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Abstract

New first and 1.5 generation seed orchards are to be created in
Germany based on recently assembled breeding populations
of Acer pseudoplatanus, Larix sp., Picea abies, Pinus sylvestris,
Pseudotsuga menziesii, and Quercus sp. To justify the high
expenses in time and cost for orchard establishment and main-
tenance, planning should make use of consolidated know-
ledge and experience of both the national and international
scientific community. Here, we briefly describe advances in
genetic gains achieved through tree breeding, and resume
population genetic aspects and design considerations to draw
conclusions for clonal composition and spatial design of the
new orchards.

We conclude that to avoid outbreeding depression separ-
ate orchards are required for each breeding zone. The zones
are species-specific and defined by ecological and climatic
aspects. A minimum of 60-80 clones per orchard is recom-
mended for native tree species with high proportions of natur-
al regeneration in forest practice. This would allow future selec-
tive thinning based on estimated breeding values from
progeny testing. It would also permit the transfer of seed
orchard progenies into a naturally regenerating forest stands
without the risk of a genetic bottleneck. Lower clone numbers
are appropriate for non-native species and hybrids. It isimport-
ant to strictly avoid inbreeding depression, achieved by using
only one clone per progeny or population, from which the plus
trees were selected. Further, the spatial layout should promote
random mating by optimizing the neighbourhood of each
clone. With all of these considerations taken into account, we
expect superior quality traits and at least 10-15 % more volume
from the new seed orchards.
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Motivation

In forestry, natural regeneration is not always possible, or is not
sufficient, so that planting with improved forest reproductive
material is required. For that purpose, seed orchards and
approved seed stands can produce seed for artificial regenera-
tion and afforestation. In comparison to seed stands, seed
orchards are time- and cost-intensive due to the necessary pro-
cedures for their establishment and maintenance. The higher
expenses for seed orchards, therefore, have to be justified not
only by a good ecological stability and health of the tree popu-
lations originating from seed orchards’ seeds, but simultane-
ously by higher genetic gains, i.e., a superior value in timber
quality and/or growth performance. Usually, this will be achie-
ved by the selection of so-called plus trees, their vegetative
propagation by graftings or cuttings, and the planting of these
ramets to form synthetic populations, which allow mutual pol-
lination.

The German Forest Tree Breeding Strategy was a result of
in-depth discussions between experts from federal and state
forest research institutes including international contributors.
It was formulated and published in 2013 (Liesebach M et al.
2013).“The important goal of breeding is to provide reproduc-
tive material that is adaptable and powerful enough to meet
expected environmental changes in performing all forest func-
tions. ... Experiences show that ... significantly increased mass
and value performance can be expected through breeding”
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(cited from the German Forest Tree Breeding Strategy, p. 1).
Thus, it proposes the establishment of healthy, vital and adapt-
able forest tree populations as a precondition for the simulta-
neously desired good growth performance resulting in high
yield. In addition to adaptation and adaptability, a good timber
quality (e.g., stem form) should promote a cascade utilization
of wood. In this regard, new seed orchards producing such
high-quality seed are the anticipated outcome to transfer the
results of forest tree breeding efforts into practice. Species-spe-
cific strategies for each of for the six focus tree species consider
different levels of breeding intensity. For Pseudotsuga menziesii
and Larix sp., more intense measures are planned, medium
intensities are provided for Acer pseudoplatanus, Picea abies
and Pinus sylvestris, and lowest intensity is intended for Quercus
sp.. Since 2014, the nationally funded joint research projects
“FitForClim” and “AdaptForClim” were conducted to realize first
steps of the forest tree breeding strategy. They include the
selection of plus trees, preferably in field trials, but also in forest
stands, and the establishment of breeding populations. Three
to four breeding zones for each of the six species were devel-
oped and delineated based on climatic, ecological and experi-
mental data from field trials within Germany, e.g., for Pseudot-
suga menziesii (Liepe and Liesebach M 2017, Liesebach M et al.
2020), for Quercus sp. (Meil3ner et al. 2020), and for Pinus sylves-
tris (Liesebach M et al. 2020). The plus tree selection was carried
out using a multi-stage procedure that started with a compre-
hensive evaluation of field trial data at the progeny level, fol-
lowed by an in-depth visual characterization to select individu-
als based on multiple traits (Liesebach M et al. 2020, Mei3ner et
al. 2020). Selection criteria were an above-average stem form
and growth performance, drought and late frost tolerance, and
an above-average resistance against the most widespread
typical fungal diseases (e. g., Lophodermium seditiosum and
Diploidia sp. in Scots pine, Lachnellula willkommii in larch, Pha-
eocryptopus gaeumannii in the coastal variety of Douglas fir
and Verticillium sp. in sycamore maple). In total, about 500-
1000 plus trees per specieswere selected, grafted and planted
in breeding populations with at least 200 per breeding zone.
The established breeding populations are replicated at two
locations. Thus, the two projects prepared the preconditions
for subsequent seed orchards assembled with grafted clones
from each breeding zone.

These new seed orchards should be created in the light of
consolidated knowledge and experience of both the national
and international scientific community. Especially the aspect of
relatedness of seed orchard clones should be considered as
international studies have repeatedly shown disadvantageous
effects of crossbreeding between relatives on the growth per-
formance of seed orchards progenies. Besides superior quality
traits, a range of 10-15 % more volume, at least for the conifer
species, is the most likely we would expect as a result of new
seed orchards assembled from the recently established bree-
ding populations in Germany.

Here, after a short description of the baseline situation, we
resume population genetic aspects and the current relevant
literature with the objective to draw conclusions for the gene-
tic composition and design of new seed orchards in Germany.

Existing seed orchards at the national
and international scale

More than 300 seed orchards already exist in Germany, estab-
lished over many decades, mainly for the species Pinus sylvest-
ris (54), Larix sp. (49), Picea abies (44), Pseudotsuga menziesii
(23), Alnus glutinosa (23), Prunus avium (20), and Tilia cordata
(20). In total 255 seed orchards belong to the category “Quali-
fied” and 50 to the category “Tested” (BLE 2019). They are very
different in design and size, dependent on the locally available
material and the desired growing region. All of these orchards
have been established prior to the formulation of the long-
term, continuous and trans-regional breeding strategy in 2013.
Further, neither the breeding populations were consolidated
in a common place until recently nor were breeding values of
selected plus trees determined. In several cases, seed orchard
progenies were tested in field trials according to the German
forest legislation to evaluate them in comparison with officially
recommended standards and progenies from approved seed
stands. These tests showed that progenies of existing German
seed orchards partially reveal superior quality traits. The ave-
rage performance across seed orchard progenies, however, is
more or less comparable with the average across progenies
from approved seed stands and the well-growing standards.
The latter being populations, approved for their performance
by an expert advisory board and included in field trials for com-
parative purposes (gGA 2019). Top performing progenies are
derived from seed orchards as well as from approved seed
stands (e.g., Hiller et al. 1995, Stephan and Liesebach M 1996,
Grotehusmann 1998, Rau 1998, Rau and Schulzke 2007,
Schneck 2001, Grotehusmann 2014a, b). Up until now, it has
not been possible to compare and evaluate different designs in
the existing seed orchards (number and origin of clones, selec-
tion criteria) with the currently available progeny testing data
in Germany (V Schneck, personal communication) because of
highly variable preconditions.

