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Abstract

Genomic selection (GS) is currently being used in the New Zealand radiata pine (Pinus radiata D. Don) breeding program
to accelerate genetic gain. GS also has the potential to accelerate the deployment of genetic gain to the production forest
through early selection. The increased rate of genetic gain in the breeding cycle will need to be transferred more quickly to
realise that gain in the deployment population. GS selections will have lower accuracies than selections based on phenotypic
data as currently practised; however, it is unknown how this will affect the genetic gain from GS-based deployment. Moreo-
ver, census size and turnover rate need to be optimised to cope with the influx of new marker-based selected material into a
commercial orchard. We utilised a stochastic simulation approach to investigate these concepts, comparing three deployment
scenarios: half-sib open-pollinated orchards (OP), full-sib control-pollinated orchards (CP) and clonal deployment through
somatic embryogenesis. When accounting for time, genomic selection in OP, CP and clonal deployment pathways increased
genetic gain by 9.5%, 15.9% and 44.6% respectively compared to phenotypic selection. The optimal orchard scenario would
be genomic-selected control-pollination with a low census size (n =40, males and females combined), low female turnover
(5%) and a high male turnover (15-25%). This scheme balances high genetic gain with high seed yield while moderating
the rate of inbreeding.
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Introduction

Radiata pine (Pinus radiata D. Don) is economically the
most important forest plantation species in New Zealand,
Chile and Australia, exceeding 1.5 million ha, 1.27 million
ha and 0.7 million ha respectively (Ministry for Primary
Industries 2022). Radiata pine breeding in New Zealand
began in 1953 through the New Zealand Forest Service
(NZFES) using plus-tree material from local landraces,
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selecting primarily for growth and form traits (Shelbourne
and Carson 2019). The Radiata Pine Breeding Company
(RPBC) was later established in 2002 as an Australasian
radiata pine breeding entity with shareholders in both New
Zealand and Australia. There are four harvest-age traits that
the RPBC focuses on in its breeding objective: stem volume,
corewood density, wood stiffness and branching at rotation
age (~28 years). These are driven by five selection crite-
ria: diameter-at-breast height, corewood density, branching
score, predicted modulus of elasticity and stem straightness
measured at 5 to 8 years after establishment.

After material has undergone genetic improvement in
the breeding cycle, it is available for transfer through two
main deployment pathways: (1) commercial seed orchards
which then deploy seed progeny to propagation nurseries
and subsequently the production forest, (2) clonal varietal
deployment programmes. Radiata pine is a monoecious,
predominantly outcrossing species that can distribute pol-
len over large areas. Open wind-pollinated (OP) orchards
are planted in sheltered areas and rely on natural pollina-
tion. These orchards are simpler to manage but provide
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opportunity for inbreeding and generally produce half-sib
progeny of lower genetic merit and greater stand variation
on average compared with progeny from control-pollinated
orchards. OP orchards consist of ~40 parents grafted onto
rootstocks and arranged in a variety of layouts to minimise
inbreeding (El-Kassaby et al. 2014). Control-pollinated
(CP) orchards have designated male parents for pollina-
tion and female parents for cone production and have a
much higher labour requirement compared to OP orchards.
Pollination involves collecting pollen from either a single
pollen parent (full-sib progeny) or multiple pollen par-
ents (polymix/half-sib progeny) and placing a bag over the
female strobili before introducing the pollen from desig-
nated male parents (Carson 1986).

Clonal deployment relies on somatic embryogen-
esis (SE), whereby selected totipotent cell-lines can
be rapidly multiplied in ideal laboratory conditions
to give rise to an embryo and a subsequent plantlet
(Loyola-Vargas and Ochoa-Alejo 2016). This can be
used in combination with cryopreservation which acts
as a clonal archive for storing embryonic material. To
shorten the clonal deployment timeline, fresh green
cones are harvested from the top parental crosses and
SE is performed to convert somatic embryos to plant-
lets. Over the past decade, the use of clonal varietal
deployment has been steadily rising in New Zealand,;
however, it has yet to reach its full potential, with only
20% of deployed material coming from clonal deploy-
ment methods, and the remaining 80% coming from
seed orchards (Ministry of Primary Industries 2021).
The uptake of SE derived clones is limited by the spe-
cialised lab skills required to develop SE lines, a lim-
ited window of opportunity for embryo retrieval and
the recalcitrance of a large proportion of genotypes
(Montalban and Moncaledn 2019). To prevent stem
breakage, which occurs when juvenile clone stems
topple or break in wind-prone sites with high rain-
fall (Watson and Tombleson 2002), SE radiata clones
must go through a 4-year vegetative cutting stage. This
ensures clones have developed robust root biomass to
make them resilient to adverse weather conditions.
The implementation of bioreactors to scale-up SE pro-
duction could reduce the deployment time to around
2 years (Bonga et al. 2018), but does not resolve the
stem breakage problem. Clonal material often under-
goes 6-year field trials to test for growth defects before
deployment to the production forest. The main benefit
of clonal deployment is the ability to rapidly deploy
elite material with high genetic merit and create uni-
formity in the production forest. Any non-additive
genetic component can also be better captured which
is not possible in seed production and deployment due
to recombination. While there is a current bottleneck
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in producing SE plants, new technologies are showing
promise in being able to scale-up SE-derived clonal
production (Carson 2019).

The genetic merit of seed orchards is predominantly
affected by the connectivity between the orchard and the
breeding program through seed orchard turnover (Funda
and El-Kassaby 2012). As the breeding program advances
in genetic merit, elite material is selected and transferred
to the seed orchard population. Material of lower genetic
merit or with lower seed yields is removed (rogueing)
and replaced with elite material selected from the breed-
ing program in this process. This could be classified as a
two-step selection process: selecting older, lower genetic
merit material for rogueing increases the average genetic
merit of the orchard and reduces seed yield, while select-
ing new, elite material from the breeding program for
replacement also raises the average genetic merit of the
orchard but lowers seed yield until the material matures
(Funda and El-Kassaby 2012). Increasing the turnover
rate of the seed orchard should hypothetically enhance
the rate of genetic gain in the seed orchard, assuming
that the breeding program is improving in genetic merit.
However, the genetic gain obtained by the seed orchard
will be dependent on the accuracy of breeding values
in both the material rogued from the seed orchard and
the new material deployed from the breeding program.
Genetic gain is also negatively correlated with genetic
diversity and seed yield. Balancing these three factors in
seed orchards has been the subject of numerous studies
examining different selection methodologies (Lindgren
et al. 2004), management strategies (Funda et al. 2009;
Kang et al. 2001), and seed orchard designs (El-Kassaby
et al. 2014). However, the impact of turnover rate on
these three factors has not been widely studied, particu-
larly in radiata pine.

