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Abstract

- Key message Advanced hybridization between first-generation interspecific hybrids is an attractive alternative to breed
and mass-produce hybrid seed lots. Nevertheless it faces two major drawbacks, namely hybrid depression and inbreeding
depression. Their impact may be highly detrimental on some traits (seed yield) especially for the highest level of consan-
guinity, but much less on some others (seed quality and early growth) as shown in this study for hybrid larch (Larix x
eurolepis).

« Context Mass-production of 1st-generation larch hybrids (Larix x eurolepis) in interspecific hybridization orchards is prob-
lematic. Alternatives are searched such as advanced-generation orchards combining 1st-generation hybrid clones.

+ Aims Our aim was to investigate how important hybrid and inbreeding depressions can be in 2nd-generation hybrids with a
special focus on reproductive success (and early growth) and their consequences on the success of advanced-generation hybrid-
ization seed orchards.

+ Methods Second-generation hybrids were created by control crosses among 18 1st-generation (F;) hybrid clones with 3
different levels of relatedness (OC (outcrossed), HS (half-sib) and FS (full-sib)). Seed yield and quality and growth in nursery
were assessed for the 3 groups and compared with related F; crosses. Hybrid breakdown and inbreeding depression were then
estimated.

« Results F| hybrids are fertile and mating among them is feasible. Nevertheless hybrid depression is observed when passing to
2nd-generation hybrids for crossing success rate (—20%) and for seed yield (> 50% less filled seed/cone). Hybrid depression is
reinforced by inbreeding and more severely with increasing consanguinity levels: negligible for HS, a supplementary drop of
over 50% of seed yield is observed for FS. In contrast, seed quality traits as well as first-year growth are little impacted by both
hybrid and inbreeding depressions. Nevertheless a great variation in inbreeding depression level exists among mother clones.
Overall, total depression overpasses 70% for the FS parent group but is limited to less than 34% for OC parents for a synthetic
trait (number of germinated seed/cone) and remains negligible for growth.

+ Conclusion Advanced hybridization is possible with larch but with a more or less severe impact on reproductive success
depending on level of relatedness among the parents. Growth seems much less impacted than reproduction and this is a promising
result. The proper choice of 1st-generation parents is unavoidable for success of 2nd-generation seed orchards.

Keywords Interspecific hybridization - Hybrid breakdown - Inbreeding - Reproduction - Seed - Height

1 Introduction

Handling Editor: Ricardo Alia

Interspecific hybridization proves to be a powerful breeding
strategy for several forest tree species (Dungey 2001; Potts
and Dungey 2004): it allows catching heterosis and combin-
ing complementary traits between two different gene pools.
Interspecific hybrids (HL) between European (Larix decidua
Mill.; EL) and Japanese (Larix kaempferi (Lamb.) Carr.; JL)
! INRA Unité BioForA, Centre Val de Loire 45160 Ardon, France larches in particular show a great potential in terms of growth,

INRA 2 springer

SCIENCE & IMPACT

Contribution of the co-authors The author planned the experimentation,
analysed the data sets and wrote down the manuscript.

P4 Luc E. Paques
luc.paques @inra.fr



http://crossmark.crossref.org/dialog/?doi=10.1007/s13595-019-0853-8&domain=pdf
http://orcid.org/0000-0002-8912-7221
mailto:luc.paques@inra.fr

69 Page 2 of 10

Annals of Forest Science (2019) 76: 69

adaptation and wood properties when compared with their
parental species (Paques et al. 2013; Marchal et al. 2017). It
is increasingly used in reforestation, especially in lowland
France and Western Europe. However, whereas hybridization
orchards have been established in many European countries
for several decades, seed production and trade remain limited
impeding deployment of this promising species.

First-generation hybridization clonal orchards of larch suf-
fer in fact from two main drawbacks: on one side, compared
with other Pinaceae, seed yield in larch is known to be natu-
rally low with many empty seeds. It is reinforced in hybridi-
zation orchards where some mismatching in flowering phe-
nology between European and Japanese larch parents is fre-
quent. Besides frost damages to flowers and young cones, pre-
and/or post-zygotic abortions are also frequent as demonstrat-
ed by Hall and Brown (1977) and Kosinski (1986). At matu-
rity, these seeds distinguished from filled seed by a
degenerated but more usually absent endosperm and embryo.
On the other side, the structure itself of hybridization orchards
where one to several parents of each species are intermixed, in
addition to mismatching of phenology, leads to hypothetical
hybrid seed percentage. As shown previously (Philippe et al.
2016), it highly varies from orchard to orchard and from year
to year, ranging from less than 20% to up to 70-80%. As a
remedy, the option in France was to separate species parents
into 2 orchards: one (the Japanese larch: several clones) to
collect pollen and the other (the European larch: one clone)
where supplemental pollination is applied. The advantage of
close to 100% hybrid percentage seed lots obtained by this
way is however nearly wiped off by the extra cost of supple-
mental pollination.

Alternative approaches for mass propagation of hybrids
are thus attempted. Besides the vegetative approach (‘bulk’
propagation by cutting (Verger and Paques 1993) and so-
matic embryogenesis (Lelu-Walter et al. 2013)), generative
propagation through 2nd-generation hybridization or-
chards looks attractive: a way already attempted by
Nikles (1984) for sub-tropical pines in Australia. These
seed orchards are composed of 1st-generation hybrid
clones, which firstly proved to be fertile and secondly,
which should hopefully reproduce as in classical monospe-
cific orchards through open pollination and under the hy-
pothesis of panmixia. Due to the large number of clones
(several dozens), mismatching of phenology among clones
should not be worse than in classical orchards, and all seed
produced in this way should be hybrid and cheap. In addi-
tion, some old and preliminary experimental clues (Dietze
1974) indicated that 2nd-generation hybrids obtained from
non-related or half-sib hybrid larch parents compete well
with 1st-generation hybrids for vigour. This context has
thereby encouraged some breeders in Western Europe to
establish the first 2nd-generation larch hybridization or-
chards (Nanson 2004).
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Nevertheless, advanced interspecific hybridization raises at
least two main concerns linked on one side to hybrid break-
down and on the other side to inbreeding depression. The first
phenomenon measures the decrease of fitness (e.g. fertility,
viability) of advanced-generation hybrids relative to F1°s
(Avise 1994) and results from segregation and recombination
in a highly heterozygous hybrid population. Few but contrast-
ing results exist in the forestry literature (see Kain 2003 for a
review) with strong hybrid breakdown observed in outcrossed
F, poplar hybrids (Stettler et al. 1988) but with no or little
hybrid breakdown in pines (Hyun 1974; Kain 2003) in rela-
tion to the degree of dominance exhibited by alleles: strong for
poplars, weak for pines.

