to investigate family by site
and family by replicate interactions for the two populations
separately. It was found that the interaction between families
and sites was not significant for either population and thus
data across sites could be combined. Data from Kilsbys were
adjusted and combined with data from Symons using the
method described in WU et al. (1998a).

The second inbreeding experiment was set up in 1997 to
investigate the inbreeding effect on the onset age of reproduc-
tion. Five populations with inbred level from F=0 to F=0.75
(e.g. population 1 with F =0, population 2 with F =0.125, popu-
lation 3 with F=0.25, population 4 with F=0.50, and popula-
tion 5 with F=0.75) were planted at two sites using stored
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seeds of remaining families (65 families) from the first experi-
ment (136 families in total). All four inbred populations in the
new 1997 trials come from the same populations as in the first
experiment. However, the out-crossed population (S), F=0) in
this new trial is derived from crosses between unrelated selfed
progenies (the first-generation). Both female and male flowers
were surveyed from year 2000 (age 3 years) to 2002 (age 5
years) at one site.

2. Statistical analysis.

For the first and mature experiment, the trees, which have
either female flowers or cones or both, are regarded as female
reproductive trees and the percentage of reproductive trees
was calculated for each family. Raw data were also separated
according to each founder clone. A preliminary analysis
revealed that there was no interaction between replication and
inbreeding level, and so, all three female reproductive traits; %
reproductive (fecund) trees, number of cones per tree, and
number of female flower per tree were subjected to the follow-
ing analysis of variance:

Yijkl=/u +Ri+Pj+Ck+PCjk+Eijkl (1)

where p is grand mean, R, is the ith replicate effect, P, is the
jth population (inbreeding level) effect, C, is the kth founder
clone effect, PC,, is the interaction between jth inbreeding level
and kth founder clones, and Eijkl is the residual. All effects were
assumed fixed except for residual. SAS GLM type III estimable
functions (SAS Institute Inc. 1989) were used to estimate mean
squares and hypothesis testing.

To estimate inbreeding depression for the whole population
and individual founder clones, a linear regression was fitted for
whole population and individual founder clones:

Y=a+B(F)+E (2)

where Y represents the phenotypic value, o the intercept (esti-
mated population mean when F=0), § the regression line or
slope, F' the inbreeding coefficient, and E the residual error
term.

For the second experiment, analysis was done at the popula-
tion level only. This is because data are not as balanced as in
the first experiment (e.g. not all populations have progenies of
all eight founder clones). Therefore, ANOVA was done accord-
ing to model:

Y =u+Ri+Pj+RPij+Eiﬂ 3)

il

We were mainly focusing on female fecundity in this study.
The term female fecundity refers to the numbers of female
flowers (or cones) in a tree.

Table 1. — Analysis of variance for percentage of reproductive trees (after arcsine square root transforma-
tion), cumulative cone number, and female flower number in 1999 (after square root transformation) in an

18 years-old radiata pine inbreeding experiment.

Percentage of Cone number Flower number
reproductive trees”
Sources of DF MS Pr>F |DF |MS |Pr>F DF |MS |Pr>F
variation
Replication 5 5.58 [0.001** |5 2.07 |0.100
Inbreeding level 2 0.288 | 0.022* |2 23.3910.033* |2 140 |0.282
Founder clones 7 0.136 | 0.088 7 11.35 | 0.001** |7 6.40 | 0.001%**
Interaction 13 0.051 | 0.742 13 [1.59 ]0.076 13 | 1.17 |0.393
Residual 56 0.071 778 10.99 770 | 1.10

@ There is no replication effects for percent of reproductive tree since percentage was calculated by pooled

data across replications.

*P<0.05%, **P<0.01%
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Figure 1. — Inbreeding effect on female fecundity at three different ages in radiata pine.

Results

1. Inbreeding effect on fecundity of young and adult trees

Inbreeding (sib-mating and selfing) significantly reduced the
percentage of trees that reproduce (cones and female flowers,
Table 1 and Figure 1). It was observed that the percentage of
adult trees that produce female flowers decreased from 91.6%
for out-crossed progenies (F =0) to 85.5% after the first-genera-
tion of selfing and to 79.6 % after the second-generation of self-
ing (Figure 1). This translated to a 6.1% decrease in the per-
centage of adult female flowering trees in the out-crossed popu-
lation compared to the first-generation selfs and a further 5.9%
decrease from the first-generation selfs compared to the sec-
ond-generation selfs. Inbreeding had more of an effect on
younger trees than mature trees for female reproduction. For
example, population 2 (F=0.125), 3 (F=0.25), 4 (F=0.50) and 5
(F=0.75) had reduced fecundity of 8, 22, 21, and 29% respec-
tively at age five years-old (Figure 1).