Genomic selection (GS) is a strategy that has gained
use in numerous animal (Meuwissen et al. 2001), crop
(Crossa et al. 2017), and tree breeding programs (Leb-
edev et al. 2020). GS relies on the estimation of the
relationship between single nucleotide polymorphism
(SNP) markers and phenotypic values to predict breed-
ing values in target populations based on genotype alone.
To estimate this relationship, a training population must
be formed to train a genomic prediction model. Due to
changes in linkage disequilibrium (LD) caused by selec-
tion and the need to prevent reductions in relatedness
(Habier et al. 2007), it is necessary to continuously
retrain this model each generation. In traditional forest
tree breeding, extensive field testing resulting in gen-
eration intervals of over 15 years is the primary factor
hindering progress in genetic gain (Grattapaglia and
Resende 2011). The main advantage of GS is the abil-
ity to select from large numbers of individuals at the
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seedling stage, i.e. 2 to 3 years after pollination in radiata
pine, leading to accelerated breeding cycles and greater
genetic gain compared to traditional selection (Bernardo
and Yu 2007). The time it takes for genetic gain to be
translated to the production forest can be much longer
than this if the entry of new improved germplasm to seed
orchards or clonal programmes is slow.

Presently, seed orchards and clonal deployment programs
select material based on breeding values from best linear
unbiased prediction (BLUP) models using phenotype data
collected from extensive field trials and information captured
by the pedigree. The introduction of genomics creates a new
opportunity for material to be transferred to the seed orchard at
an earlier stage of the breeding cycle. As the GS-led breeding
program advances, material will be available each year from
both the GS seedling population and the combined pheno-
typic-genomic training population (Dungey et al. 2009). How-
ever, it is unknown whether the early selection of material for
deployment at the seedling stage with a lower breeding value
accuracy will result in more genetic gain than deploying mate-
rial approximately 5 years later with a higher breeding value
accuracy when trees have been phenotyped in test trials.

At present, the accuracy of genomic-estimated breeding
values is around 0.6 for most key selection criteria (Klapsté
et al. 2020). However, when phenotypic/pedigree-based esti-
mated breeding values are used, the accuracy could increase
to over 0.8 (Radiata Plant Breeding Company 2022). The
increase in accuracy levels could be overestimated since ped-
igree-based relationship matrices do not consider Mendelian
sampling, which is taken into account by genomic relation-
ship matrices (Beaulieu et al. 2022). If breeding programs are
increasing the rate of genetic gain using genomic selection,
then there is a requirement to transfer this gain more effectively
through seed and tissue culture deployment pathways if the
benefit is to be fully realised. Furthermore, if marker-based
selected material is available at a faster rate, then it is impor-
tant for germplasm producers to understand how census size
and turnover rate in a seed orchard can be optimised to cope
with the flow of new germplasm and changes in breeding value
accuracy and seed yield.

This study focuses on three deployment options: open-pol-
linated orchards (OP), control-pollinated orchards (CP) and
clonal deployment through somatic embryogenesis. This study
aims to utilise stochastic simulation to evaluate and optimise
each deployment option under two different selection strate-
gies: genomic selection and phenotypic selection (PS). The
first objective of this study is to determine how the genetic
gain of deployment option differs under genomic and phe-
notypic selection strategies when accounting for the different
deployment timelines. The second objective is to establish an
optimal turnover rate and census size for a seed orchard when
considering seed yield, genetic merit, and genetic diversity.

Materials and methods

Timeline assumptions and overview
of the simulation

This simulation assumes that breeding activities are occur-
ring every year with overlapping generations and improved
breeding material is available for entry into the deploy-
ment pathways every year. Four deployment pathways are
considered with their respective timelines: (1) phenotypic
selection through seed orchards (22 years), (2) genomic
selection through seed orchards (17 years), (3) pheno-
typic selection through clonal deployment with field trials
(16 years), (4) genomic selection through clonal deploy-
ment without field trials (5 years) (Fig. 1). The timeline for
PS with clonal deployment could theoretically be shorter
(~ 12 years); however, it takes ~ 16 years for phenotypic
breeding values to become available and clones selected
for deployment must be multiplied after the clonal field-
testing phase which takes ~4 years. Archiving genotypes in
each deployment pathway both acts as an insurance meas-
ure to prevent material loss and provides a source of veg-
etative material for deployment. Archiving is done through
either a clonal archive (seed orchard deployment) and/or
cryopreservation (clonal deployment). Seed orchards cur-
rently use scions grafted onto rootstocks as parents instead
of directly planting SE clones; this is because grafting
has a higher flowering rate compared to SE clones. If
this was not a factor, utilising SE clones as seed orchard
parents would reduce the GS seed orchard deployment
pathway by ~ 8 years. It was assumed that bareroot seed-
lings were used to deploy seedlings from seed orchards,
in contrast, some forestry companies in New Zealand
use containerised cuttings. While bareroot seedlings are
cheaper and shorten the deployment timeline, container-
ised cuttings increase the seed orchard deployment cycle
by around ~2 years but extend the length of the planting
season. GS-based clonal deployment with no field test-
ing is inherently a high-risk practice that is not currently
employed in New Zealand, as certain clones could have
growth defects such as resin bleeding or internal checking.

The length of the deployment cycle is important to
calculate the improvement in net-present-value per year
($NPV/Y) determined through a selection index. Three
key components determine the improvement of $NPV/Y
at the deployment year: (i) the selection intensity into
the deployment pathway, (ii) the length of the deploy-
ment pathway, (iii) the structure of the deployment path-
way. The selection intensity in the deployment pathway
describes the replacement rate of the orchard or the num-
ber of clones selected for clonal deployment. The length
of the deployment pathway is altered by the number of

@ Springer



33 Page4of16

Tree Genetics & Genomes (2023) 19:33

Fig. 1 Four deployment path-
ways and their processes: (1)
seed orchards with phenotypic
selection; (2) seed orchards
with genomic selection, seed
orchards with phenotypic selec-
tion; (3) clonal deployment with
phenotypic selection and field
trials; (4) clonal deployment
with genomic selection and no
field trials. Note: seed orchard
deployment pathways consist of
OP and CP options
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steps to achieve deployment of material. The structure of
the deployment pathway has effects including cell lines
lost due to SE failure, clonal testing, and the level of clone
age-dependent gamete contribution in the seed orchard.