The proper choice of the parental F; hybrid clones when
establishing these orchards is also an issue. Indeed, when the
first orchard of this type was established in Belgium, clones
were mass-selected at nursery stage in open-pollinated prog-
enies from a single 1st-generation hybridization orchard.
Question about the impact of possible relatedness among hy-
brid clones on reproductive success first and then on growth
performances is therefore raised. The impact of inbreeding has
been studied by many authors on several coniferous species
and for several traits (e.g. survival, growth, stem form, pest
and disease resistance, wood density): while inbreeding de-
pression is consistently shown to increase with levels of con-
sanguinity, its intensity varies from species to species, from
trait to trait and for a given trait from year to year. However,
much less results are available on inbreeding effect on repro-
ductive traits in trees—except in the case of selfing (Orr-
Ewing 1954; Sarvas 1962; Franklin 1970; Sorensen 1999)—
and particularly in the context of interspecific hybrids
(Appendix 1). The most studied trait is the percentage of full
seeds for which inbreeding depression is consistently shown
to be particularly strong for F levels > 0.5; for other levels, it
can be positive or negative but weaker and less consistently as
it varies from species to species (see for example Griffin and
Lindgren 1985).

A dedicated mating design among 1st-generation hybrid
larches was created by control crossing to study the level of
hybrid breakdown and the impact of different levels of in-
breeding on reproductive success and later on on growth per-
formances. The objective of this paper is to present results on
reproductive success up to germination and early growth in
the nursery and to discuss their implication in designing 2nd-
generation hybridization orchards in larch.

2 Material and methods
2.1 Mating plan

Controlled crosses among hybrid larch (Larix x eurolepis
Henry) trees were achieved in clonal archives at INRA
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(Orléans) from 1997 to 2001. In total, 18 Ist-generation hy-
brid clones selected from 6 full-sib hybrid progenies variously
related were involved in these crosses. They were crossed
following either factorial or diallel mating designs (Fig. 1),
so that 3 types of 2nd-generation hybrids could be obtained
showing different levels of inbreeding: outcrossed (OC; F =
0), half-sibs (HS; F=0.125) and full-sibs (FS; F=0.25).
Selfing was not attempted in this study because results from
previous experimentation showed the near-impossibility to get
selfed progenies. For some combinations, crossings had to be
repeated up to 4 times to get some filled seeds. In addition,
two lst-generation hybrid combinations (FO008 and F0010)
were reproduced together with 7 backcrossed progenies (BC),
using each of the 4 Japanese larch grandfathers and one of the
three European larch grandmothers.

Well before female receptivity, branches with female buds
were bagged together with a home-made heating system to
prevent frost damages; care was taken to remove all male
buds. Pollination with cold-stored pollen was realized with a
brush when female flowers started to be receptive: usually
pollination was repeated 2 to 3 times over time to cover the
variability of receptivity of female flowers along branches.
When the cones started to be formed and in absence of frost
risks, bags were removed and replaced by a light permeable
tissue bag to prevent animal damages (mostly squirrel) and
early release of seed especially during late summer.

2.2 Seed processing and nursery height measurement

Mature cones collected during falls were counted and left in a
storage room during several weeks to dry off. Seeds were then
manually extracted from cones, de-winged, cleaned and sorted
into sound and empty seeds with a seed blower and a gravi-
metric table. Sound and empty seeds were counted; then seed
lots were dried down to 6% RH and finally weighted.

Several parameters were then calculated: number of filled
seeds per cone, percentage of filled seed and P1000 and the
weight of 1000 seeds.

Finally, all seed lots were pre-treated before sowing by
soaking seed into running cold water for 24 h and then by a
3-week storage in wet peat into a cold room at 2 °C. Seed lots
were then sown in April 2001 in containers under a green-
house. One month later, young seedlings were counted to
estimate the percentage of germinated seeds. The few which
germinated from empty lots were then re-incorporated into the
calculation of seed traits.

At the end of the year, total height of seedlings was mea-
sured. Seedlings were then transplanted for one more year in
the nursery and re-measured for height at the end of the year.

2.3 Data analysis

Univariate two-way analyses of variance were conducted on
crossing groups and families nested within groups. The anal-
yses were performed in R Studio version 1.1.456 (R Core
Team 2014) using the linear model function /m. Means of F,
and F, inbreeding groups were calculated, and when F-test
was significant at least at level 0.05, they were compared with
a Tukey test.

Hybrid depression or hybrid breakdown was defined as
HD=1-F,oc / F; with F; being the mean performance of
Ist-generation hybrids and F,oc the mean performance of the
outcrossed group OC.

Inbreeding depression was calculated as ID = 1 — F»;/ F>oc
with Fy; and F,oc being, respectively, the mean performance
of inbreeding group i and of the outcrossed group OC; it has
been calculated at the mean inbreeding group level and at the
seed parent level.