At the international level, several countries have develo-
ped long-term and continuous breeding strategies for a num-
ber of economically important tree species. Breeding histories
are reviewed, e.g., for the Scandinavian countries (Picea abies,
Pinus sylvestris, Betula pendula by Jansson et al. 2017); France
(Pinus pinaster by Merzeau et al. 2005); North America (e.g.,
Pinus taeda, Pinus elliottii by Li et al. 1999) or Australia and New
Zealand (Pinus radiata by Burdon et al. 2008, Wu et al. 2008).
Seed orchards are always the means to realize the so-called
genetic gain as the result of breeding efforts. In this regard,
genetic gain is quantified as the increase in average genetic
value between two consecutive generations, being measured
by the change in population means. Genetic gain varies from
trait to trait and is greater if the selection is very intensive (only
the very best individuals are selected) and the trait is under
strong genetic control, i.e., has a high heritability.

Noteworthy timber volume gains of first-generation seed
orchards have been achieved, for example, for Pinus elliottii in
the US (+ 10 %, Vergara et al. 2004); Pinus radiata in New Zeal-
and (+ 15 %, Carson et al. 1999); Pinus sylvestris in Finland (+ 15



%, Ahtikoski et al. 2012) or Picea abies in different Scandinavian
countries (+ 9-15 %), but also for broadleaved species such as
Alnus glutinosa (+ 10 %) and Betula pendula (+ 10-15 %) in Fin-
land and Sweden (Haapanen et al. 2015).

Consecutive breeding cycles followed after the initial
selection of plus trees, building on the established breeding
populations and the estimation of breeding values by intensi-
ve progeny testing. It is generally expected that genetic gain
improves with each generation of tree improvement compa-
red to the unimproved material, while the magnitude of impro-
vement decreases from one generation to the next. Even
though growth traits have moderate to low heritabilities (h2 =
0.10-0.30), they were originally and are still the main focus in
many breeding programs (White et al. 2007). For the Swedish
Scots pine breeding program, for example, Rosvall et al. (20071)
summarize achieved gains of 10 % volume increase per unit
area for seed from first-generation orchards, 10-25 % (the latter
for intense selections from a large number of field-tested plus
trees) from the second generation and expect 20-25 % from
third generation orchards established at the beginning of the
Twenty-first Century. For the next generation, currently under
establishment, they predict even up to 35 % gain.

A strict economic viewpoint on seed orchards is common
practice to increase yield and value of future forest stands to
meet the rising demand of forest products. Tree breeding does,
however, not only focus on growth traits. Quality traits such as
wood density, stem straightness and branchiness are frequent
breeding objectives, e.g., for European and hybrid larch (Klein-
schmit 1988), Scots pine (Kohlstock and Schneck 1992), Nor-
way spruce (Hansen and Roulund 1997) or Sitka spruce (Hann-
rup et al. 2004). In particular with climate change, adaptive
traits (e.g., phenology, drought stress resistance, frost resis-
tance) have become a new priority (Bastien et al. 2013, Cham-
bel et al. 2013, Paques 2013b, lveti¢ et al. 2016). Increasing
forest health by breeding for tolerance against pests and disea-
ses has recently also been considered as a way to prepare for
future challenges (Paques 2013a, Haapanen et al. 2015). Taking
climate change into account, German (Liesebach M et al. 2013)
and Norwegian breeding programs (Edvardsen et al. 2010)
have stated the objective to improve growth without a loss in
wood quality and maintain genetic variation to sustain the
adaptive potential of future forests.

From the retrospective point of view, MacLachlan et al.
(2017) evaluated whether selective breeding (with the objec-
tive of an increased growth) did compromise the adaptive
potential of Pinus contorta in Western Canada. Comparing
seedlings from seed orchards and natural populations in a
common garden they quantified the effect of selection on
adaptive traits and whether these affect adaptive pheno-
type-climate associations. According to their conclusions,
selection, breeding and progeny testing have produced taller
seedlings that were not adaptively compromised relative to
their natural seedling counterparts (MacLachlan et al. 2017).
This gives selectively bred reproductive material a positive tes-
timonial in light of climate change.
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Population genetic background

Comparison of natural vs. artificial regeneration
Remarkable differences between natural and artificial regene-
ration exist in forest tree populations (reviewed, e. g., by Eriks-
son 1998, Hattemer and Ziehe 2018). Good professional practi-
ce can take care of the use of appropriate forest reproductive
material and for the application of adequate timing and plan-
ting techniques. The genetic composition of the young forest
generation, however, is always changed after artificial regene-
ration compared to natural processes, whereby some aspects
must be considered.

In the natural regeneration of tree populations, a large
amount of seed may be produced over long periods of time
and several reproduction events cover annually fluctuating
conditions. In contrast, artificial regeneration is usually based
on a single reproduction event under singular conditions. In
addition, the commercial harvest in approved seed stands pre-
fers a seed collection from mothers with above average seed
yields and, therefore, enhances naturally occurring differences
in reproductive success.

To date, only a few studies exist on the amount of seed
produced by natural forests. Sarvas (1962) analyzed 13 popula-
tions of Pinus sylvestris in Finland with seed traps for a maxi-
mum of 13 years and determined a mean value of 625,000
seeds per ha*year (total amount including filled and empty
seed). Hofgaard (1993) studied a 400-year-old Picea abies natu-
ral stand in the northern boreal zone of Sweden over a nine-
year period. The mean seed rain amounted to 767,000 per
ha*year, but only very little seedling recruitment was observed
due to large predation and unfavorable climatic conditions.
Further, Saksa (2004) reported results of five unevenly-aged,
spruce-dominated boreal forest stands in Finland. Depending
on the fructification, he found a mean seed production ran-
ging from 11 kg/ha*year up to 28 kg/ha in mast year, which
corresponds to about 4.5 million seeds.

Commercial seed harvests in Germany collect up to 150
kg/ha for Picea abies and 80 kg/ha for Pinus sylvestris (BLE 2017)
in mast years. That means 24 million and 13.6 million seeds per
ha, respectively, to give an idea of the extent of reproduction
excess (the larger seed harvests in Germany in comparison to
Finland may be caused by more favorable growing conditions).