The simulation begins with four cycles of phenotypic
selection to create a founder population. The founder popu-
lation is then used as a source of selection for the first 9 years
of breeding cycles B o (Fig. 2). To replicate the rolling front
breeding strategy, there is a 9-year cycle for each breed-
ing population; therefore, B, is crossed to create By and B
is crossed to create B . Deployment begins with selection
of genetically superior material based on information from
genomic markers at B, to form D; where i is the length of
the deployment pathway. Twenty cycles/years of deployment
were used in this simulation. To account for the length of the
deployment pathways, genetic progress is expressed in a per
year basis by subtracting the value of the selection index at
the final cycle denominated by the number of years in the
deployment cycle plus the number of simulation cycles as
follows:

Equation 1 (Clonal Deployment)

GVgD,,, —GVB,

i+n

D

AGg /Y =

i+n

Equation 2 (Seed Orchard Deployment)

GVgD,,, — GVyD,

AG /Y =
s/ -

i+n

where AG is genetic gain of the selection index per year
(also interchangeably expressed as AG in this paper), GV,
is the mean value of the selection index, # is the number of
cycles simulated, i is the length of the deployment pathway
D and By is the first breeding population. The difference
between calculating genetic gain for clonal and seed orchard
deployment is that the base seed orchard population (D) in
most cases will have a different genetic merit from the base
breeding population (B,) and subtracting the genetic merit
of the improved orchard (D; ) from the base orchard (D)
will account for this.

To account for the value of time, the discounted NPV for
each deployment pathway was calculated (NZ$). Equation 3
provides the net present value of AG;/Y for each deploy-
ment pathway over given number of deployment cycles or
years. A 5% discount rate (d) was assumed in this study
which is consistent with industry practice (Manley 2022).
Although we did not conduct a sensitivity analysis of the dis-
count rate, it is worth noting that an increase in the discount
rate could diminish advantages of deployment methods with
shorter timeframes (Chamberland et al. 2020). The NPV is
expressed per hectare for revenue only; therefore, it does not
account for operating expenses:

Equation 3
& AGg/Y
NPV, =) —L—
= (1 +d)l+n

where NPV, is the net present value for deployment path-
way D, n is the number of cycles simulated (n=20), i is the
length of the deployment pathway and d is the discount rate
(d=5%).

The founder population contained 500 individuals.
Individuals were created based on the genomic param-
eters from the Markovian Coalescent Simulator which
simulates genome evolution with multiple cycles of muta-
tion and drift (Chen et al. 2009). This study used a genetic
map that was representative of the Pinus radiata genome,
consisting of two chromosomes which has been used in
other studies (Denis and Bouvet 2013); each chromo-
some was 150 cM in length which is representative of
the longest linkage group (Li and Dungey 2018), with a
mutation rate of 2.9 x 1077 similar to the closely related
loblolly pine (Pinus taeda L.) (Brown et al. 2004), which
spanned 1.79 Gb. For each chromosome, 37,500 segregat-
ing sites were used based on the number of segregating
sites detected in studies (Telfer et al. 2018).

This study focused on a multi-trait evaluation consist-
ing of five selection criteria, diameter-at-breast height
(DBH) in mm, stem straightness (STR) on a 1 to 9 cate-
gorical scale, branch-cluster frequency (BRH)on a 1 to 9
categorical scale, corewood density (DEN) in kg/m? and

Fig.2 Schematic of overlapping
deployment and breeding cycles ‘

By 10 By Created by Selections
from Founder Population

| ‘ Created by Selections from B) to By |
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modulus of elasticity (MOE) in GigaPascals (GPa). To
calculate genetic gain, we used the total additive genetic
value (GV) in AlphaSimR as an approximation of the
true breeding value. As performed in other simulation
studies (Carson 2019), a subset of 1000 individuals from
deployed populations were randomly sampled across all
families to account for any differences between deployed
clonal and seed orchard progeny sizes. The architecture
of the selection criteria was infinitesimal across 1000
QTLs per chromosome that were randomly drawn from
a gamma distribution with a shape parameter of 0.5 used
in other radiata studies (Li and Dungey 2018). Speci-
fied correlations between selection criteria (Table 1) and
additive variances were supplied by the RPBC (Table 2).

It is predicted in radiata pine that selection criteria with
lower heritability (growth) tend to have higher levels of
dominance variance compared to those with higher herit-
ability (wood quality) (Burdon et al. 1992). However, reliable
estimates are not currently available to the RPBC, due to the
high variability between trial sites (Apiolaza 2012; Baltu-
nis et al. 2010, 2009). Dominance variance also becomes
fairly negligible past the age of seven (Dean et al. 2006).
Consequentially, we still included dominance variance in the

Table 1 Additive genetic correlation matrix between selection criteria

simulation model due to the benefit it can provide particularly
to clonal deployment (Wu 2019). Dominance effects were
sampled from a mean of zero and 15% additive genetic vari-
ance, which is similar to other studies (Li and Dungey 2018).