Finally a total depression index was calculated as ((Fxoc —
F1) + (F5; — Faoc)) / F; which estimates the relative loss of

F0008 F0001 F0006 F0010 F0016 F0015
35(2) x3214(3) 35(2) x P(3)]35(2) x3212(3) 35(9) x3217(3) 103(9) x 3208(7) |108(2Q) x3212(3)
Fl}zﬁ;‘d 10069 10072 10077 10078 10081 10049 10059 10066 |10097 10098 10106 10110 10112|10141 10142 10144| 10132 10135
10069 FS FS X X HS HS HS HS HS HS X oC oC oC oC oC
10072 X FS FS HS HS HS HS HS HS oC ocC ocC ocC ocC
F0008| 10077 FS FS HS HS HS HS HS HS HS ocC ocC ocC ocC ocC
10078 FS . HS HS X HS HS oC oC oC oC oC
10081 HS HS HS HS HS HS OoC OoC OoC oC .
10097 FS FS FS FS ocC ocC ocC ocC ocC
10098 FS FS FS oC ocC oC ocC X
F0010| 10106 X X ocC ocC ocC
10110 FS oC oC oC X
10112 OoC OoC OC OC .
10141 FS FS ocC ocC
F0016| 10142 x x
10144 ocC
10132
F0015 10135

Fig. 1 Mating designs used to generate the 3 types of 2nd-generation
hybrid sibs between OC (outcrossed), HS (half-sib), and FS (full-sib) F,
hybrid clones. x means crosses attempted but unsuccessful. These clones

belong to 6 different interspecific F; hybrid families (F00..) involving 3
European larch clones as female parents and 5 Japanese larch clones as
male parents.
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performance due to the use of inbred 2nd-generation hybrids
compared with 1st-generation hybrids.

Data availability The datasets generated and/or analysed dur-
ing the current study are available in the Portail Data INRA
repository (Paques 2019), at https://doi.org/10.15454/
AMNDTO.

3 Results
3.1 Crossing success

Out of the 114 potential combinations (annotated cells in
Fig.1), 102 were attempted through 180 crosses. Out of these,
143 were considered successful in the sense that they pro-
duced at least one filled seed/cone. Nevertheless, a great var-
iation was observed among inbreeding groups with crossing
failure rates ranging from 20.8% in OC up to 35.7% in FS. In
comparison, F; crosses were 100% successful and 25% of BC
crosses failed (Fig.2).

3.2 Average seed yield and quality per inbreeding
group

The initial potential for seed production as reflected by the
total number of seeds per cone was not significantly different
among groups (Table 1). Around 71 seeds/cone can be pro-
duced but only 5 full seeds per cone can be expected on av-
erage. Nevertheless, the groups significantly differed from
each other (#=10.079, p <0.0001), with OC showing the
largest number of full seeds (5.5) and FS, the lowest (2.1).
In comparison, the number of filled seeds/cone reached 13.1
for Fy. For percentage of filled seeds, large differences exist
also among groups (F=10.120, p <0.0001) with values ex-
tending from 3.7% (FS) up to 8.5% (OC). It reached at most
18% for F.

100% 7 =
o, 4
= 80% ®m11a15
S B6410
Py 70% A o1as
@ m<1
I o, 4
g 60%
5 50% |
2
17}
8 40%
o
7|
3 30%] 5
20% 1 25.0 208
10% 13.6
0% 0.0
b T T T T

F1 BC ocC HS FS

Fig. 2 Percentage of successful crosses per inbreeding groups according
to number of filled seeds/cone. Figures correspond to crossing failure
percentages. See Table 1 for abbreviations
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In terms of seed quality, no significant differences among
seed lots could be observed (F'=1.608, p=0.191) for 1000
seed weight (P1000) and for percentage of germination (¥ =
1.397, p=0.243).

Altogether, the yield of germinated seeds/cone ranged from
1.3 for FS to 4.3 for F; with OC (3.0) and HS (2.8) being
intermediate.

Variability among families within groups can be observed
for two traits in Fig. 3. It decreased with increasing levels of
consanguinity.

3.3 Nursery height growth

First- and second-year height growth in the nursery is provid-
ed in Table 2. Significant differences among groups and fam-
ilies within groups are found for both traits. Growth of the OC
group did not statistically differ from F;. FS is shown to be the
less vigorous group and significantly differed from the others.
However its relative difference with OC decreased over time
(from 19.3 down to 8.8%).

3.4 Inbreeding depression and total depression

Hybrid depression was estimated as well as inbreeding depres-
sion for the 2 levels of inbreeding (#'=0.125 and 0.25) in the
F, hybrid families (Table 3).

Traits in 2nd-generation hybrids (OC) showed a strong
hybrid depression (>0.34) with two major exceptions: one
for total height which is close to 0 and one for germination
with higher values for OC than for F;.

For all traits except germination percentage, inbreeding
depression increased with levels of inbreeding. It more than
doubled between HS and FS groups. It also varied among
traits with the lowest values for the percentage of germination.

A great variation in inbreeding depression is seen among
mothers involved in the 3 inbreeding level crosses (Table 4).
For example clones 10072 and 10081 showed strong effects in
contrast for example to clones 10078 and 10110.

Total depression, cumulating hybrid and inbreeding de-
pressions, is represented in Fig. 4. Except for germination
percentage, it was strong for all other seed traits for all groups
(> 0.34) but especially for the FS group (>0.7). It was much
more reduced for growth traits (HT1, not shown, and HT2)
with the highest value reached by FS (0.13).

4 Discussion
4.1 Seed yield in larch
In this study, seed yield—number of filled seeds/cone and

percentage of full seed—is overall low as it did not exceed
13 seeds/cone and no more than 18% of full seed for the best
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Table 1

Mean values (and standard errors) of the seed traits for the 4 groups (2nd-generation hybrid progenies from outcrossed (OC), half-sib (HS),

and full-sib (FS) parents and 1st-generation hybrid progenies (F;)). Means with the same letter do not differ significantly (Tukey test, p =0.05)

Total no. of seeds/cone No. of filled seeds/cone Percentage of filled seeds P1000 (mg) Germination percentage (%)
Mean (SE) Mean (SE) Mean (SE) Mean (SE)  Mean (SE)

F, 87.1a 13.5 13.1¢ 2.0 18.0¢ 32 722.1a 503 432 a 9.2

OC 723a 43 55b 0.6 85b 1.0 664.6a 176 64.0a 29

HS 694a 5.5 4.6 ab 0.8 9.0 be 1.3 6739a 228 594 a 3.7

FS 69.8 a 5.9 2.1a 0.9 37a 1.4 7348a 279 66.5a 4.0

treatment (F;). Compared with most other Pinaceae species,
larch is actually characterized by a low reproductive success
(Stoehr 2000; Colas et al. 2008). On one side, whereas male
strobili are produced each year, female flowering is highly
erratic and greatly varies from year to year; on the other side,
as the results of this study showed, seed potential is high and
comparable with other Pinaceae species but seed yield re-
mains overall weak.