Under natural conditions, such an extremely high number
of seed and seedlings experiences high random losses, but
also a very strong viability selection against (partial) inbree-
ding. Thus, young generations will be drastically decimated by
natural processes. In contrast, the nursery cultivation aims to
achieve low random and selection losses of a given amount of
seed. This can be realized due to more or less optimal growing
conditions avoiding strong competition with irrigation, weed
and pest control and the application of fertilizer. Nevertheless,
there is a weak human- induced selection towards growth and
vitality, because less vigorous seedlings are eliminated. In the
next step of artificial regeneration, usually a few thousand
seedlings per hectare are transferred into the forest, which is a
relatively low number of seedlings compared to natural rege-
neration.



In the case of artificial regeneration, the efforts of foresters
are focused on the phenotypic selection for desired traits of
adult trees at the population or at an individual level (strong
selection). Then, the harvest of forest reproductive material is
restricted to approved seed stands or seed orchards to use
their seeds for the next forest generation. But, once this seed is
available, further selection is largely avoided. At least in the
nursery stage and in the early stand development, forest
practice diminishes selection pressure by competition due to
favorable plant spacing and even supports the desired species
by manual treatments.

Therefore, particular attention is required for the produc-
tion of forest seed to compensate or even overcompensate low
rates of natural selection in the early phase of the offspring
generation in the case of artificial regeneration.

Effect of mating on growth and fitness of forest
trees

Most trees are outbreeding species that have developed diffe-
rent mechanisms against selfing: dioecism (e. g., Taxus, Popu-
lus, Fraxinus in parts), gametophytic self-incompatibility (in
Rosaceae), the avoidance of contemporary flowering of male
and female parts in hermaphrodite flowers (protandry, proto-
gyny, e.g., in Juglans, Acer), the separation of female and male
flowers in different parts of the crown (Picea), or frequent abor-
tion of embryos after selfing resulting in empty seeds (in coni-
fers). In contrast to annual plants, due to their longevity trees
have many chances to produce offspring during their life.

Tree populations with continuous natural regeneration
often show typical structures with correlated genetic and spa-
tial distances (e.g., Gonzéles-Martinez et al. 2002 for Pinus pin-
aster, Cavers et al. 2005 for Symphonia globulifera, Eusemann
and Liesebach H 2021 for Quercus petraea). These family struc-
tures result from restricted pollen flow and seed dispersal.
More frequent pollination events between neighboring trees
promote partial inbreeding, which is permanently present in
natural populations. However, remarkable inbreeding depres-
sion leads to a strong selection against inbred offspring in early
stages. As an example, in Scots pine, Danusevicius et al. (2016)
found no more substantial changes in fixation index from the
age of 20 years, indicating that the selection process against
inbreeding has nearly finished.

Figure 1 shows a schematic and hypothetical curve sum-
marizing the whole spectrum of possible constellations of
mating within a species. On the x-axis, the possible degree of
relatedness between mating parents ranges from selfing (pos-
sible in monoecious species) over mating among relatives of
several degrees to mating of unrelated members within a
population under natural conditions. Mating between indivi-
duals from separated and even long distant populations from
the same species is also possible, which may lead to outbree-
ding depression in case of sexual reproduction or artificial cros-
sing of local with transferred material from divergent environ-
mental conditions. The y-axis quantifies the magnitude of
growth and fitness-related traits.
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1. Inbreeding depression

Without using the term “inbreeding depression,” Charles Dar-
win wrote in his book“The Effects of Cross and Self-Fertilization
in the Vegetable Kingdom” (Darwin 1877): “The first and most
important of the conclusions which may be drawn from the
observations given in this volume, is that cross-fertilization is
generally beneficial, and self-fertilization injurious. This is
shown by the difference in height, weight, constitutional vigor,
and fertility of the offspring from crossed and self-fertilized flo-
wers, and in the number of seeds produced by the parent-
plants” Nowadays, inbreeding depression is defined as redu-
ced fitness (survival and fecundity) and/or reduced growth of
progenies derived from selfing or mating of relatives compa-
red to the parent(s). It is explained by an accumulation of dele-
terious, partially recessive alleles in mainly outcrossing species
such as trees (Namkoong and Bishir 1987, Williams and Savolai-
nen 1996).

According to a review of Pyhdjarvi et al. (2020) high inbree-
ding depression is very pronounced in Scots pine and many
other conifers with large distribution areas (e.g., Picea abies,
Pseudotsuga menziesii). They assessed the level of inbreeding
depression to be lower in most angiosperms. In a study with
Eucalyptus grandis, however, Hedrick et al. (2016) also observed
a high number of deleterious alleles and a strong selection
against homozygosity in a selfed progeny using SNP genoty-
ping of about 10,000 heterozygous genes.

A large body of papers exists describing the negative
effect of inbreeding in numerous tree species after controlled
pollination experiments. Among them are some studies with
specifically designed crossing schemes in order to quantify the
effect of several levels of inbreeding. Mostly they include self-
pollination (inbreeding coefficient F=0.5), crosses between
full-sibs or between parents and offspring (F=0.25), crosses
between half-sibs (F=0.125) and outcrosses (F=0). Such experi-
ments require a breeding history longer than one generation
to have access to parent trees with known pedigrees.

The following experimental examples prepared several
levels of inbreeding. However, for comparative purposes the
amount of depression is reported here only for an inbreeding
coefficient of 0.25. One of the first experiments with controlled
crosses was started in 1978 with Pinus pinaster in France. At age
11, the inbreeding depression amounted to 5 % for height
growth, 20 % for volume and 37 % for fecundity measured by
number of cones (Durel et al. 1996). In the mid-1980s, Ford et
al. (2014) conducted a similar experiment with Pinus taeda in
the United States. At age 9, reductions for height growth of
6-13 % and for volume of 11-26 % depending on test sites were
found. Stem straightness or fusiform rust disease incidence,
however, were not affected by inbreeding. In Canada, Woods
and Heaman (1989) carried out crossings for Pseudotsuga men-
Zziesii in 1987 and reported first results on the negative effect of
inbreeding on the production of filled seeds. At the nursery
stage, significant inbreeding effects were found for germinati-
on, seedling survival and growth (Woods et al. 2002). At age 26,
the inbreeding depression of these progenies was finally esti-
mated for height, diameter and volume growth accounting
percentages of 12, 22 and 43 % respectively, while there was
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Scheme of the whole spectrum of possible constellations of within-species matings in relation to growth

and fitness traits.

nearly no influence on wood density (Stoehr et al. 2015).
Recently,in 2013 and 2014, a new series of crosses was conduc-
ted in Sweden with Pinus sylvestris creating 9 different inbree-
ding levels. As a preliminary result, 48 % of the variance in the
percentage of filled seeds was explained by inbreeding level
(Mullin et al. 2019).