Starting with the 500 founder individuals, the simulation
began with a burn-in cycle of 100 generations to generate
linkage disequilibrium (LD) with 1000 crosses and 2 prog-
eny per-family. Historic generations were then created by
performing four selection cycles using 100 parents and 200
crosses. PBLUP and GBLUP accuracies (r) used in this
study are in accordance with accuracies determined by the
RPBC (Table 2) and were used throughout the study when
referring to phenotypic and genomic selection respectively.
To reduce computation time, historic generations’ breeding
values were generated using pre-specified PBLUP accura-
cies (r) (Table 2) that were generated by stipulating the
corresponding R-value between each selection criteria and
the breeding value using the ‘rnorm_pre’ function from
the ‘faux’ package (DeBruine 2023). This practice was
also used to generate GBLUP values, avoiding the need
for a training population. Selection was performed using
a multi-trait selection index calculation, using an index I:

Equation 4
I = b1X1 + bzXz"' + ann

DBH STR BRH DEN MOE
where b; is the index coefficient and X is the phenotypic esti-
DBH 1 0.05 0.29 —0.25 -035  mated breeding value (EBV) or genomic estimated breeding
STR 1 0.15 0.05 0.05 value (GEBV) for a given trait. The vector of index coef-
BRH 1 —0.05 —0.10 ficient (b) used was:
DEN 1 0.48
MOE 1 Equation 5
Selection criteria: diameter-at-breast height (DBH), stem-straightness bh=G"'G
(STR), branch-cluster frequency (BRH), wood density (DEN) and =0y Oso¥
modulus of elasticity (MOE)
Tab.Ie 2. QGnetic variances a.md 2 2 o2 = 622 GBLUP r PBLUP » b
heritabilities used for selection P a r
criteria and objective traits Selection criteria
DBH 0.18 1100 198 0.52 0.75 55.54
STR 0.25 3.8 0.95 0.50 0.77 —187.53
BRH 0.35 4.7 1.65 0.64 0.82 493.85
DEN 0.65 552 358.8 0.69 0.91 15.30
MOE 0.55 2.08 1.14 0.70 0.88 789.18
Objective traits
VOL 0.25 0.3 0.075
BIX 0.15 95 14.25
MOE 0.4 1.7 0.68
DEN 0.65 552 358.8

Selection criteria: diameter-at-breast height (DBH), stem-straightness (STR), branch-cluster frequency
(BRH), wood density (DEN) and modulus of elasticity (MOE). Objective traits: log volume (VOL),
branching index (BIX), modulus of elasticity (MOE) and wood density (DEN)
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Table 3 Correlation between selection criteria and objective traits

Objective traits

Selection criteria VOL BIX MOE DEN
DBH 0.70 0.45 —-0.30 -0.07
STR 0.14 0.05 -0.10 —-0.31
BRH 0.15 —-0.70 —0.11 0.44
DEN -0.19 —0.11 0.45 0.88
MOE —-0.20 -0.14 0.70 0.55

Selection criteria: diameter-at-breast height (DBH), stem-straightness
(STR), branch-cluster frequency (BRH), wood density (DEN) and
modulus of elasticity (MOE). Objective traits: log volume (VOL),
branching index (BIX), modulus of elasticity (MOE) and wood den-
sity (DEN)

where v is a vector of the economic weights, G is the addi-
tive genetic variance—covariance matrix between selection
traits and Gy, is the additive genetic variance—covariance
matrix between selection criteria and objective traits meas-
ured at log harvest, calculated using a selection criteria-
objective trait correlation matrix (Table 3) (Schneeberger
et al. 1992). The objective traits used were log volume
(VOL) in m® ha™!, branching index (BIX which is the aver-
age size of four branches per 5.5 m log, using the largest
branch in each quadrant in mm) (Inglis and Cleland 1982),
corewood density (DEN) in kg/m? and modulus of elasticity
(MOE) in GPa. Pearson’s correlation coefficient (r;) was
used to determine the correlation between the EBVs in the
breeding population with the GV of an individual. The vec-
tor of economic weights was provided by the Radiata Pine
Breeding Company (Table 2) (RPBC).

The genomic breeding strategy was implemented by
selecting individuals from the founder population using
genomic-estimated breeding values (GEBVs). After a
complete genomic selection cycle (year 9), material was
selected each year from the generation prior, providing
overlapping generations for the deployment of genotypes.
Selection of the breeding material was conducted in two
steps: (i) selecting the top number of families per gen-
eration based on mean EBVs or GEBVs and selection
index, (ii) balanced within-family selection across top
families. The population size of the breeding program
was 10,000 and 100 parents were selected within 25 top
families and randomly crossed twice to form 200 fami-
lies for the subsequent generation. This was performed
over twenty years/cycles. The numbers of families were
only modified as a sensitivity analysis for clonal deploy-
ment. One hundred iterations were used for each scenario
to reduce the computation time. All simulations were
run on a 6-core (12 thread) Intel Xeon processor with
128 GB of RAM and an Intel Math Kernel library to
enable multithreading.

Deployment
Seed orchards

AlphaSimR was used to create seed orchard populations.
The initial parents were comprised of elite material selected
using PBLUP values from the founder population and were
assumed to be at full seed-producing maturity (7 years of
age). Two GS-based scenarios were tested: (1) both new par-
ents from the breeding program and material to be removed
from the seed orchard were selected based on GEBVs only
(GS scenario); (2) new material is selected from the breed-
ing program based on GEBVs; however, once clones reach
the age of five PBLUP values with higher breeding value
accuracies were assigned to inform rogueing decisions
(GSPS scenario).

It was also assumed that the ramets of each clone were
equally distributed through the orchard; therefore, the pro-
portion of the individuals represented in the genetic value of
the orchard is equal to their reproductive capacity. Based on
current orchard practices, the base assumption was a turno-
ver rate of 10% per annum and a census size of n=40 in the
open-pollinated orchard, and equally the control-pollinated
orchard contained n =20 males and »n =20 females; these
base assumptions were modified in a sensitivity analysis.
When new clones are introduced to the orchard population,
it is assumed that every ramet of a clone selected for replace-
ment would be rogued. There is a stepwise increase in male
and female cone production, dependent on clone age. The
age of each clone was tracked in the simulation, and this
was linked to yield and production data (strobili [flowers]
per ramet, year of cone development, number of seeds per
kg, stems per hectare) from a New Zealand radiata pine seed
orchard. To estimate yield, we used the following equation
from the seed orchard data summed over ramets for each
year:

Equation 6
Yy, = F(x,-2)/(RS)

where Y is the yield per hectare (ha) expressed in kilograms
(kg) per ha, F is the flowers per ramet, X; is the ith year of
cone development, R is the fixed number of seeds per kg and
S is the fixed number of stems per hectare. Therefore, this
yield estimate assumes a 2-year development for cones from
flowering and a penalty for cone loss.