Frost damages of reproductive organs which are regularly
met in our environmental conditions by this early reproducing
species (late winter-very early spring) are certainly one major

Nber of filled seed/cone

10
I

Fs HS oc

100
I

Percentage germination

o 4 [

T T T
FS HS oc

Fig. 3 Boxplot of mean family performances within groups for number
of filled seeds/cone (top) and percentage of germination (bottom). See
Table 1 for abbreviations

cause of failure in nature. Besides that, pre- and post-zygotic
abortion due to several causes (e.g. lack of pollination, low
pollen viability, self-inviability) (Hall and Brown 1977;
Kosinski 1987; Owens 2008) is frequent in larch and leads
to significant proportions of empty seeds and seeds with
degenerated endosperm and/or embryo. For example
Kosinski (1987) reported percentages of empty seeds as high
as 62-89% in European larch. For the same species,
Sloobodnik and Guttenberger (2005) estimated that 61% of
fertilized ovules did not have a viable embryo after open pol-
lination. Owens (2008) observed average proportions of emp-
ty seeds around 60 and 56% from lots of western larch, re-
spectively, collected in natural stands and in one seed orchard.
However for the same species, Stoehr (2000) reported an av-
erage percentage of full seed/cone of 22% (10-34%) for seed
lots collected in seed stands and Shearer (1990) found an even
lower average rate of 14%.

In this study, female flowers isolated in paper bags without
male strobili were protected against frost thanks to individual
heating systems directly placed into the bags. Although fresh
pollen was not available, the pollen lots used in this study
were systematically checked by a conductivity test to assess
their viability: in larch, pollen germination in vitro is feasible
but hardly obtained (Dumont-BeBoux et al. 2000), and indi-
rect methodologies to assess ‘viability’ such as conductivity
test proved to be a good predictor (Bonnet-Masimbert et al.
1998). In addition, pollination was hand-made and repeated
2-3 times to cover the variability of female flower receptivity
in a bag. All these cautions should have a priori reduced the

Table2 Mean values (and standard errors) of the groups for total height
(TH) atages 1 and 2. Means with the same letter do not differ significantly
(Tukey test, p=0.05) (see Table 1 for group abbreviations)

THI (cm) TH2 (cm)

Mean (SE) Mean (SE)
F, 21.4 be 0.7 825¢ 1.5
oC 212 ¢ 0.2 78.7 ¢ 0.5
HS 19.8b 0.3 76.1 b 0.6
FS 17.1a 04 71.8 a 0.8
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Table 3 Hybrid breakdown

(HD=1-Fyoc/ F,) and No. of filled Percentage of Germination Germinated Total height
inbreeding depression (ID =11 — seeds/cone filled seeds percentage seeds/cone (2 years old)
F»; / Faoc) (see Table 1 for group ' .
abbreviations) Hybrid depression

OoC  0.598 0.550 —0.595 0.342 0.048

Inbreeding depression
HS 0.176 —0.022 0.059 0.073 0.032
FS  0.607 0.552 —0.036 0.553 0.093

negative impact of low temperature on flower development
and fertilization, avoided self-pollination negative effects and
enhanced pollination success.

The low seed yield reported in this study may question
about a possible negative impact of interspecific crossings.
Indeed, Hall and Brown (1977) for example found a much
lower full seed set/cone in ELxJL controlled crosses than
in ELXEL and JLxJL. Nevertheless, this is contradictory
with results we obtained on previous large-scale crossing
experiments: firstly in a diallel mating design combining 9
European and 9 Japanese larches in intra- and interspecific
crosses, the percentage of filled seeds for interspecific
crosses reached on average 11.9% and was even higher
than for intraspecific crosses (8.6 and 6.5%, respectively,
for EL and JL). The number of full seed/cone was very
close (6.8 vs 5.2 and 6.3) (Paques 1995). Secondly, in the
same document, we also synthesized seed yield results
from 8 years of bi-parental controlled crosses (800 intra-
and interspecific controlled crosses between 1987 and
1994): average percentages of filled seeds reached 8.0,
6.7 and 12.9%, respectively, for EL, JL, and HL (1st gen-
eration). So, the results of this study are coherent with
these figures for 1st-generation hybrids (F;) and do not
confirm a negative impact of interspecific hybridization
on seed yield.

4.2 Hybrid depression for seed traits and nursery
vigour in 2nd-generation hybrids

Hybrid depression or breakdown manifests in an advanced-
generation hybrid population relative to its ancestral F, hybrid
population as a reduced viability or fertility (Avise 1994) and
as a deterioration in mean population performance (Levin,
1978). It is supposed to be under multiple gene control, and
its effect would be stronger the more distant would be
intercrossed taxa (Levin, 1978). Compared with first-
generation hybrids (F;), the rate of crossing success for
outcrossed 2nd-generation hybrids (OC) was found to be re-
duced by about 20%; moreover these hybrids showed a strong
hybrid depression for seed yield traits. Nevertheless this was
not valid on one side for seed quality traits, namely for seed
weight and germination, and on the other side, 2nd-generation
hybrids (OC) grew nearly with the same vigour than F; (less
than 5% less) at least during the first 2 years in the nursery.
First-generation interspecific hybrids have been reported to
be fertile in several forest tree genera; however the reproduc-
tive success of outcrossed 1st-generation hybrids is basically
not documented in trees although we believe that some un-
published data exist among breeders interested in advanced
hybrid breeding. In Pinus rigida x Pinus taeda, old results
from Hyun (1974, 1976) indicated a lower conelet drop and