Inbreeding depression has also been reported for the off-
spring of seed orchards. As an example, Pupin et al. (2019) stu-
died effects of inbreeding depression and found serious decre-
ases of 18 % for height, 26 % for diameter and 20 % for survival
in Eucalyptus urophylla at an inbreeding level of 0.25. Doerksen
et al. (2014) estimated the reduction of Picea glauca height
growth to approximate 6 % for every 0.1 increase in inbreeding
coefficient.

Studies regarding natural populations often compare
parameters of different ontogenetic stages. A few research
papers report higher mean heterozygosities and outcrossing
rates in adults compared to lower levels of heterozygosity and
outcrossing rates in seeds or seedlings, e.g., in Pinus leucoder-
mis (Morgante et al. 1993), in the neotropical tree Platypodium
elegans (Hufford and Hamrick 2003) or in Picea jezoensis (but
not in Abies sachalinensis) by Okada et al. (2015). The authors
discussed their results in relation to viability selection against
inbred offspring in natural populations.

2. Outbreeding depression

“An outbreeding depression occurs when fecundity and/or via-
bility decline following an intraspecific hybridization. Coadap-
tation provides an explanation for outbreeding depression
based upon the fitness interactions between genes!” (cited
from Templeton 1986). Outbreeding depression in the narrow
sense is defined as a reduction in fitness of progenies below
the average of the parents (Edmands 2007). However, there are
different points of views, and sometimes outbreeding depres-
sion is considered as a significant decline in hybrid fitness rela-
tive to either parent. Two main mechanisms of outbreeding
depression were referred to by Templeton (1986): The “... dis-
ruption of beneficial interactions between loci (intrinsic coad-
aptation or “coadapted gene complexes”), and disruption of
beneficial interactions between genes and the environment
(extrinsic or local adaptation)” (cited from Edmands and Tim-
merman 2003). The latter may be very typical for stand-form-
ing tree species with large distribution areas growing under
variable environmental conditions. Here, the adaptive and
evolutionary potential of long-distance pollen flow has to be
mentioned, since single individuals originating from such
events may survive and reach the reproductive stage. In prac-
tice, it seems to be very difficult to develop experimental
designs for tree species to separate the two different



mechanisms resulting in outbreeding depression from each
other. There are not only possible intrinsic genetic effects and
the influence of the maladapted parent to the offspring perfor-
mance at a given growing site, but also epigenetic effects that
may modify experimental results. Although numerous experi-
mental results of outbreeding depression are given for herba-
ceous plants (e.g., Edmands 2007 or Oakley et al. 2015), the
phenomenon has rarely been studied in tree or shrub species.

Various crossings of Pinus sylvestris clones from divergent
climatic regions were conducted in Germany in the 1970s and
1980s, however in an irregular non-reciprocal design. They
resulted in reduced growth performance of progenies compa-
red to combinations of locally adjacent parents (V Schneck
unpublished). In a full diallel crossing scheme between six dis-
tant populations of Lotus scoparius, fruit set and seedling emer-
gence were inversely related to the genetic distance between
populations measured with isozyme markers (Montalvo and
Ellstrand 2001). In controlled pollination experiments with
neighboring and distant pollen donors, Stacy (2001) found an
optimal distance for maximum fruit set of 1-2 km for Syzygium
rubicundum and 2-10 km for Shorea cordifolia. Smaller and lar-
ger distances between the origin of parents led to a reduced
reproductive fitness assigned to biparental inbreeding and
outbreeding depression, respectively. A similar experiment
was done by Forrest et al. (2011) with the shrub Grevillea
mucronulata. They also found the best seed set and seedling
performance for intermediate distance pollination compared
to distant and open pollination treatments. Goto et al. (2011)
carried out controlled reciprocal crossings with local (low-ele-
vation) and non-local (high-elevation) parents of Abies sachali-
nensis and grew them at a low-elevation test site. They obser-
ved a reduced height and diameter growth of 25-year-old
offspring families derived from one or two non-local parents
and considered this as outbreeding depression. In this examp-
le, however, the distance relates to remarkable differences in
ecological conditions due to elevation rather than to a pure
geographic distance.

3. Heterosis effect

Heterosis (also called as hybrid vigor or outbreeding enhance-
ment) is defined as superior growth or fitness of offspring com-
pared to the mid-parent values. This term was mentioned the
first time by Shull in 1914 in the context of maize breeding
(Shull 1952), and, originally, it was restricted to enhanced
growth after crosses between inbred lines. Meanwhile, the
term heterosis is used in a much broader sense. Considering
tree species, this term is sometimes also used for the positive
effects due to hybridization among closely related species, e.
g., for Larix (Paques 2009), Liriodendron (Yao et al. 2016) or
Populus (Rood et al. 2017, Zanewich et al. 2018). However, we
regard heterosis as a within-species effect and look for the
maximum of the curve in the scheme of Figure 1. Therefore, we
refer to heterosis as an effect of so-called inter-provenance
hybridization. Recessive or nearly recessive deleterious muta-
tions that have become fixed within populations because of
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genetic drift may be responsible for heterosis after crosses bet-
ween natural populations (Oakley et al. 2015).

There are some experimental results from controlled cros-
sings, which investigate offspring families for their potential
heterosis. An early attempt was made to exploit the heterosis
effect for forest tree breeding in Sweden in the 1950s. Cont-
rolled pollinations were carried out with several selected clo-
nes of Picea abies derived from Sweden (used as females) and
Germany (as pollen donors). Remarkable differences between
families were found for stem volume at age 25. A clear superio-
rity of the inter-provenance families and indication for hetero-
sis was observed at one out of three Swedish test sites (Eriks-
son and lIstedt 1986). The authors explained the missing
heterosis at the two other sites in relation to differences in
growth rhythm and harsh conditions.

In France, a comprehensive diallel mating scheme was car-
ried out for Pinus pinaster with 10 provenances from three geo-
graphic regions in 1978.The mean value of heterosis for height
growth amounted to 8.4 % at age 13, however, no relationship
between heterosis and stem crookedness or insect resistance
was detected (Harfouche et al. 2000, Harfouche and Kremer
2000). Another full diallel crossing design with natural Eucalyp-
tus globulosa trees in Tasmania was conducted in 1997-1998 to
generate families from within-region and long-distance out-
crossings (Lopez et al. 2003). At age 13, Costa e Silva et al.
(2014) observed significant heterosis effects for family means
of growth of long-distance crossings for one of the two test
sites.

A second theoretical approach without known pedigrees
is based on the reconstruction of relatedness by the applica-
tion of genetic markers. Doerksen et al. (2014) used an array of
nearly 6000 SNPs to determine genetic relationships in a field
experiment including intra-provenance and inter-provenance
crosses of Picea glauca. After removing partial inbreeding
effects by detection of weak relatedness in the intra-prove-
nance crosses, a heterosis effect of about 6% for height growth
at age 15 had been found by comparing intra-provenance and
inter-provenance progenies.