Male gametes in CP and OP orchards began contributing
gametes to the orchard earlier than female cones in accord-
ance with seed orchard data. It was assumed that female and
male coning traits are independent of other traits because not
enough information is available for correlations between all
traits used in the index. In the control pollinated scenarios,
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we assumed that male pollination contributions were equal,
regardless of clone age past the age of two. In contrast, male
pollen contributions from OP orchards were estimated based
on the link between the number of strobili per ramet and
clone age from empirical seed orchard data. Each year, 2250
crosses were performed using the makeCross2 function in
AlphaSimR which incorporates a crossing plan, with 15
progenies per cross, approximately equivalent to a 1-hectare
seed orchard block. Parents were randomly sampled into a
crossing plan based on their weighted contributions to the
seed orchard; selfing in the OP orchard was assumed to be
4% (Kumar et al. 2007). This is in accordance with the fol-
lowing modified formula for estimating the genetic merit of
an OP orchard from (Funda et al. 2009; Kang et al. 2001):
Equation 7

GV = Z <(f+m) >+MZ <(f+m) M)C

where f; and m; are the proportion of gamete contributions
from female and male sources respectively for the ith clone.
The parameters f; and m; are calculated by the sum of female
cones or male strobili for the ith clone divided by the total
number of female cones or strobili in the orchard, so 0<f;<1,
0<m; <1, fi=land Y m=1.1is the selection index
for the ith clone and N is the number of clones that have a cor-
responding selection index value in clone i. M is the assumed
proportion of gene migration due to pollen contamination
and C is the assumed mean / value of the contaminating pol-
len. Pollen contamination rates, quality, and diversity in New
Zealand radiata pine seed orchards are relatively unknown. A
meta-study found that pollen contamination rates in conifer
orchards averaged around 45%; therefore, in this study we
assumed pollen contamination is 50% or which is the current
assumption used by the industry (Adams and Burczyk 2000).
Therefore, in Eq. 7 M =0.25 because pollen is half of the total
gametic contribution to the orchard. To standardise pollen
contamination, we assumed that the pollen had a genetic value
that was 10% inferior compared (C=0.90) to the value of the
seed orchard, which is in line with similar studies of different
conifers (Kang et al. 2005, 2003). It was assumed that there
was no pollen contamination in the CP orchard.

In the context of a CP orchard without pollen contamina-
tion, Eq. 7 simplifies to:
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Equation 8

N
4 m
GV:Z@M
i=1

Genetic value of the deployment year was determined by
randomly sampling 10,000 progenies from the crosses and
calculating the mean selection index value.

The rate of inbreeding (AF)) is the estimation of the rate in
which homozygosity increases between one population (seed
orchard) to the next (seed orchard progeny). AF, was estimated
using molecular markers between the seed orchard parents and
the progeny. SNPs were randomly distributed across the genome
with 3000 SNPs per chromosome, equivalent to the 36 K radiata
pine chip (Graham et al. 2022). Seed orchard progeny were sam-
pled at a rate of n= 1000, and monomorphic SNPs were filtered
out; the ‘popkin’ package was used to calculate the inbreeding
coefficient (F) for the parents and the progeny (Ochoa and Storey
2021). The rate of inbreeding was calculated as follows:

Equation 9
AF, — (Ft+1 _Ft)
(1 - Fz)

where F, is the inbreeding coefficient of the parental popula-
tion and F,; is the inbreeding coefficient of the progeny.

Clonal

Somatic embryogenesis (SE) failure rates in radiata pine can be
as high as 80%, depending on the methodology used (Montal-
ban and Moncaleén 2019). In loblolly pine, the genetic control
of SE failure is highly variable among families; however, this
has not been confirmed in radiata pine (MacKay et al. 2006).
To simulate SE failure, random sampling was used to remove
50% of families, equivalent to somatic embryogenesis failure,
unless otherwise mentioned. The number of families selected
for the deployment process is limited by the narrow-window in
which green cones can be harvested from top parental crosses
and the SE resources required to convert somatic embryos into
plantlets. To simulate the selection of green cones, the top 300
individuals from 25 families were selected using mid-parent
breeding values in both the genomic and phenotypic deploy-
ment pathway scenarios. GEBVs are not available until ~ 1 year
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Table 4 Deployment type

. Deployment type Selection type AG CI+/- % change from $NPV/ha!

and selection type change the lowest value

genetic gain in deployment

pathways Breeding Program 220.73 2.76 55.1
Clonal GS 254.74 6.58 79 $2,487
Clonal PS 191.19 4.95 34.4 $1,092
Cp GSPS 174.61 4.10 15.9 $949
Cp GS 158.33 3.96 5.1 $861
Cp PS 155.87 3.98 42 $664
(0) GSPS 165.26 4.04 9.56 $899
OP GS 151.94 3.85 0.9 $826
OP PS 149.75 2.94 0 $637

'$NPV/ha is expressed in New Zealand dollars with a discount rate of 5% and summated over 20 years of

deployment

after green cones have been harvested. Therefore, the top 2
clones from the remaining 150 individuals were selected based
on GEBVs in the clonal genomic deployment pathway. In the
phenotypic deployment pathway, the top 2 clones were selected
based on PBLUPs from the remaining 150 individuals.

Results

Simulation 1: Genomic vs phenotypic selection
and deployment

Three selection types for this simulation were considered,
genomic selection (GS), phenotypic selection (PS) and
genomic selection in combination with phenotypic selec-
tion (GSPS) (seed orchards only). GS and PS selection types
were selected and rogued (seed orchard only) based purely
on GS and PS values respectively, whereas the GSPS selec-
tion type was selected based on GS values from the breeding
program and clones were enhanced with PBLUP breeding
value accuracies once the clone age reached 5 years of age.
Overall, when deployment time (D,) is accounted for, clonal
deployment achieved significantly higher AGg/Y compared
to seed orchard options (

Table 4). Genomic clonal deployment options provide
greater genetic gain than the breeding program due to the
deployment pathway (5 years) being shorter than the breed-
ing cycle (9 years). Genomic clonal deployment provides
10% greater AGg,/Y compared to phenotypic clonal deploy-
ment. CP orchards provide only a 4.3-6% improvement
in AGg/Y compared to OP orchards. GS in seed orchard
deployment gave only a slight increase in AGg/Y com-
pared with phenotypic selection; however, GSPS offered
a significant improvement in AGg;/Y for both CP and OP

180

Contamination Rate (M)
® o

A o125

W o025

Deployment Type

® cr
® or

Turnover Rate

Fig.3 The relationship between genetic gain and seed orchard turno-
ver rate with different deployment types (OP and CP) and contamina-
tion rates (M). Note: The contamination penalty (C) is assumed to be
0.9

Yield (kg/ha)

Turnover Rate

Fig.4 The relationship between yield and turnover rate in an OP
orchard
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Fig.5 The relationship between
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Fig.6 The relationship between clone age constraint and yield in an
OP orchard. Note: The clone age constraint is the minimum age that
a clone in an orchard is eligible for rogueing. Simulation was per-
formed on a GS-only OP orchard with 15% turnover per annum

deployment types. The numbers of families selected for
entry into the clonal SE pathway and the simulated loss of
families did not significantly affect the AG in both genomic
and phenotypic pathways (results not shown). When
accounting for the discounted value of time in net present
value (NPV), GS outperforms PS in all scenarios.