Analysis based on individual founder clones revealed that
only one clone (Clone 2) had a significant decrease in the per-
centage of female trees that had flowers or cones after selfing
(Table 2, Figure 2). Inbreeding up to two generations of selfing
had no significant effects on the percentage of adult flowering
trees and number of cones for the other seven clones. For clone
2, the reduction in percentage of adult flowering trees was
13.5% from out-crossed progenies compared to the first-genera-
tion selfs and a further 7.5% decrease from the first-generation
selfs compared to the second-generation selfs.

Differences between the founder clones were observed for the
percentage of adult flowering trees at the 8.8% probability
level. The average percentage of trees that reproduce across
the three inbreeding levels (S, S,, and S,) varied from 80 % for
clone 2 to 97.3% for clone 4. There were only two inbreeding
levels (the out-crossed and the first-generation selfs) for clone 1
and it had the lowest cone number per tree in the first-genera-

Table 2. — Linear regression of percentage of reproductive trees (after arcsine square root transformation),
cumulative female cone number and female flower number (after square root transformation) in 1999 in an
18 year-old radiata pine, based on population and individual founder clones.

Percentage reproductive | Female cone number Flower number
trees
a § § a p

Population | 1.346%* -0.210%* 1.903%%* -0.307* 1.104** -0.132
Clone 1 1.318%* -0.653 1.557%%* -0.747 0.696** -0.354
Clone 2 1.266%* -0.364** 1.781%* -0.664* 1.197** -0.926
Clone 3 1.396%* -0.322 2.100%* 0.125 1.306%** -0.548
Clone 4 1.392%* 0.248 2.373** -0.198 1.341%* 0.241
Clone 5 1.399%* -0.606 1.641%* -0.292 1.059%** -0.026
Clone 6 1.267%* -0.165 1.590%** -0.413 1.099%* -0.397
Clone 7 1.285%* -0.360 1.852%* -0.122 0.810** 0.381
Clone 8 1.458%%* -0.164 2.482%** -0.449 1.537%* 0.094

o — intercept, P — coefficient of regression, n —indicates non-significant, ** Pr<0.01 and * Pr<0.05.
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Figure 2. — Inbreeding effect on female fecundity on eight founder clones in a 18 year old radiata pine

trial.
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Figure 3. — Inbreeding effect on cone production among eight founder clones in a 18 year old radiata

pine trial.

tion selfs. We note that this clone was not used to produce S,
progeny in the 1976-1977 pollinations because it had no female
flowers.

The average cone number on adult trees varied from 4.6
cones per tree for the out-crossed population (F =0) to 4.3 cones
per tree for the second-generation inbred trees (F=0.75), but
statistically, the difference is significant at the 3.3 % probabili-
ty level (Table 1). Similarly, there were significant, but large
differences between clones in the number of cones per adult
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tree (Figure 3). Clone 1 had the lowest cone number, at 2.9
cones per tree on average, and Clone 4 and 8 had the highest
number of cones per tree, at 6.1 and 6.8 cones per trees, on
average respectively. Significant differences between replica-
tions were also observed in the cumulative cone number, but
the interaction between inbreeding level and founder clone was
not statistically significant (Table 1).

Similar to the percentage of reproductive trees, regressions
of cone number on inbreeding level for whole populations and
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Figure 4. — Inbreeding effect on female flower production among eight founder clones in a 18 year old

radiata pine trial.

for clone 2 individually were significant while regressions for
all other clones individually were not significant. For clone 2,
the average number of cones per tree among outcrosses was
reduced by 0.4 compared to the first-generation of selfs and a
further 1.1 cones per tree from the first-generation selfs com-
pared to the second-generation selfs. Clone 6 had a consider-
able decrease in cone number from the out-crossed population
to the first-generation selfs (3.8 to 1.9 cones/tree) and then a
sizable increase (1.9 to 3.9 cones/tree) from the first-generation
selfs to second-generation selfs. We also observed that clone 1,
along with clone 6 had the lowest cone number in the first-gen-
eration selfs (Figure 3).