Table 4 Inbreeding depression

for seed traits for separate mother Mother clone  No. of filled seeds/ ~ Percentage of filled ~ Germination No. of germinated
clones cone seeds percentage seeds/cone
FS HS FS HS FS HS FS HS

10069 0.553 —0.021  0.506 —-0494 -0494 -0569 0387 —0.762
10072 0.997 - 0.998 - -1339 - 0.994 -
10077 0.365 —0.062 0243 -0.569  0.049 0.399 0.482 0.261
10078 -0430 —-1576 —-0.174 -0.029  0.004 —-0.161 —0.941 —2.845
10081 0.873 0.823 0.846 0.764 -0.691 —0294 0813 0.768
10097 0.684 —0.160  0.201 —-0.542  0.161 0.180 0.696 —0.044
10098 0.730 0.594 0.650 -0218  0.090 0.155 0.755 0.665
10106 0.359 —1.880  0.466 -1.119  -0323 0507 0.319 —0.472
10110 0.286 0.166 0.173 —-1.134 0407 0.331 0.391 0.1454
10112 0.641 0.502 0.761 0.500 —0208 —0.551  0.541 0.137
10141 0.805 - 0.751 - -0.162 - 0.797 -
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BFS
-1.000 -
No. of filled Percentage Germination No. of Height
seeds/cone  offilled percentage germinated (age 2)
seeds seeds/cone

Fig. 4 Total depression ((Faoc — F1) + (F2i— Faoc)) / F1) estimated for
the 3 inbreeding groups. See Table 1 for abbreviations

a higher fertile seed percentage in F; than in F; crosses, which
is obviously not the case in our study.

Growth performance of 2nd-generation outcrossed hybrids
is better documented. Overall it seems that in conifers, hybrid
breakdown is weak or moderate when compared with broad-
leaves. In the most comprehensive study of interspecific
breeding in trees with Pinus elliottii var. elliottii x Pinus
caribaea var. hondurensis in Queensland, outcrossed F, hy-
brids showed no or little differences with F1°s for growth traits
up to age 12, which was interpreted as an absence of hybrid
breakdown (Kain 2003). In larch, several crosses between
unrelated first-generation hybrids of European x Japanese
larch had on average a slightly better height growth (9%) than
a commercial F; hybrid used as reference (Dietze 1974).
Nevertheless, F,’s derived from Pinus rigida x Pinus taeda
showed some heavier depression varying with sites from —
0.01 to — 8.4% (Hyun 1976). By contrast, hybrid breakdown
is much more severe in broadleaves such as Eucalypts (Potts
et al. 2003) and Poplars (Stettler et al. 1988): outcrossed F,’s
(but also F;’s) may indeed exhibit poorer (or intermediate)
performance than parental crosses.

4.3 Inbreeding depression

Seed yield in HS-F, hybrids was only slightly reduced (but not
significantly) compared with outcrossed F, hybrids (ID <
0.18) but higher level of inbreeding (FS) induced on average
a strong depression (ID > 0.55). In contrast, inbreeding has no
significant influence on seed quality traits: no significant dif-
ferences were observed between HS and FS and OC hybrids.
Several authors have well documented the linear decrease in
filled seed yield with increased levels of inbreeding: neverthe-
less, ID varies much according to the species: for example for
percentage of filled seeds, ID ranged from —0.37 (for Picea
abies, Anderson et al. 2010) to 0.30 (for Pinus patula,
Williams et al. 1999) for F'=0.125 and from 0.03 (on Pinus
radiata, Griffin and Lindgren 1985) to 0.48 (on Pinus elliottii,

Squillace and Kraus 1963) for F=0.25 and from 0.21 (for
Pinus pinaster, Durel et al. 1996) to 0.81 (for Pinus patula,
Williams et al. 1999) for F'=0.5. Compared with that of other
Pinaceae, inbreeding depression of larch seems thus to be
beyond the higher extremes reported in the literature for a still
weak level of inbreeding (F'= 0.25). A higher level of inbreed-
ing such as selfing is highly detrimental in larch: successful
selfing in European and Japanese larches is known to be pos-
sible but is extremely rare with levels of full seed percentages
(0.3-0.7%, Paques 1995) and seed conversion into seedlings
(EL 0.7-1.9% (Dieckert 1964); 4.3% (calculated from Dietze
1974)) never observed in other Pinaceae.

Pinaceae are known to have high numbers of lethal equiv-
alents (Williams and Savolainen 1996) but larch (in fact Larix
laricina) has been shown to be one of the species with the
largest estimate with 10.8 lethal equivalents (Park and Fowler,
1982, in Williams and Savolainen 1996). In Paques (1995),
we estimated this number as 11.4 for European larch and 13.4
for Japanese larch. This heavy genetic load in larch explains
its rather low reproductive success.

Inbreeding appeared to be less detrimental on seed quality
traits than on seed yield. This result is consistent with that of
Durel et al. (1996): they observed no significant differences
for seed weight among inbreeding groups (£'=0 to 0.75) in
maritime pine. As well, Woods and Heaman (1989) found in
Douglas fir a much weaker relationship between seed weight
and F (+*=0.19) than between full seeds/cone and F (% =
0.35). In European larch, Dieckert (1964) observed no differ-
ences in seed weight between full seed lots after self-
pollination and outcrossing. Weight of full seeds (P1000) is
highly dependent on the mother clones. Once the majority of
aborted seeds (empty seeds) have been removed during the
sorting process, germination rate mostly depends on seed re-
serve contained in the endosperm, a maternal tissue in coni-
fers, if we assume that dormancy has been properly and
similarly released in all inbreeding groups. Park and Fowler
(1982) noted as well the lower impact of selfing on germina-
tion than on percent full seed.