Simulation 2: Seed orchard turnover in OP and CP
orchards

Overall, despite turnover effects, CP orchards only margin-
ally improve AG compared to OP orchards regardless of the
turnover rate used; the difference in genetic gain is likely
due to the additive effect of contamination rates, selfing
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Fig.7 Comparing the relationship between contamination penalty
(C), contamination rate (M) and genetic gain in an OP orchard. Note:
The dashed line indicates the base assumption used in this study
M=0.25,C=0.9)

rate and contamination penalty imposed on the OP orchard
(Fig. 3). The level of yield and AG were closely negatively
correlated, whereby, increases in lower turnover rates (5 to
10%) increased AG and decreased yield more significantly
compared to higher turnover rates (e.g. 20 to 25%) (Fig. 3
and Fig. 4). As the contamination rate (M) decreases, the
level of AG increases, and when there is no contamination
(M =0), the OP orchard and the CP orchard have similar
levels of AG due to random selection of parents in both
orchard types (Fig. 3).

Increasing the turnover of males in CP orchards to high
levels (25%) while maintaining a low female turnover (5%)
returned the same level of AG as a turnover rate of 10%
for male and females but with 15% greater yields (Fig. 5).
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Census Size

Fig. 8 The relationship between census size, genetic gain (plot A) and
inbreeding rates (plot B). Note: Simulation performed in OP orchard
with a turnover rate of 10%

Consequentially, increasing the turnover rate of male and
female CP parents also dramatically increases inbreeding
(AF,); however, if a low turnover rate is maintained in the
females (5%) and a high turnover rate is maintained with
males (25%), then the inbreeding remains relatively stable.

Interestingly, withholding from rogueing clones in a
GS or PS orchard until they reach full seed yield maturity
(age 7) is counterproductive to the total yield of an orchard
as it reduces the average clone age of the orchard; there-
fore, rogueing decisions should be based on breeding value
unconstrained by the age of the clone (Fig. 6). In contrast,
in a GSPS scenario, the age of rogueing constraint did not
affect seed yield or AG (results not shown).

The genetic penalty (C) of the contaminating pollen had a
greater effect on AG compared to the contamination rate (M)
(Fig. 7). Every 0.1 increase in M represents a 20% increase
in contamination because pollen is half of the total gametic
contribution to the orchard. Therefore, if M =0.25 then the
pollen contamination rate is 50%. The value AG decreased
by — 2.6 AG for every 0.1 increase in M. Every 0.1 increase
in C represents a 10% penalty reduction penalty applied to
the total genetic value of the seed orchard, relative to the
level of pollen contamination (M). If M =0.25, every 0.1
increase in the unit C reduced AG by —7 AG.

Fay

Turnover Rate

Fig.9 The relationship between inbreeding rate and seed orchard
turnover rate. Note: Simulation performed in OP Orchard with a cen-
sus size of n=40

Increasing the census size of seed orchards only slightly
reduces AG, although this decrease is more substantial
between n=20 and n=40; it is estimated that for every
n=20 increase in census size, AG is reduced by only — 1 AG
(Fig. 8A). Conversely, the inbreeding rate between the seed
orchard parents and the progeny is high altogether in this
study and is closely correlated with AG, whereby increas-
ing census size decreases the inbreeding rate (Fig. 8B).
Increasing the turnover rate of open pollinated orchards
also increases the inbreeding rate; however, there is a rapid
increase in AF, between lower turnover rates (5-10%)
which eventually plateaus in higher turnover rates (20-25%)
(Fig. 9).

Discussion

This study shows that selecting material for deployment
with genomic selection provides the same benefits as phe-
notypic selection. However, when genomic selected orchard
clones above the age of five are enhanced with phenotypic
data (GSPS) obtained from training/validation test trials, it
makes genomic deployment significantly more beneficial
compared to phenotypic deployment AG. This is because
seed orchards undergo a two-step selection process when
turning over an orchard, firstly to select material from the
breeding program and secondly to rogue material from the
seed orchard. The addition of phenotypic-enhanced breed-
ing values at a later stage will improve the confidence of
seed orchardists to make early selection decisions with
genomic information, knowing that selection accuracies
will be improved once phenotypic information is released.
Furthermore, this method requires the breeding program to
ensure that material deployed in seed orchards is included
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in test trials. Interestingly, this study found in the GSPS sce-
nario, having a clone age constraint for rogueing made no
difference to yield or AG. In contrast, when using either
GS or PS alone, removing the clone age constraint signifi-
cantly increased yield and did not impact AG. Theoretically,
removing only older parents could reduce the overall clone
age of the orchard and, therefore, yield. However, this theory
is limited by the fact that this study assumed that clones
produced the same yields dependent on clone age. Including
flowering data as a trait could be included in future simula-
tions if there is more data available on its variance, herit-
ability, and covariance with other selection criteria.

The length of the deployment cycle is one of the main
contributors to the genetic gain per-year of a deployment
program. While using a genomic selection strategy is a
potentially feasible way to reduce the length of deployment
timelines, other areas of a research could reduce these time-
lines further. One of the fastest ways to reduce the deploy-
ment timeline in a genomic seed orchard scenario is using
SE plantlets to establish new seed parents instead of scions
grafted onto rootstocks. This could reduce the genomic seed
orchard deployment timeline from~ 17 years to~9 years.
However, SE plantlets are not typically used as seed orchard
parents in New Zealand. This is because SE plantlets have
not been available to seed orchard producers and anecdo-
tally have lower flowering rates and seed yields compared
with parents grafted onto rootstocks. To our knowledge,
there have been no published studies in radiata pine in this
area. Research to improve flowering in non-grafted clones
is required to reduce the deployment lag further. It is nota-
ble that SE plantlets would only be beneficial as parents
in a genomic seed orchard deployment scenario. This is
because a phenotypic-based seed orchard scenario would
have to wait ~ 15 years for breeding values to become avail-
able before making selections, which is longer than the
time it takes for scions to become available (~ 10 years). To
counteract the reduction in flowering from SE plantlets, a
greater number of pollen parent ramets could be used in a
CP orchard to enhance genetic gain and counteract the loss
of flowering.