The number of female flowers on adult trees varied from 2.3
flowers per tree for the out-crossed population compared to 2.6
and 2.2 for the first- and the second-generation selfs respec-
tively. However, the differences were not statistically signifi-
cant. In contrast, the founder clone had a highly significant
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Figure 5. — Inbreeding effect on female flower production in a five year

old radiata pine trial.
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effect on the number of female flowers (Table 1, Figure 4). The
number of female flowers varied from 1.1 flowers per tree in
Clone 1 to 3.4 and 3.5 per tree in Clones 4 and 8, respectively
(Figure 4). No individual clone was observed to have a signifi-
cant relationship between inbreeding levels and female flower
number. However, it was observed that both Clones 4 and 8
had the highest number of cone and female flowers while Clone
1 had the lowest number of cone and female flowers on adult
trees.

While there were no significant differences in female flower
production between the three inbred levels (F=0, F=0.5, and
F=0.75) on adult trees, there were significant differences
between all five inbred levels in young trees (Figure 5). Trees
at age five years produced 3.8, 4.1, 3.3, 1.6, 2.6 flowers per tree
for inbreeding level of F=0, F=0.125, F=0.25, F=0.5, and
F=0.75, respectively. This translated into an inbreeding
depression of -9.6, 13.6, 57.2, and 31.1% for the four inbred
levels (F=0.125, F=0.25, F=0.5, and F =0.75), respectively.

2. Inbreeding effect on onset age of reproduction

There were no female flowers observed on trees in the new
trial for the first two years after planting. At year three, one
tree (2.1% of the total of 47 trees) from the population 1 had
female flowers while 1.6 % (5 trees from a total of 307), 2.6 % (8
trees from a total of 309), 0.0% (total 40 trees), and 6.3% (8
trees from a total of 128) trees from the populations 2, 3, 4, and
5, respectively, produced female flowers. More trees in all five
populations produced female flowers at age four years. For
example, populations 1, 2, 3, 4, and 5, respectively had 38.3,
24.6, 15.6, 12.8, and 14.5% of trees producing female flowers in
years three and four. The difference on female fecundity was
statistically significant from age four years onward. Again
more trees start to reproduce at age five with 69.6, 63.8, 54.0,
55.3, and 49.1% of trees, respectively for population 1, 2, 3, 4,
and 5 showing female flowering. From a comparison of female
fecundity data between age four and five years, inbreeding
seems to delay onset of reproduction for 7.9, 7.1, 11.2, and 3.3%
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Figure 6. — Inbreeding effect on percentage tree that was delayed for
female reproduction in radiata pine based on two time intervals.

trees, respectively for population 2, 3, 4(S,), and 5(S,) relative
to the non-inbred population 1 (S)) from age four to age five
years (Figure 6). A comparison between age five female fecundi-
ty data and data from mature trees in the first experiment for
the three populations (S, S, and S,) suggests that inbreeding
has delayed onset of reproduction by 8.3, and 8.5% trees for S;
and S, populations, respectively, relative to the non-inbred pop-
ulation from age five to 18 years ((Figure 6).

Discussion and Conclusion

Inbreeding depression has been studied in many species of
conifers. Severe depression has been usually observed for
reproductive traits in young trees. With young trees, it is
impossible to distinguish inbreeding depression on fecundity
due to delay on onset of flower production or due to a true
reduction of trees producing flowers. In this study, we exam-
ined reproductive ability in both young and adult trees of the
same pedigrees (although the population at young age is small-
er). With such a comparison, we are able to examine the causes
of early inbreeding depression on fecundity (delay of reproduc-
tion phase or a reduction of fecund trees). We observed that
selfing delayed production of female flowers in about 8% of the
trees. We also observed that selfing delayed female reproduc-
tion in founder Clone 1. This is because S, progenies of Clone 1
had not produced female flowers at age 4 and 5. However, at
age 18, S, progenies from the Clone 1 did produce female flow-
ers and cones although their reproductive ability was less than
other founder clones.

The observations of inbreeding effects on reproduction of
young and adult trees in radiata pine from this study can be
summarized as:

1. Inbreeding depression on female flowering at young ages
up to age 5) was higher than in mature trees (21 and 29% at
age five relative to 6.7 and 13.1% at age 8 for F=0.5 and
F=0.75 populations).

2. Inbreeding depression on female flowering at young ages
was caused by a delay in the onset of reproduction as well as a
decrease in number of trees that can reproduce. About 8 % trees
had delayed female flowering in the F=0.5, and F=0.75 popu-
lations, respectively.