Practical aspects for establishing seed
orchards

Number of clones

Many publications in forestry deal with the question of the
adequate clone number for seed orchards, although the topic
itself has never been fully discussed in the literature (Lindgren
and Prescher 2005). This is surprising, given the fact that the
number of parents in a seed orchard is one of the most funda-
mental questions for seed orchard genetics as mentioned by
Funda and El-Kassaby (2012). A universal answer to this questi-
on, however, may not exist, because seeds from seed orchards
are used for different purposes, under different local condi-
tions and for native as well as for introduced tree species. On
the one hand, seeds produced in seed orchards do only serve



for commercial timber production, where improvement of
genetic gain and consequently shorter rotation periods are the
main foci. Such a strict economic viewpoint of seed orchards is
common practice in countries with a long history in forest tree
breeding. On the other hand, however, seed from seed
orchards might also function as starting point for new forest
tree populations, which should be able to regenerate naturally
without a severe genetic bottleneck and with a low risk of a
reduced adaptability to changing environmental conditions.
Therefore, the number of seed orchard clones highly depends
on the purpose of the resultant seed.

Regarding concrete recommendations for clone numbers
for advanced breeding cycles, very different statements and
details can be found in the literature. For example, Libby (1982)
reported mixtures of 2-3 clones as the worst strategy and pro-
posed numbers of 7-25 clones as robust strategy for seed
orchards. Lindgren and El-Kassaby (1989) analyzed the ques-
tion of optimal clone number from the viewpoint of maximiz-
ing genetic gain though genetic thinning. As initial scenario,
the authors used a hypothetical seed orchard established with
50 progeny-tested clones. According to theoretical models of
Bishir and Roberds (1997, 1999), moderate numbers of clones
between 20 and 40 seem to be sufficient under general condi-
tions and provide at least equivalent protection against cata-
strophic loss as does a large number of clones. Johnson and
Lipow (2002), moreover, considered that 90 % of isozyme vari-
ation found in natural populations can be achieved with seed
orchards assembled of 20 or more clones under the assump-
tion that clones are used in their native breeding zone. For Bri-
tish Columbia (Canada), it has been suggested that orchard
seed lots for public land reforestation have been suggested to
exceed an effective population size of 10 clones to realize a
minimum level of diversity (Stoehr et al. 2004). Referring to
conifers in Sweden, Lindgren and Prescher (2005) recommend
20 tested clones as a rule of thumb. This number of 20 is a com-
monly accepted minimum margin of unrelated clones being
combined in an orchard that is supposed to serve for approxi-
mately 20 years, before being replaced by an advanced orchard
(e.g. Danusevicius and Lindgren 2002, Lindgren and Prescher
2005).

In contrast to advanced generation seed orchards where
the breeding values of clones are known, recommendations
on the number of clones for first-generation seed orchards
have seldom been published. For early seed orchards of Pinus
sylvestris in northern Sweden, Andersson et al. (2003) compa-
red growth performance and survival of progenies from 11
orchards each composed of 20-59 clones at the time of proge-
ny testing. They mentioned that some of these orchards were
later extended leading to clone numbers ranging from 20 to
112 in the year 2003. Recently, a number greater than hundred
has also been reported by Yang et al. (2020) designing a first-
generation seed orchard of P. sylvestris var. mongolica with 108
clones in total. Senstebg et al. (2018) mentioned 60-200 untes-
ted and unrelated plus trees in Norwegian Norway spruce seed
orchards belonging to the first generation. Such high numbers
of clones definitely create more options and greater flexibility
for later changes and decisions. This may include the transfer
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into advanced generation seed orchards after the testing of
clones, but also managing seed orchard progenies as perma-
nent forest with natural regeneration.

Moreover, a large number of clones ensures genetic
diversity, which is essential for the long-term survival of
forests under a changing environment (lveti¢ et al. 2016). In
this respect, the general tendency that a lower number of clo-
nes in a seed orchard causes a reduced genetic diversity of
the resultant seed crops has been emphasized in some stu-
dies. For example, Sgnstebg et al. (2018) investigated the
genetic diversity of seed from two Norway spruce seed
orchards with different number of parents (25 and 60) and
compared them with seed from approved seed stands and
natural forests. They found a decrease in allelic richness (-6 %)
and remarkably lower effective population sizes (-71 %) for
the seed originating from the seed orchards compared to the
other studied samples.

Another important aspect for the quality and genetic
diversity of seed from seed orchards of wind-pollinated tree
species is pollen flow from nearby forests, as shown by a large
body of literature (e.g., Adams and Burczyk 2000, Fries et al.
2008, Fernandes et al. 2008, Torimaru et al. 2009, Korecky and
El-Kassaby 2016, Sgnstebg et al. 2018). These marker-based
studies estimated a pollen contamination of up to about 50 %
in case of common tree species within their natural range.

Besides the detrimental effect of losses in genetic gain
through pollen contamination (e. g., Di-Giovanni and Kevan
1991), pollen flow from outside has also been regarded to be
of great importance for the genetic diversity of seed produ-
ced by seed orchards with a lower number of clones because
gene flow always increases effective population size (e.g.,
Senstebg et al. 2018). According to Ingvarsson and Dahlberg
(2019), a higher genetic variation determines fitness in natu-
ral populations and the persistence under changing environ-
mental conditions. The current tendency is that the speed of
climatic shifts will surpass forest rotations of 40 to 60 years.
Therefore, we suggest including the aspect of high genetic
diversity into future orchards. To achieve this, we propose to
establish the new seed orchards with clone numbers between
60 and 80 for species native to Germany. These numbers
might be a compromise between feasibility from a practical
point of view and sufficient genetic diversity as estimated by
Wojacki et al. (2019). For the non-native species Douglas fir,
the number of 40 clones per seed orchard may be sufficient.
Compared to the native tree species, this reduced number of
clones must be seen in the context of planned seed imports
from the native range to supplement the genetic diversity, as
outlined in the German breeding strategy. Recently, a mark-
er-based study in older Douglas fir seed orchards and their
offspring was carried out in Germany. The results show a bet-
ter transfer of genetic diversity to the offspring compared
with Douglas fir seed stands having comparable numbers of
genotypes in the adult population (Pakull et al. unpublished).