Increasing the number of genotypes (census size) in a
genomic-selected orchard has negligible effects on AG but
larger effects on inbreeding. In the context of genomic selec-
tion with low to moderate accuracy, it could be thought that
increasing the population size could spread the risk of bring-
ing new material into the orchard. However, when assuming
that breeding values are normally distributed, the variance
in genetic value between elite individuals across all traits
appears to be low, which could have contributed to the only
slight decrease between small (n=20) and large (n=100)
census size populations. Increasing the census size from
a breeding program with a larger effective population size
could decrease the inbreeding between the seed orchard
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parents and progeny further due to the increase gene diver-
sity contained within the breeding program. However, this
was not tested in this study. Future studies could include
other factors such as family selection, fecundity variation
and spatial dynamics that would provide a more accurate
estimate of inbreeding rates (Gomory et al. 2007). It is likely
that radiata pine seed orchards will opt to use small census
sizes because genetic diversity is less of a concern in radiata
due to the short rotation times (Burdon and Aimers-Halliday
2003). Moreover, radiata pine is exotic to New Zealand so
there is no legislation or requirement to maintain a certain
level of diversity in the plantation forests, as there is in some
conifers in certain countries. Smaller census sizes could also
be used in conjunction with optimised contribution selec-
tion in the case of CP orchards (Sonesson and Meuwissen
2000) or optimum neighbourhood seed orchard design with
OP orchards (Chaloupkova et al. 2016; Funda et al. 2009)
and future simulations could investigate these practices.
Therefore, while increasing the census size to increase the
genetic diversity could potentially be done without signifi-
cantly hampering the genetic value of the population, there
is arguably little benefit unless genetic diversity and inbreed-
ing depression is of concern.

Utilising a selection index in the context of a high turno-
ver seed orchard or clonal deployment program could prove
to be imperative in maintaining the connection between
selection in the breeding program and advancement of the
realised breeding objective after deployment. Strategies to
utilise selection indices have been reported internationally
in Eucalyptus dunnii (Zelener et al. 2005) and Eucalyptus
nitens (Johnson 1996) seed orchards. South American Euca-
lyptus spp. breeding/silvicultural programs utilise selection
indices in both breeding and deployment (Rezende et al.
2014). However, in New Zealand, seed orchards often pro-
vide germplasm based on customer preferences and there-
fore deployment choices are not necessarily based on objec-
tive economic decisions. In a deployment program with a
slow turnover rate this can remain the status quo over long
time frames, suggesting that deployment gain, in turn, will
be slow. With the implementation of faster deployment and
potentially higher seed orchard turnover through genom-
ics, the lag between tree selection decisions and log har-
vest could be shortened considerably. As used in this study,
employment of selection indices in both the breeding pro-
gram and deployment would maintain a sense of vertical
integration, where economic information will help influence
deployment selection decisions.

The advantages of clonal deployment depend primar-
ily on timing and the genetic components of the species,
including non-additive effects which were modelled in this
study. GS clonal deployment provides a significant advan-
tage compared to PS clonal deployment in terms of AG.
However, GS clonal deployment as described in the current
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study is unlikely to be implemented operationally as it car-
ries too much possible risk. There is a requirement to check
for growth and other defects in clonal trials, where a limited
number of clonal varieties are being deployed at scale. Inter-
nal checking and resin bleeding are an example of growth
defects found in clonal trials with genomic-estimated breed-
ing value accuracies of rgpgy =0.55 and rgggy =0.56 respec-
tively (Li et al. 2019). This makes it unlikely to be able to
screen for these traits at an early age. However, discovery
of QTLs with significant effects, advancement of early-
screening for growth defects and increasing the number of
clones deployed could make GS clonal deployment plausi-
ble. But this approach would not account for the unmasking
of deleterious recessives that has been seen in bull breeding
(Pryce et al. 2014). Li and Dungey (2018) found that clonal
deployment using genomic selection had gains of 3-12%
over deploying progeny which was less than the estimate
from this study. This is likely because their simulation
relied on the genetic value of the individuals and did not
consider rogueing and rotation of individuals in a mature
seed orchard. The seed orchards also contain individuals
from historic generations to maintain adequate seed yields
which inevitably lowers the overall genetic value. Interest-
ingly, this study found that the loss of individuals due to SE
failure did not impact AG; as mentioned, this is probably
because the variance in genetic value between elite indi-
viduals across all traits appears to be low, negating the loss
of families. The interaction between the number of families
selected and the rate of family loss due to SE failure was
also non-significant. This means that the breeding program
could reduce the number of families selected for SE as a
cost-saving measure without losing AG in the deployment
pathway. It is not known if the SE recalcitrance observed in
operational laboratories has a heritable component.

When comparing the CP and OP orchards, random mat-
ing was assumed for both orchard types, and while domi-
nance effects were included, specific combining ability
(SCA) was not considered. As a result, the differences in
genetic gain between the orchard types could only be attrib-
uted to contamination rates and penalties, as well as the
contribution of male pollen from older clones in the OP
orchard. It was assumed that the contribution of male gam-
etes in the CP orchard was equal regardless of clone age
past the age of two, while in the OP orchard, male gametes
from older clones had a greater gametic contribution. CP
orchards can exploit dominance effects by using progeny
data from crosses to incorporate SCA in the selection of
parental combinations (Li et al. 2021). In contrast, domi-
nance effects are much easier to exploit in clonal deployment
due to the direct capture of non-additive variance and the
total additive variance as clones do not undergo recombina-
tion (Wu 2019). Further studies could explore the impact
of dominance variance on genetic gain in both OP and CP

orchards by modelling varying levels of dominance variance
in the trait architectures and implementing selection models
that account for SCA.