3. Inbreeding also decreased the average numbers of female
flowers on young trees and average cone production on adult
trees while there was no significant inbreeding depression in
female flower number on adult trees. Inbreeding depression on
number of cones per adult tree was only 5.7% from F=0 to
F=0.5 and only 6.5% from F=0 to F=0.75.
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4. Inbreeding depression on the percentage of flowering tree
and the cone number of adult tree was mainly due to one
founder clone among the eight founder clones studied.

5. The effect of founder clone was larger than that of inbreed-
ing level on adult reproductive traits (number of cones and
female flowers).

6. In this particular study, it was found that founder Clones
4 and 8 had the highest and Clone 1 had the lowest adult
fecundity.

These observations on flower incidence are consistent with
an early qualitative study by PawsEy (1964). Based on 40
inbred progenies, ranging from age four to 12 years, Pawsey
observed that the S, progenies contained from 0 to 10% of trees
bearing flowers at age three from planting, on a medium site,
while about 1% of the routine planting stock did so in the same
area. At four years of age, the corresponding percentages
ranged as high as 15% for the S, progenies, while the routine
stock was about 12%. In addition, the proportion of cones
reaching maturity was observed at 55, 56 and 60 % for the out-
crossed, the first-, and the second-generation selfs. Based on
these observation, it was concluded that inbreeding in radiata
pine had not adversely affected flowering, nor, in general, the
proportion of cones reaching maturity, in contrast to the pre-
sent study.

The weak inbreeding depression in radiata pine reproductive
traits observed in this study is also consistent with relative
weak inbreeding depression on the growth vigor traits (WU et
al., 1998). In comparison with other conifers, radiata pine
seems to be less sensitive to inbreeding for both growth and
reproductive traits. Radiata pine had the lowest inbreeding
depression in growth (DBH and height) (WiLcox, 1983; WU et
al., 1998) and also the lowest inbreeding depression on adult
fecundity. For example, very severe depression on number of
cones in the first-generation and second-generation progenies
of selfs was observed (563 and 89% depression, respectively) in
maritime pine at age 11 years (DUREL et al., 1996), but the
maturation phase was suspected not to be fully achieved for
many inbred trees. In western white pine, a 15 and 26 % reduc-
tion in female and male flower production were observed in the
first-generation selfs (BINGHAM, 1973).

The low inbreeding depression seems to confirm our earlier
suggestion that significant genetic load has been removed in
radiata pine throughout the evolutionary history or through
early purging in seed production, nursery culling and mortali-
ty. This lower genetic load, lower than any other conifer, can be
explained by purging in natural radiata pine populations in
California, due to its remnant small population (MORAN and
BELL, 1987), and strong geographic isolation (ELDRIDGE, 1998).

One noticeable observation in this study is the relatively
large variation between clones on fecundity. In fact, variation
in adult fecundity between the eight founder clones was larger
than the effect of inbreeding levels. This may indicate other
reproductive studies involving different clones at different
inbreeding levels may confound inbreeding effects with clone
effects.

The higher mortality in S; and S, relative to S; population
might have reduced estimates of inbreeding depression on
adult reproductive ability. This is because more trees in S, and
S, populations died at age 18 year. It was observed that at age
13 year, 7 and 11% more trees died in S, and S, relative to S,
and at age 18 year, 10 and 16% more trees died in S, and S,
relative to S. Most trees that died were small, suppressed, and
unlikely to be able to reproduce. Whether this was due to sup-
pression or other genetic causes is not known. The differential



competition levels in S, S; and S, populations may also affect
estimates of inbreeding depression. This is because, there is
more competition in S; population relative to S, and S,, due to
a higher survival rate in the S population. More severe compe-
tition in S, population may reduce the exposure of trees to
light, and correspondingly, may reduce the number of flowers.
Therefore differential competition levels in the adult inbreed-
ing trial may decrease estimates of inbreeding depression.