Contrary to this suggestion, seed orchards to produce
species hybrids should be assembled differently since they
represent a special case. Here, the objective is to combine
selected clones of European and Japanese larch in order to



breed seed with a high percentage of hybrids, which are supe-
rior to both parental species (hybrid vigor or heterosis effect in
its broadest sense). For this purpose, seed are generally only
harvested from one parental species, while the other is only
the pollen donor and represented by a larger number of clo-
nes. Crucial for successful hybridization is a synchronous flow-
ering time of the parental genotypes. Extreme, but very suc-
cessful in terms of hybrid percentage and performance of the
offspring, is the design proposed by Langner combining one
single clone of Larix decidua with more than 200 clones of Larix
kaempferi as pollen donors (Langner and Schneck 1998). In this
case, inbred seed due to selfing of the mother clone are either
empty or highly mortal in the seed bed.

Relatedness

The avoidance of genetic relatedness or co-ancestry among
individuals is an important aspect in forest tree breeding and
seed production in clonal seed orchards. Since the 1960s, the
topic is under discussion mainly in North America (e. g., Pinus
taeda, Pinus elliottii), in Scandinavian countries (Picea abies,
Pinus sylvestris) and New Zealand (Pinus radiata). Opposite
effects would arise between an enrichment of desired growth-
enhancing alleles and inbreeding depression in continued
breeding cycles. Theoretical backgrounds were considered,
e.g., by Namkoong (1966) and Burrows (1970).

Since the 1970s, several efforts were made always with the
objective to avoid co-ancestry among individuals in the pro-
duction seed orchards (Zobel et al. 1972, Talbert 1979, McKe-
and and Beineke 1980). In this context, ideas have been deve-
loped to keep breeding populations unrelated, like nested
polycross designs, disconnected diallels, breeding groups, or
sublining.“Selections within a breeding group are unrelated to
selections in any other breeding group in order to allow com-
plete avoidance of inbreeding in seed from wind-pollinated
clonal seed orchards established with 1 clone from each group”
as stated by White et al. (1993) for the example of Pinus elliottii.

With the increasing establishment of advanced generati-
on seed orchards, tree breeders aimed to find the optimal
balance between maximization of genetic gain and mainte-
nance of genetic diversity through control of relatedness. In
the 1990s, some models from animal breeding (Wray and God-
dard 1994) were adapted to forestry, and Lindgren and Mullin
(1997) were among the first, who implemented an advanced
generation tree breeding strategy considering a compromise
between genetic gain and an acceptable level of relatedness.
They proposed to take a weighting factor into account consi-
dering breeding values and penalties for co-ancestry of the
considered clones. An example is given by Olsson et al. (2001),
who reported the successful application in Pinus taeda bree-
ding. They compensate a certain amount of relatedness with a
larger number of clones in order to obtain an additional gene-
tic gain. Danusevicius and Lindgren (2002), further, investiga-
ted genetic gain by using results of experiments on Norway
spruce and calculated various parameters like diversity loss per
breeding cycle or costs per plant in $ for different scenarios of
three breeding strategies (phenotype, clone, progeny
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strategy). Danusevicius and Lindgren (2008), moreover, com-
pared several selection models for candidate clones from unre-
lated half-sib families with known breeding values and with a
predicted level of inbreeding depression. In this comprehensi-
ve simulation study, they found a maximized genetic gain for a
given gene diversity in case of an optimal proportion deploy-
ment strategy, which is more efficient at higher levels of rela-
tedness in the candidate population. Besides, Lindgren et al.
(2009), focusing on different selection strategies such as trun-
cation selection and linear deployment, reported a clear supe-
riority of the latter approach concerning genetic gain. Interes-
tingly, the linear deployment strategy, which uses clones in
different proportions according to their breeding value (Lindg-
ren and Matheson 1986), outperformed the classical trunca-
tion approach under the conditions of both no relatives and
allowing related clones. Linear deployment had also been
emphasized by Danusevicius and Lindgren (2008) to be an
applicable method for seed orchard designs in advanced bree-
ding cycles. Further, several computer-based methods simula-
ting selection over generations were developed in order to
support an optimal clone selection in tree breeding. The most
recent is the program “OPSEL" introduced by Mullin (2014,
2017). The focus of “OPSEL" is to maximize the genetic value
through the selection of certain cohorts, while a constraint on
acceptable genetic diversity has to be maintained. The pro-
gram can manage balanced and unbalanced numbers of
ramets per clone (Yamashita et al. 2018).

The search for optimal strategies and compromises consi-
dering genetic gain as well as genetic diversity is still under dis-
cussion. In contrast to citations above, Silva et al. (2018) recom-
mend the restriction to one tree per family in Eucalyptus
urophylla breeding, accepting a slight decrease (0.9-1.5 %) in
genetic gain to insure genetic variation for next generations.

Regarding the new seed orchards in Germany, the related-
ness of clones selected from a progeny of a field test or within
a population is unknown, but a potential relatedness of clones
may exist. The existence of distinct family structures, especially
half-siblings, in a standard provenance field trial was shown in
a case study with European beech (Liesebach H et al. 2015).
Since the vast majority of plus trees was selected in prove-
nance field trials, we strongly recommend avoiding arrange-
ments where several clones from one progeny or one popula-
tion are planted together in an orchard. Thus, the new seed
orchards should be assembled using only one clone per prog-
eny or population, if the desired number of clones can be
achieved in this way. In cases with low available numbers of
progenies or populations, from which the plus trees were
selected, several seed orchards with non-overlapping clonal
compositions could be established to avoid crossbreeding of
potentially related clones. To establish new forest stands, the
resulting seed lots should then be combined to achieve a larg-
er genetic variation. Furthermore, we suggest composing the
orchards with clones in equal proportions because information
on breeding values, which might offer options for linear
deployment, does not exist yet.