Nevertheless, contrasted inbreeding depression levels were
observed for both seed yield and seed quality traits within
inbreeding groups according to the mother clones and specific
combinations. Several authors (e.g. Durel et al. 1996; Woods
and Heaman 1989; Wu et al. 1998; Ford et al. 2015) also
found strong family/founder effects within inbreeding groups.

Levels of inbreeding depression were on average low for
height growth including for FS hybrids (ID =0.09). They
were in the range of Dietze (1974)’s findings for hybrid larch:
from his study, we estimated inbreeding depression at 0.027,
0.123 and 0.208, respectively, for F'=0.125, 0.25 and 0.5. Up
to F'levels lower or equal to 0.25, Durel et al. (1996) found no
significant differences for height growth between 1 and
11 years in maritime pine (inbreeding depression less than
5%); but depression became severe beyond that level. In
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Douglas fir, inbreeding depression for height increased with
inbreeding levels and with age but seemed to level off after
5 years of age at around 7% for F'=0.125 and 10-11% for F =
0.25 (Stoehr et al. 2015). In white spruce, Doerksen et al.
(2014) estimated a decrease in height growth at age 15 of
around 6% for every 0.1 increase in the inbreeding level.

Compared with growth, seed traits are usually more affect-
ed by inbreeding as shown in this study. It is a common find-
ing that traits more closely related to fitness are more suscep-
tible to inbreeding (e.g. Durel et al. 1996, Sorensen 1999)
even though some evidence of opposite results exists in some
species (Sorensen 1999).

4.4 Use of second-generation interspecific hybrids:
overall depression

Mass-production of hybrid larch seeds in 2nd-generation hy-
bridization orchards is attractive to circumvent the many prob-
lems to successfully mass-produce seed lots with high hybrid
percentage in lst-generation hybridization orchards.
Mismatching in flowering phenology between male and fe-
male parental species clones (usually a few to increase levels
of hybrid vigour) decreases chances to produce hybrid seed
lots. Increasing the number of one or both parental clones to
enlarge the flowering phenology window may increase inter-
specific recombination success but usually reduces overall
hybrid vigour. Disconnection of parental species in separate
orchards and use of supplemental pollination (or controlled
crosses) allow high hybrid percentage (over 90-95%) but gen-
erate extra costs (Paques et al. 2013). Second-generation hy-
bridization orchards, composed of several dozens of selected
Ist-generation hybrid clones are expected to function as any
other coniferous seed orchards, relying on wind pollination.
This option is valid as long as firstly, reproductive success is
ensured and secondly, 2nd-generation hybrids still show su-
periority over parental species for growth traits.

The choice of proper parental F; hybrid clones with no or
low inbreeding levels has been shown to be crucial for estab-
lishment of 2nd-generation hybridization orchards. Up to in-
breeding levels of 0.125 (half-sibs), one can still expect
around 80-85% of successful crosses while it drops down to
65% in case full-sibs are used. The deleterious effect of ad-
vanced hybridization and inbreeding (total depression) has
been shown to be severe for seed yield without or with in-
breeding but use of full-sib parents would reduce seed yield by
as much as 70% (number of germinated seeds/cone). Use of
non-related (or half-sib) parents would cut nearly by two this
reduction. However, individual parents showed different reac-
tions to hybrid breakdown and to inbreeding, and a large var-
iability among them was observed too within inbreeding
groups; evaluation and selection of best parents would be thus
highly beneficial to increase seed production.
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More positively, our results showed an overall weak de-
pression relative to F; for seedling height (4.8-13.4%) but it
is still of interest to keep inbreeding at the lowest level, espe-
cially if one expects an increasing depression with age (Stoehr
et al. 2015).

Limitation of relatedness among reproducing clones in
any orchard is a general recommendation (Zobel and
Talbert 1984; Nanson 2004). Nevertheless, in advanced
hybridization of larch, we know of at least two situations
where potentially some inbred F; hybrid clones might
have been included in 2nd-generation hybridization seed
orchards. The first case is a commercial clonal orchard in
Belgium issued predominantly from mass selection of
top-100 best clones in F; hybrid progenies from an
open-pollinated hybridization orchard (Nanson 2004). At
that time, discriminating molecular markers were not
available for larch to investigate levels of relatedness
among selected clones. The second is a ‘pilot-scale’ or-
chard established in France in 1993: it is composed of
half-sib F; hybrid clones selected in progenies sharing a
common mother clone with an exceptional breeding value
for stem straightness. When the orchard was planned, this
option was privileged to benefit from a good stem form at
the expense of some expected loss in growth.

Although a slight reduction (around 11%) in the number of
living germs/kilogram was observed in F,’s commercial crops
from the Belgian orchard when compared with crops from a
nearby commercial F; seed orchard, it was largely compen-
sated by 3—4 times more abundant annual seed yield/ha (over
6 years) on average in the F, orchard. Moreover it solved the
recurrently low to moderate hybrid percentage (< 42%) regis-
tered in the F; orchard (Servais, pers. comm. 2017). So, at
least from a seed production operational point of view, F, seed
orchards—even with some consanguinity—Ilook as a success-
ful response to the major drawbacks encountered in commer-
cial F, seed orchards.

As an extension of these results, we can also conclude that
natural regeneration of first-generation hybrid plantations—
while biologically and technically feasible—is not recom-
mended for the same reasons mentioned above on top of an
actually low genetic diversity of the base material.
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Appendix. Effect of various levels
of inbreeding (F level) on reproductive
success in the forestry literature. OC crossing
between unrelated parents, HS
between half-sibs, FS between full-sibs, S7
selfing and S2 2 generations of selfing