For tree breeders to adopt the inbreeding/crossbreeding
approach as an appropriate novel breeding strategy for
conifers, four potential questions must be addressed:

1. It must be feasible to derive superior inbred lines (trees)
from selfing.

2. There must be heterosis in crosses between these inbred
lines.

3. Inbreeding should not substantially delay reproductive
age or reproductive ability.

4. Early selection among inbreds must be effective in order to
select superior inbred lines as quickly as possible.

We have observed that inbreeding depression in growth
vigour (DBH, height) is the lowest in radiata pine relative to
other conifers and that it is possible to obtain superior inbred
trees (lines) from selfing (WU et al, 1998a). It was also
observed that there is more segregation in the S, and S, than
in the sib-mated inbred and the out-crossed populations, and
that the largest trees in the trial (including the out-crossed
population) were among the S,. In addition, it was observed
that early selection among inbred lines is more effective than
out-crossed population (MATHESON et al., 2002). In this and pre-
vious (PAwWSEY, 1964) studies, it has been observed that
inbreeding depression of fecundity in radiata pine was not
severe. Based on these observations, it seems that inbreeding/
crossbreeding approach would be an attractive alternative
breeding strategy in radiata pine breeding program.
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Buchbesprechungen

Erlebnis Hardtwald. Der Traum in Griin. Von PATRICIA
BLum (Hrsg.). 2004. G. Braun Buchverlag, Karlsruhe und Lein-
felden-Echterdingen. ISBN 3-7650-8272-4. 144 Seiten mit 135
Abbildungen und 5 Karten. Gebunden 19,80 EUR (D) / 34,90
SFr.

Der Hardtwald erstreckt sich in der Rheinebene zwischen
Rastatt und Graben-Neudorf bei Bruchsal. Als hofisches Jagd-
gebiet konzipiert, wurden noch vor der Stadtgrindung von
Karlsruhe fiir sternformig ausgerichtete Wege Schneisen in
den Wald gelegt. Diese Achsen prigen bis heute das Bild der
Stadt und des Hardtwaldes. 24 fachkundige Autoren — u. a. von
dem Forschungszentrum Karlsruhe, der Universitdt Karls-
ruhe, dem Naturkundemuseum in Karlsruhe, der Berufsakade-
mie Karlsruhe, dem Forstamt und der Bezirksstelle fiir Natur-
schutz und Landschaftspflege — beschreiben den Hardtwald
von unterschiedlichen Seiten.

Kultur und Geschichte: Der Leser wird in die Geschichte und
gegenwirtige Entwicklung des Hardtwaldes eingefiihrt. Flur-
namen sowie historische Stédtten werden erldutert und die
Rasse des vielseitigen Hardtpferdes vorgestellt. Natur: Binnen-
diinen und Flugsandfelder prigen den Karlsruher Hardt, der
neben der Hockenheimer Hardt einzigartig in Baden-Wiirttem-
berg ist. Sie sind Zeugen der Erdgeschichte und wertvolle
Lebensrdume fiir eine eigene Pflanzen- und Tierwelt, die dem
Leser an mehreren Beispielen (z. B. Kiefernmistel, GrofBler
Eichenbock, Ziegenmelker, Gottesanbeterin) nahe gebracht
wird. Der Leser erfihrt auch einiges tiber Trinkwassergewin-
nung und die besondere Funktion des Waldes, die er hierbei als
Filter einnimmt. Wissenschaft und Forschung: In dem dreitei-
ligen Abschnitt werden die Korpersprache der Bdume, die
Bedeutung des Waldes fiir das Klima und die Geologie vorge-
stellt. Kunst und Holz: Bizarre Baumformen regen seit jeher
die menschliche Phantasie an. Anhand der Majolika-Manufak-
tur sowie diverser Kunsthandwerke wird dargestellt, wie im
Hardtwald Natur und Kunst vernetzt sind. Verwertung: Der
Wald — nach dem Grundsatz der Nachhaltigkeit bewirtschaftet
— steht als Quelle des nachwachsenden Rohstoffs Holz in die-
sem Abschnitt im Vordergrund. Dabei wird besonders auf wert-
volle Furniere eingegangen. Licht, Nebel und Schatten ver-
leihen dem Wald etwas Mystisches, daher fehlen Kapitel zu
Sagen und Geschichten sowie Mystisches und Magisches nicht.
Besonders hervorgehoben werden die Zusammenhénge geome-
trisch-geomantischer Strukturen im Raum Karlsruhe. Freizeit
und Freizeittipps: Als Naherholungsgebiet fiir Karlsruhe und
seine Umgebung ist der Hardtwald von unschétzbarem Wert.
Tourenvorschldge fiir Wanderer, Radfahrer und Inlineskater
laden zur Erkundung des Hardtwaldes in unterschiedlichem
Tempo ein. Die Hardt und mehr: Im letzten Abschnitt wird
dem Leser verstdndlich dargestellte Statistik, u.a. zur Ent-
wicklung der Baumartenteile, geboten, und bei einem Blick
iiber den Tellerrand werden noch die Namensvettern des
Hardtwaldes erwéhnt. Kulinarisches ist wiederholt in den Text
eingesprengt, z.B. Wildrezepte, die einem das Wasser im
Munde zusammenlaufen lassen.