Spatial design of seed orchards
Seed orchard designs aim to promote many different cross-
pollinations by using a repeated and randomized layout of clo-
nes. Since the beginning of forest tree breeding, a wide variety
of spatial designs of seed orchards have been developed, and
the availability of computational tools (Tab. 1), as well as the
development of molecular methods opened up new perspec-
tives regarding the layouts. In practice, therefore, clones had
been planted according to numerous different seed orchard
layouts (SOL), which makes direct comparisons between seed
orchards very complex. Moreover, layouts are seldom publis-
hed (but see D'’Amico et al. 2019) and only some studies report
specific details about the arrangement and spacing of clones
and their ramets, respectively (e.g., Torimaru et al. 2013).
Further, there is still an ongoing discussion on the topic of the
best layout for seed orchards; even though, an all-in-one solu-
tion may not exist. As Lstiblrek and El-Kassaby (2008) concre-
tely mentioned “neither design will be optimal in every situati-
on due to year-to-year variability in reproductive output”. Also,
circumstances under which seed orchards are established vary
from case to case, so that the decision for a layout has to be
based on the consideration of different aspects: biology of the
tree species, for example monoecious/dioecious or wind-/
insect-pollinated (e.g., Van Buijtenen 1975), environmental
conditions like size and shape of the orchard, wind direction by
which the pollen cloud might be transferred, as well as number
of selected clones, number of ramets per clone (balanced/
unbalanced), and the presence of related clones as sib-mating
or parent-offspring mating in advanced generations.
Historically, tree breeders focused primarily on the rando-
mization of clones during the initial phase of a seed orchard’s
establishment. Giertych (1975) gives an excellent overview
about these early strategies by comparing 14 different approa-
ches, which include, for example, the Randomized Complete
Block design as realized in a Prosopis alba seed orchard in
Argentina (D’Amico et al. 2019) or the Systematic design as
used for the arrangement of ramets in a seed orchard of P. men-
ziesii in western Oregon (Slavov et al. 2005). Systematic and
simple designs may be also useful if the clones need to be
identified for use in controlled crossings. Further, some of the-
se early designs already explicitly considered both the pollen
flow by wind and the aspect of panmixia in the seed orchard
like the Directional Cyclic Balanced Incomplete-Block (Free-
man 1967) or the Permutated Neighborhood Design (PND) by
La Bastide (1967). In particular, the computerized approach of
Permutated Neighborhood has to be emphasized here
because it provided the basis for later developments of soft-
ware codes. One of those later programs was introduced by
Bell and Fletcher (1978) with the name Computer Organized
Orchard Layouts (COOL) and used for the establishment of
some prominent seed orchards existing in British Columbia
(Canada). A well-studied example is the second-generation
seed orchard of P. menziesii established in 1990 (Lai et al. 2010,
Kess and El-Kassaby 2015, Korecky and El-Kassaby 2016, Song
et al. 2018), another one is a first-generation orchard of Larix
occidentalis from 1989 (Funda et al. 2008). In the following
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years, the COOL approach was further developed under the
name of Permutated Neighborhood Seed Orchard Design by
Chakravarty and Bagchi (1993, 1994). But, neither the original
COOL software code nor its enhanced version were designed
to avoid inbreeding or to incorporate relatedness among clo-
nes. These features, however, were already considered by Van-
clay (1991), who developed the computer program Seed
Orchard Designer (SOD). This software was explicitly intended
for second generation seed orchards with a high proportion of
related clones.

Due to the accumulating evidence that any kind of rela-
tedness of clones compromises the long-term genetic gain of
seed orchards (see chapter “Inbreeding depression”), the mini-
mization of inbreeding effects became more and more the
focus in forest tree breeding during the first decade of the new
century. In 2010, the Minimum-inbreeding seed orchard
design (M), which calculates spatial distributions among indi-
vidual trees as a function of the extent of their genetic related-
ness was published by Lstiblrek and El-Kassaby (2010). Still
today, the MI-design is superior to other approaches for alloca-
ting ramets of related clones or ramets of the same clone with
the greatest possible distance along the orchard’s grid (Cha-
loupkova et al. 2016). The software can be used for various
seed orchard scenarios such as balanced/unbalanced numbers
of ramets per clone, including situations where clones are
strongly underrepresented; different deployment strategies
like linear or proportional deployment, or a mixture of genetic
relatedness between clones, for example presence of both
half-sib clones and parent-offspring mating. The MI-code, fur-
thermore, is also suitable for large and complex advanced
generations through its subsequentimprovement to an exten-
ded global algorithm (MI-EGA) by Lstibdrek et al. (2015). Paral-
lel to the development of the MI-design, another software pro-
gram, the Randomized, Replicated, Staggered Clonal-Row
design (R*SCR), has also been introduced (Lstibdrek and El-Kas-
saby 2010, El-Kassaby et al. 2014). The R*SCR-design overco-
mes difficulties arising from severe correlated mating in the
classical clonal-row design (El-Kassaby 2003, El-Kassaby et al.
2007) because the staggering and randomization of rows pro-
motes outcrossing among clones. The big advantage of an
arrangement of clones in rows is the facilitation of individual
clone management during harvest, pollination and pest con-
trol. The software, moreover, is flexible and can handle geneti-
cally related clones via exclusion zones, empty positions along
the orchards’ grid, as well as non-plantable spots. However, the
R*SCR-design is primarily intended for seed orchards of coni-
fers with severe inbreeding depression after selfing and poly-
embryony (El-Kassaby et al. 2014). Recently, another algorithm
with the name Improved Adaptive Parallel Genetic Algorithm
(IAPGA) was demonstrated by Yang et al. (2020) using microsa-
tellite data of P. sylvestris var. mongolica. The IAPGA approach,
which was originally developed by Wang et al. (2018), uses the
genetic distance among clones to minimize the effect of
inbreeding depression through improved spatial clonal
deployment. Hence, the aim of IAPGA is maximum spatial dis-
tance between clones of closer genetic relationship to main-
tain genetic diversity in the next generation.
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Overview of the most relevant software programs for the design of seed orchard layouts (SOL).

Software Reference and code availability Software features

CcooL Bell and Fletcher (1978), The code is based on the Permutated Neighborhood Design (PND) of La Bastide
Computer code on request from authors (in Fortran) (1967). It is applicable for both regular and irregular types of SOL. Planting places
Organized are rectangularly arranged and different degrees of separation between the clones

Orchard Layout

(design types) are possible. Up to 100 clones with different numbers of ramets can
be handled, but no consideration of clone relatedness.

Permutated Chakravarty and Bagchi (1993, 1994), The code is based on the PND (La Bastide 1967). It can be used for rectangular,

Neighbourhood code on request from authors triangular or hexagonal plots. Up to 1000 clones with an equal number of ramets

Seed Orchard can be handled. Ramets per clone are separated by an inner and outer isolation

Design ring. No consideration of clone relatedness.

SoD Vanclay (1991), The code was designed for 2nd generation SOL. It creates PNDs and can handle

Seed Orchard code on request from author (in Fortran 77) high proportion of related clones, which are separated by maximum distance. The

Designer program is flexible and information on flowering or biology (dioecy) can also be
incorporated.

Ml Lstibtrek and El-Kassaby (2010), The algorithm is suitable for SOL of first and advanced generations with a rectan-

Minimum- calculations possible in cooperation with Lstibtirek gular arrangement of planting places. Various degrees of relatedness and different

inbreeding seed
orchard design

numbers of ramets per clone are possible. Inbreeding and mating among relatives
are avoided by maximizing the distance between ramets of a clone and related
clones, respectively.

R2SCR El-Kassaby et al. (2014),
Randomized, calculations possible in cooperation with El-Kassaby
Replicated,

Staggered Clonal-

The algorithm is suitable for all generation types of seed orchards with a rectangu-
lar arrangement of planting places. The design facilitates a selective seed harvest
by clone because several ramets of one clone are systematically planted in a row (=
clonal-row). The impact of selfing and correlated matings is minimized by stagge-
ring and maximal separation of clonal-rows of the same clone and related clones,
respectively.