Contamination control in OP seed orchards is some-
times practised, primarily through the planting of non-
orchard species in borders or situating OP orchards in a
location that is distant from production forests (Codesido
and Fernandez-L6pez 2014). In a Douglas fir (Pseudotsuga
menziesii) seed orchard, contamination reduced benefits by
up to CAD$748,500 per year at the highest site index with a
planting density of 1111 trees/ha (Stoehr and Webber 2018).
Modern techniques such as isolation tents or covers could
be employed which have been shown to reduce contamina-
tion rates by 23% (Torimaru et al. 2013). While increasing
contamination rates is likely to decrease genetic value, it
could also inadvertently increase the effective population
size of the seedlots, depending on several factors, including
the genetic variability of the pollen donors and the genetic
distance between the pollen donor and orchard parents (Sgn-
stebg et al. 2018). Gaining an accurate estimate of effec-
tive population size including pollen contamination rates in
radiata pine would require a study using genetic markers.
There is current research underway in North Canterbury,
New Zealand, on OP radiata seed orchards to estimate the
value and quantity of contaminating pollen using pollen
traps and genetic markers. While contamination rates are
easier to control compared to the value of contaminating
pollen, seed orchards could subsidise and encourage the
planting of stock with a higher genetic value in surrounding
forests.

This study found that increasing the turnover in an
orchard positively affected the genetic value of the
orchard, but significantly reduced the yields. To our
knowledge, it is not common practice in New Zealand
CP seed orchards to turnover male pollen parents at
greater rates compared to female parents. Consequently,
we examined whether increasing the turnover of males
in the CP orchard would be of benefit. Based on the data
we have presented, a CP seed orchard with a low cen-
sus number (20 males, 20 females), low female turno-
ver (5% per annum) and a high male turnover (25% per
annum) would generate high yields with high AG while
moderating rates of inbreeding AF,=0.026). Increas-
ing the turnover in OP orchards resulted in a significant
increase in AG at the cost of losing yield and increasing
inbreeding rates. The increase of inbreeding at higher
turnover rates could be caused by the reduction of gam-
ete contributions due to the greater number of younger
parents in the orchard producing less pollen and cones.
To counteract this, higher turnover rates could be uti-
lised with higher census sizes. Due to a lack of empirical
data, this study did not address the effect of turnover
on pollen yields which is a consideration in CP seed
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orchards. Higher rates of male turnover in a CP orchard
would likely require greater land space to accommodate
the extra number of male parents established in a pollen
archive to satisfy pollen demands.

While this study analyses the relative benefits of each
deployment pathway, it does not account for their respec-
tive costs. Cost—benefit analyses have been performed
with GS in combination with seed orchard and SE-based
clonal deployment in white spruce (Chamberland et al.
2020). Where despite costs, GS based seed orchard/SE
clonal deployment pathways were found to result in higher
land expectation values compared to conventional seed
orchard deployment pathways (Chamberland et al. 2020).
However, in a combined white spruce and lodgepole pine
(Pinus contorta), genomic selection with OP seed orchard
deployment would only be justifiable compared to conven-
tional selection at lower discount rates, decreased seed-
ling costs and higher plantation areas (Chang et al. 2019).
Future studies will utilise data generated by this study and
incorporate costs to investigate the cost—benefit compari-
son of OP and CP orchards, PS and GS-based deployment
and seed orchard turnover rates. A cost benefit-analysis
could also identify which factors are the greatest drivers
that control the profitability and feasibility of deployed
material to the production forest. Because the difference
in genetic gain between CP orchards and OP orchards is
marginal (Fig. 3), it is uncertain whether CP orchards
would yield any benefit when higher labour and manage-
ment costs are accounted for. Furthermore, there are also
added complexities and technological investment to ensure
that CP pollination is carried out efficiently. Increasing
turnover rates evidently decreases seed yield; therefore,
greater land space and higher management costs would be
required to meet the demand of industry for new planting
stock. Analysing the cost—benefit of each turnover rate
could determine the optimum rate for OP and/or CP seed
orchards.

Conclusions

This study assumed that phenotypic selection had higher
breeding value accuracy compared to genomic selection;
however, phenotypic selection-based deployment had a
longer timeframe compared to genomic selection. When
accounting for the clonal and seed orchard deployment
pathway timeframes in a stochastic simulation, genomic
selection has the propensity to improve the delivery of
genetic gain between the breeding program and produc-
tion forest in radiata pine. In clonal deployment, mate-
rial deployed using genomic selection significantly
enhances genetic gain per year due to the large reduc-
tion in deployment timeframes (16 years for phenotypic
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selection, 5 years for genomic selection). Yet, in seed
orchards, the difference in timeframes between selec-
tion strategies is less (24 years for phenotypic selec-
tion, 19 years for genomic selection) because the breed-
ing cycle needs to be completed (~9 years) to harvest
scions. This resulted in similar genetic gain per year
between genomic and phenotypic-based deployment
selection strategies for seed orchards. However, when the
value of time is accounted for through discounted NPV,
genomic selection provided significantly greater value
compared to phenotypic selection. Additionally, when
genomic selected orchard clones above the age of five
are enhanced with phenotypic breeding values (GSPS),
genetic gain is greater compared to phenotypic deploy-
ment alone.

Increasing the turnover rate of seed orchards has a
large effect on seed yield, inbreeding rates, and genetic
gain. The average clone age of the seed orchard is directly
linked to the yield of the orchard. Increasing the average
clone age of the seed orchard also increases the number of
mature seed producing parents, and this can be achieved
by reducing turnover rates. However, while decreasing
turnover rates in CP and OP orchards increases yield
and reduces inbreeding rates, it also inversely decreases
genetic gain. This is because connectivity is reduced
between the genetic gain obtained in the breeding pro-
gram and the deployment of improved material to the
seed orchard. CP orchards provide the opportunity to bal-
ance yield, genetic gain, and inbreeding rates. This can
be achieved by lowering female-parent turnover rates and
increasing male pollen-parent turnover rates, resulting in
high yield, high genetic gain, and moderated inbreeding
rates. This is because the high turnover of male-pollen
parents maintains connectivity with the breeding program
while a lower turnover of female parents maintains high
yields and moderates inbreeding. Increasing census size
causes a slight reduction in genetic gain, but significantly
reduces inbreeding rates; therefore, the census size of the
seed orchard should be dependent on whether genetic
diversity or genetic gain is of greater priority.
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