Die Herausgeberin hat mit diesem Band ,eine Heimatkunde
der besonderen ART“ vorgelegt. Fachlich prizise, verstéindlich
geschrieben und mit zahlreichen Farbbildern illustriert, ist der
Band eine gelungene Biographie, die einléddt, sich vom Zauber
dieses Stiickchens Natur einfangen zu lassen.

Title: "Experience Hardtwald. A dream in green”.

M. LiesEBACH (Wien)

Biologische Invasionen: Neophyten und Neozoen in
Mitteleuropa. Von I. KOowARIK. 2003. Verlag E. Ulmer, Stutt-
gart. ISBN 3-8001-3924-3. 380 Seiten mit 73 Abbildungen und
76 Tabellen. Gebunden 69,90 EUR(D)/71,90 EUR(A)/116,— SFr.

Anderungen des Verbreitungsgebietes von Pflanzen und Tie-
ren gehéren zu den natiirlichen Prozessen der Evolution. Als
biologische Invasionen definiert der Autor, der Okosystemkun-
de und Pflanzeniékologie an der TU Berlin lehrt, die durch
menschliche Aktivitdten erméglichte Ausbreitung von Pflan-
zen, Tieren und Mikroorganismen in Gebiete, die sie natiir-
licherweise zuvor nicht erreicht haben. Die vom Menschen aus-
gelosten Invasionen tibertreffen das Ausmall, die Reichweite,
die Geschwindigkeit und die Auswirkungen natiirlicher Areal-
erweiterungen von Arten. Daher haben biologische Invasionen
weitreichende 6kologische und evolutionére, aber auch 6kono-
mische und soziale Konsequenzen und gelten weltweit als
wesentlicher Gefahrdungsfaktor fir die Biodiversitét.

Das vorliegende Buch behandelt die eingeschleppten oder
bewusst eingefithrten Pflanzen- und Tierarten in mittel-
européische Lebensrdume. Nach Begriffserkldrungen fiihrt der
Autor in biologische Invasionen weltweit ein. In den folgenden
Kapiteln wird der Einfluss des Menschen auf diese Phénomene
dargestellt. Es folgt eine umfassende Ubersicht iiber Neo-
phyten mit aktuellem Kenntnisstand zur Herkunft und Ein-
fithrung der jeweiligen Arten, ihren aktuellen Vorkommen,
ihren Erfolgsmerkmalen sowie den von ihnen verursachten
Problemen. Neben zahlreichen Arten, die in der Gartenkultur
oder der Landwirtschaft Einzug gehalten haben, wird auch auf
forstlich relevante Arten (z. B. Pseudotsuga menziesii, Pinus
strobus, Quercus rubra, Prunus serotina, Robinia pseudo-
acacia) eingegangen. Im Anschluss wird dargestellt, wie
nichteinheimische Pflanzen die Tierwelt iiber das Angebot an
Nahrung und Habitatelementen beeinflussen. Ein kleines
Kapitel widmet der Autor den Neomyceten, die zu den wirt-
schaftlich bedeutenden Parasiten in Landwirtschaft und Gar-
tenbau gehoren. Ein Beitrag von P. BOYE, in welchem Neozoen
nach Artengruppen vorgestellt und Handlungsperspektiven
aufgezeigt werden, erginzt dieses Werk, das seinen Schwer-
punkt bei den Pflanzen hat.

Der Band grenzt sich durch eine objektive Wertung der 6ko-
logischen und okonomischen Auswirkungen gegen die hiufig
sehr emotional gefiihrte Diskussion um den meist tibertrieben
eingeschitzten Einfluss fremder Floren- und Faunenelemente
ab. Dies kommt auch in der vorldufigen Synthese iiber die
Ursachen und Folgen der Ausbreitung neuer Arten zum Aus-
druck. Ein dulerst umfangreiches Literaturverzeichnis (47 Sei-
ten), das die Literatur bis 2002 beriicksichtigt, und ein aus-
fithrliches Sachregister runden das Werk ab. Insgesamt bietet
das Buch sehr wertvolle Informationen, die in derartigem
Umfang und solcher Ausfiihrlichkeit bisher nicht zur Verfi-
gung standen.

Title: "Biological invasions: Neophyts and neozoans in Cen-
tral Europe®.

M. LiESEBACH (Wien)
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