Row Design
MI-EGA Lstiblrek et al. (2015),
Minimum- code included in supplementary material (in R)

inbreeding seed
orchard design-
extended global

The code is based on the Ml-approach and has been explicitly developed for large
and complex advanced generation seed orchards, seed orchards designs, e.g. SOL
with 900 planting places. The procedure includes: 1) subdividing the orchard’s

grid into independent blocks and using the original Ml-algorithm for each block
independently, 2) rotation and merging of blocks using a random operator. Various

algorithm numbers of ramets per clone and different degrees of relatedness are possible.
ONA Chaloupkova et al. (2016), The algorithm is suitable for all generation types of seed orchards with a rectangu-
Optimum free download at: lar arrangement of planting places. The design enhances panmixia (random mating)
Neighbourhood https://katedry.czu.cz/en/kgfld/software (in R) by optimization of the clone’s’ neighborhood. This is achieved through a reduced
Algorithm variance in the number of direct neighbors of a clone. It is the most appropriate
design, when a clone has to be surrounded by as many different neighbors as
possible.
IAPGA Wang et al. (2018), Yang et al. (2020), The approach is suitable for all generation types of seed orchards. The method is
Improved formula and software tools included in publications genetic distance-dependent and uses molecular data (SSR) to achieve an optimal

Adaptive Parallel
Genetic
Algorithm

clone deployment in a seed orchard by maximizing spatial distance between clones
of closer genetic relationship. Applicable for rectangular layouts, where each clone
is surrounded by eight neighbors.

Further, an alternative approach to ensure high genetic
diversity of seed orchards’ progenies has been suggested by
Chaloupkova et al. (2016) under the name Optimum Neighbor-
hood Algorithm (ONA). Compared to previous software tools,
which concentrated on maximum distance of ramets of the
same or related clones, the focus of ONA is the promotion of
panmixia. This is achieved by optimization of the neighbor-
hood of each clone and their ramets, respectively. This means
that each ramet is surrounded by a more or less equal number
of differing clones; hence, the variance of direct neighbor
counts is minimized and achieves zero when all surrounding
counts are equal. The pollen cloud, therefore, can be expected
to reach the greatest level of optimal mixing, which promotes

panmixia. In this regard, the ONA is significantly superior to
other software tools, such as Ml or R’SCR (Chaloupkova et al.
2016). The algorithm, furthermore, can handle variable clonal
sizes, irregular plots, relatedness, assortative mating, and it is
applicable for the upgrading of existing seed orchards, when
new parents are introduced to replace failed clones or those of
lower quality (Chaloupkova et al. 2019). Moreover, the code for
ONA is freely available (Tab. 1), and an additional ONA version
has been developed for MATLAB (M. Lstiburek, personal com-
munication).
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Conclusions for new seed orchards in
Germany

Currently, new first-generation clonal seed orchards are
planned in Germany. For tree species, where plus trees of the
recently installed breeding populations were selected
predominantly in field trials, the planned seed orchards could
be considered as the 1.5 generation. This is reasonable, since
plus trees were selected for their superiority under comparab-
le growing conditions, although their breeding values are so
far unknown. The following criteria should be considered for
the establishment of new seed orchards:

1. All seed orchards should consist of clone collections suitable
for one of the three or four species specific breeding zones to
avoid outbreeding depression. Germany is located partially
in the Atlantic climate and partially in the transition to the con-
tinental climate; as a result, species-specific reactions to diffe-
rent environmental conditions are not uniform. Therefore, the-
se zones were delineated considering climatic and ecological
data and, if possible, verified by retrospective analysis of exis-
ting transplant experiments.

2. Generally, a number of 40 clones per seed orchard is recom-
mended in the current German regularities for forest reproduc-
tive material. However, the number of clones to be used in the
new seed orchards should consider species-specific aspects.
We recommend a number of 60-80 clones for the native tree
species Pinus sylvestris, Picea abies, Larix decidua, Acer pseudo-
platanus and Quercus sp.. Such numbers of clones are feasible
and will keep options open, e.g., for future selective thinning or
to transfer seed orchard progenies into a naturally regenera-
ting forest stand without the risk of a genetic bottleneck. At
present, we cannot expect a better growth performance of
seed orchard progenies by reducing clone numbers with a
stronger selection because selection criteria (i.e., breeding
values) are not yet available. Further, it is currently not possible
to create a conclusive performance ranking among the selec-
ted plus trees as they originated from stands and trials, which
include various trial series with different source collections and
sites of divergent growing conditions. For the non-native spe-
cies Douglas fir, the number of 40 clones per seed orchard may
be sufficient. In case of hybrid larch, the objective is to produce
seed with a high percentage of high-performance hybrids bet-
ween selected European and Japanese clones. This should be
realized by harvesting seeds from one individual, but replica-
ted, clone of the maternal species, while the other species
functions as the pollen donor and may be represented by a lar-
ger number of clones. A natural regeneration of the planted
hybrid progeny is out of question.

3. With regard to the assembly of each single orchard, a very
important point is to use only one clone per progeny or per
population existing in the clonal archives. This procedure will
ensure the promotion of the heterosis effect in the sense of
inter-provenance hybridizations and a strict avoidance of

potential inbreeding depression in the seed orchard pro-
genies. In cases of multiple selection of plus trees from one
progeny in a field test or from one population, a potential
relatedness of selected clones has to be assumed. For most
species considered here, there is no need for a combination
of clones, which might be potential relatives, regarding the
high number of selected plus trees for the respective bree-
ding zones and the number of planned seed orchards. Alter-
natively, admixtures of seed lots from smaller seed orchards
with non-overlapping clonal composition could be produ-
ced.

4. The clones should be used in equal proportions of
ramets because breeding values giving information about
the best clones to incorporate other approaches, e.g., linear
deployment, are not available at the moment. Hence, the
major focus of the new round of seed orchards will be ran-
dom mating (i.e.,, panmixia). We recommend the software
ONA developed by Chaloupkova et al. (2016), which is cur-
rently the best method to promote panmixia in seed orchards
to create optimal spatial layouts for planting the seed
orchards.

5. Our future work in relation to seed orchards should be
focused on the estimation of breeding values of single clo-
nes by testing their offspring families. These breeding values
will help to plan genetic thinnings of the new seed orchards,
if the spacing of plants is not too wide, and to design the
genetic composition of an advanced generation of orchards
in the forthcoming. Further, comprehensive field tests of pro-
genies should be conducted to achieve the category “Tested”
for superior seed orchards. Simultaneously, these tests should
compare the offspring from the new orchards with already
existing ones to draw inferences concerning their design
from practical experience in addition to the stated theoretical
considerations. Last, but not least, the expected new experi-
ences will lead to an updated breeding strategy.
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