Crossing oC HS FS S1 S2

F level 0 0.125 0.25 0.5 0.75
Woods and Heaman 1989  Douglas fir % cone abortion No relationship with F (% =0.007)
Woods and Heaman 1989  Douglas fir % Succ. crosses 100 94.3 90.0 100 100
Griffin and Lindgren 1985  Pinus radiata % filled seed 78.9 80.7 76.5 342 33.1
Durel et al. 1996 Pinus pinaster % filled seed 94.1a 89.7b  884bc 747bc 569c
Williams et al. 1999 Pinus patula % filled seed 43.9 30.7 27.6 8.4
Squillace and Kraus 1963 Pinus elliottii % filled seed 100 92 52 22
Saito et al. 1973 Pinus thunbergii % filled seed 100 87 74 66 59
Bingham 1973 P. monticola % filled seed 100 102 81 60 19
Anderson et al. 2010 Picea abies % filled seed 100 137 80 25 7
Griffin and Lindgren 1985  Overall mean of studies % filled seed 100 104 77 50 39
Woods and Heaman 1989  Douglas fir No. of filled seed/cone 31.6 21.3 16.7 4 0
Griffin and Lindgren 1985  Pinus radiata No. of seed/cone 77.5 100.1 106.1 84.7 101.4
Durel et al. 1996 Pinus pinaster No. seed/cone 142.5a 135.1a 1280a 1272a 85.1b
Williams et al. 1999 Pinus patula No. of seed/cone 17.7 8.3 10.3 34
Woods and Heaman 1989  Douglas fir Seed weight Weak negative relationship with F (72 = 0.19)
Durel et al. 1996 Pinus pinaster P100 554a 582a 572a 551a 5.09a
Wau et al. 2004 Pinus radiata % trees producing female flowers age 5 69.6 63.8 54 553 49.1
Wu et al. 2004 Pinus radiata No. of female flower/tree age 5 3.8 4.1 33 1.6 2.6
Durel et al. 1996 Pinus pinaster No. of cones/tree 062a 052a 040ab 029ab 0.07b

In italics, cited from Griffin and Lindgren (1985) and from Franklin (1970): in %OC. Values with the same letter do not differ significantly (for p = 0.05)

References

Anderson NO, Ascher PD, Widmer RE (2010) Lethal equivalents and
genetic load. In Janick J (ed) Plant breeding reviews pp 93-127

Avise JC (1994) Molecular markers, natural history and evolution.
Chapman and Hall, New York

Bingham RT (1973) Possibilities for improvement of western white pine
by inbreeding. USDA For Serv Res Pap INT-144

Bonnet-Masimbert M, Baldet P, Paques LE (1998) From flowering to
artificial pollination in larch for breeding and seed orchard produc-
tion. For Chron 74(2):195-202

Colas F, Perron M, Tousignant D, Parent C, Pelletier M, Lemay P (2008)
A novel approach for the operational production of hybrid larch
seeds under northern climatic conditions. For Chron 84(1):95-104

Dieckert H (1964) Einige Untersuchungen zur Selbststerilitit und Inzucht
bei Fichte und Larche. Silvae Genet 13:77-86

Dietze W (1974) Beurteilung von Ziichterischen Moglichkeiten zur
Verbesserung quantitativer und qualitativer eigenschaften bei
Europaischer Larche (Larix decidua Mill.). Diss. zur Erlangung
des Doktorgrades der Forstwissenschaftlichen Fakultit der
Ludwig-Maximilians-Universitit zu Miinchen

Doerksen TK, Bousquet J, Beaulieu J (2014) Inbreeding depression in
intra-provenance crosses driven by founder relatedness in white
spruce. Tree Genet Genomes 10(1):203-212

Dumont-BeBoux N, Bradley RA, Aderkas (von) P (2000) In vitro ger-
mination of western larch pollen. Can J For Res 30: 329-332

Dungey HS (2001) Pine hybrids - a review of their use performance and
genetics. For Ecol Manag 148:243-258

Durel CE, Bertin P, Kremer A (1996) Relationship between inbreeding
depression and inbreeding coefficient in maritime pine (Pinus
pinaster). Theor Appl Genet 92:347-356

Ford GA, McKeand SE, Jett JB, Isik F (2015) Effects of inbreeding on
growth and quality traits in loblolly pine. For Sci 61(3):579-585

Franklin EC (1970) Survey of mutant forms and inbreeding depression in
species of the family Pinaceae. USDA For Serv Res Pap SE:61

Griffin AR, Lindgren D (1985) Effect of inbreeding on production of
filled seed in Pinus radiata — experimental results and a model of
gene action. Theor Appl Genet 71(2):334-343

Hall JP, Brown IR (1977) Embryo development and yield of seed in
Larix. Silvae Genet 26(2-3):77-84

Hyun SK (1974) The possibility of F2 utilization of Pinus rigida x taeda.
Korean J Breeding 6(2):45-55

Hyun SK (1976) Inter-specific hybridization in pines with special refer-
ence to Pinus rigida x taeda. Silvae Genet 25:188—191

=INRA 2 springe

SCIENCE & IMPACT




69 Page 10 of 10

Annals of Forest Science (2019) 76: 69

Kain DP (2003) Genetic parameters and improvement strategies for the
Pinus elliottii var elliottii x Pinus caribaea var.hondurensis hybrid in
Queensland, Australia. PhD thesis Australian National University

Kosinski G (1986) Megagametogenesis, fertilization, and embryo devel-
opment in Larix decidua. Can J For Res 16:1301-1309

Kosinski G (1987) Empty seed production in European larch (Larix
decidua). For Ecol Manag 19:241-246

Lelu-Walter MA, Thompson D, Harvengt L, Sanchez L, Toribio M,
Paques LE (2013) Somatic embryogenesis in forestry with a focus
on Europe: state-of-the-art, benefits, challenges and future direction.
Tree Genet Genomes 9:883—-899. https://doi.org/10.1007/s11295-
013-0620-1

Levin DA (1978) The origin of isolating mechanisms in flowering plants.
Evol Biol 11:185-317

Marchal A, Munoz F, Millier F, Sanchez L, Paques LE (2017) Hybrid
larch heterosis : for which traits and under which genetic control ?
Tree Genet Genomes 13:92. https://doi.org/10.1007/s11295-017-
1177-1

Nanson A (2004) Génétique et amélioration des arbres forestiers. Les
Presses Agronomiques de Gembloux. Gembloux

Nikles DG (1984) Establishment and progeny testing of clonal seed or-
chards of Pinus elliottiixP. caribaea F; hybrids in Queensland. In
Barnes RD, Gibson GL (ed), Proceedings of Provenance and
Genetic Improvement Strategies in Tropical Forest Trees. Oxford
Forestry Institute, Oxford, pp 567-568

Owens JN (2008) The reproductive biology of western larch. FGC ex-
tension note 08

Orr-Ewing AL (1954) Inbreeding experiments with the Douglas fir. For
Chron 30:7-16

Paques LE (1995) Croisements controlés de méléze. Bilan des activités
1987-1994. INRA, AGPF, Doc.interne

Paques, LE (2019) “Impact of hybrid and consanguinity depression on
reproduction and early growth of second generation hybrid larch”.
V1. Portail data Inra. [Dataset]. https://doi.org/10.15454/
AMNDTO,

Paques LE, Foffova E, Heinze B, Lelu-Walter MA, Liesebach M,
Philippe G (2013) Larches (Larix sp.). Chapter 2. In Paques LE
(ed) Forest tree breeding in Europe. Current state-of-the-art and
perspectives pp 13-122. Managing Forest Ecosystems, 25.
Dordrecht, NLD: Springer. https://doi.org/10.1007/978-94-007-
6146-9 2

Philippe G, Buret C, Matz S, Paques LE (2016) Composition of hybrid
larch (Larix x eurolepis Henry) forest reproductive materials: how
much does hybrid percentage affect stand performance? New For
47:541-564

Park YS, Fowler DP (1982) Effects of inbreeding and genetic variances in
a natural population of tamarack (Larix laricina (Du Roi) K.Koch)
in eastern Canada. Silvae Genet 31(1):21-26

Potts BM, Barbour RC, Hingston AB, Vaillancourt RE (2003) Turner
review no 6: genetic pollution of native eucalypt gene pools: iden-
tifying the risks. Aust J Bot 51:1-25

Potts BM, Dungey HS (2004) Interspecific hybridization of Eucalyptus:
key issues for breeders and geneticists. New For 27:115-138

INRA

SCIENCE & IMPACT

@ Springer

R Core Team (2014) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria

Sarvas R (1962) Investigations of the flowering and seed crop of Pinus
sylvestris. Commun Inst For Fenn 53:1-198

Shearer RC (1990) Seed and pollen cone production in Larix
occidentalis. In Turnbull JW (ed), ACIAR Proc on Tropical Tree
seed research, series 28: pp 14-17

Sloobodnik B, Guttenberger H (2005) Zygotic embryogenesis and empty
seed formation in European larch (Larix decidua Mill.). Ann For Sci
62:129—-134. https://doi.org/10.1051/forest:2005004

Sorensen FC (1999) Relationship between self-fertility, allocation of
growth, and inbreeding depression in three coniferous species.
Evolution 53(2):417-425

Squillace AE, Kraus JF (1963) Effects of inbreeding on seed yield, ger-
mination, rate of germination, and seedling growth in Slash pine. In:
Proc For Gen Workshop. Southern For Tree Imp Committee, Macon
Ga, pp 59-63

Stettler RF, Fenn RC, Heilman PE, Stanton BJ (1988) Populus
trichocarpa x Populus deltoides hybrids for short rotation culture:
variation patterns and 4-year field performance. Can J For Res
18(6):745-753

Stoehr MU (2000) Seed production of western larch in seed-tree systems
in the southern interior of British Columbia. For Ecol Manag 130:7—
15

Stoehr MU, Ott P, Woods J (2015) Inbreeding in mid-rotation coastal
Douglas-fir: implications for breeding. Ann For Sci 72:195-204

Verger M, Paques LE (1993) Multiplication végétative du méléze hybride
(Larix x eurolepis Henry) par bouturage en vrac. Ann Sci For 50:
205-215

Williams CG, Barnes RD, Nyoka I (1999) Embryonic genetic load for a
neotropical conifer, Pinus patula Schiede et Deppe. J Hered 90(3):
394-398

Williams CG, Savolainen O (1996) Inbreeding depression in conifers:
implications for breeding strategy. For Sci 42(1):102-117

Woods JH, Heaman JC (1989) Effect of different inbreeding levels on
filled seed production in Douglas-fir. Can J For Res 19:54-59

Wu HX, Matheson AC, Spencer D (1998) Inbreeding in Pinus radiata. 1.
The effect of inbreeding on growth, survival and variance. Theor
Appl Genet 97:1256-1268

Wu HX, Owen JV, Abarquez A, Matheson AC (2004) Inbreeding in
Pinus radiata - V. The effects of inbreeding on fecundity. Silvae
Genet 53(2):80-87. https://doi.org/10.1515/sg-2004-0015

Zobel BJ, Talbert JT (1984) Applied forest tree improvement. J Wiley &
Sons, New York

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1007/s11295-013-0620-1
https://doi.org/10.1007/s11295-013-0620-1
https://doi.org/10.1007/s11295-017-1177-1
https://doi.org/10.1007/s11295-017-1177-1
https://doi.org/10.15454/AMNDTO
https://doi.org/10.15454/AMNDTO
https://doi.org/10.1007/978-94-007-6146-9_2
https://doi.org/10.1007/978-94-007-6146-9_2
https://doi.org/10.1051/forest:2005004
https://doi.org/10.1515/sg-2004-0015

	Hybrid...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Mating plan
	Seed processing and nursery height measurement
	Data analysis

	Results
	Crossing success
	Average seed yield and quality per inbreeding group
	Nursery height growth
	Inbreeding depression and total depression

	Discussion
	Seed yield in larch
	Hybrid depression for seed traits and nursery vigour in 2nd-generation hybrids
	Inbreeding depression
	Use of second-generation interspecific hybrids: overall depression

	Appendix. Effect of various levels of inbreeding (F level) on reproductive success in the forestry literature. OC crossing between unrelated parents, HS between half-sibs, FS between full-sibs, S1 selfing and S2 2 generations of selfing
	References


