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Sammanfattning

De senaste forbattringarna i avelsviarderingsarbetet vid Skogforsk gor det nu mojligt att
generera jamforbara avelsviarden for alla besliktade trad i en stamtavla for en given
region. Aven om skogstriadsforadlare nu enkelt kan producera listor 6ver kandidattrad
och deras avelsviarden kan de inte bara ta de basta triaden for att generera nista test-
generation utan maste dven ta hdnsyn till graden av slaktskap mellan utvalda trad. Den
optimala 16sningen ar inte att helt undvika sléktskap utan snarare att hitta den uppsatt-
ning trad som maximerar den genetiska vinsten givet en begransning vad giller hogsta
tillatna genomsnittliga slaktskap. Ett forbattrat hjalpmedel vid arbetet med optimeringen
av balansen mellan vinst och diversitet vid ett urval har nyligen blivit tillgangligt genom
implementering av nya optimeringsalgoritmer i urvalsverktyget OPSEL.

I den hér studien undersokte vi hur OPSEL pé basta sitt kunde utnyttjas vid framstall-
ning av nista testgeneration inom ett antal foradlingspopulationer av tall i norra Sverige.
Vi sammanstéllde data pa tillgdngliga kandidattrad frin de tre foradlingspopulationerna,
Tpop T4, T7 och T11, samt utvarderade lamplig storlek pa operativ korsningsinsats och
vilken diversitetsbegriansning som skulle tillaimpas for att uppné uppsatta mél vad giller
genetisk bevarande. Vi optimerade sedan valet av fordldragenotyper till nista testgenera-
tion under olika urvalsscenarier, inklusive s kallat "bakétval" (enbart ursprungliga plus-
trad), "framatval" (endast avkomma fran plustrad) och urval dar bade plustrad och deras
avkommor fick ingd — dar det sistnamnda scenariot konsekvent producerade det bésta
resultatet. Vi utformade dessutom ett verktyg som underléttar planeringen av efterfolj-
ande korsningsarbete, med huvudsaklig uppgift att minimera sldktskapet mellan utvalda
foraldrar i varje enskild parkorsning.
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Summary

Recent improvements in our breeding value estimation at Skogforsk makes it possible

to generate comparable breeding values for all relatives in the entire pedigree for a given
region. While breeders can now easily produce lists of candidate trees and their breeding
values, they cannot simply take the best trees to generate the next cycle of test progeny,
but must also take into account the degree of relatedness among selections. The optimal
solution is not to completely avoid kinship, but rather to find the set of selections that
maximizes gain under a relatedness constraint. This optimum balance of gain and diver-
sity during selection has only recently been solved in a definitive way by the application of
optimization algorithms in a selection tool called OPSEL.

In this study, we look at how best to utilize this new capability while forming the next-
cycle breeding populations for Scots pine in northern Sweden. We compiled data on
candidates from three sub-populations, Tpop T4, T7 and T11. We evaluated the size of
the operational crossing effort that should be planned for each breeding region and the
appropriate constraint on diversity that should be applied to achieve program goals for
genetic conservation. We then optimized selection of the genotypes contributing to the
next cycle under different scenarios, including so-called “backward selection” (only
founders), “forward selection” (only progeny of founders) and selection from across all
previous cycles — the latter consistently produced the best result. We also designed a tool
to plan the crossing of these genotypes in a positive assortative fashion, respecting the
optimum contributions identified for each, and avoiding excessive relatedness between
parents in each cross.



Introduction

Much research has focussed on development of “optimum strategies” for managing tree
breeding populations. In Sweden, breeding of pine and spruce is done in the context of a
multi-population structure of independent subpopulations targeting a particular photo-
period and temperature climate (Danell, 1993). The challenge is to pursue gain in each
subpopulation while conserving diversity for robust deployment and as the source of
future gains. Exactly how this should be done has been the subject of many theoretical
studies using deterministic approaches (e.g., Danusevicius and Lindgren, 2002a, b;
Lindgren et al. 2008; 1993; 1996; Ruotsalainen and Lindgren, 1998; 2000; Wei, 1996;
Wei and Lindgren, 1991; 1994; 2001; Wei et al., 1997). The development of computer
tools, such as POPSIM (Mullin et al. 2010; Mullin and Park, 1995) has also allowed the
topic to be studied by means of computer simulation (e.g., Andersson et al., 1999;
Andersson et al., 1998a; Andersson et al., 1998b; Lindgren and Mullin, 1997; Lstibtirek
et al., 2004a, b; Lstibtirek et al., 2005; Rosvall, 1999; Rosvall and Andersson, 1999;
Rosvall et al., 1998; Rosvall and Mullin, 2003; Rosvall et al., 2003).

In Sweden, these studies have formed the basis of breeding strategy evaluations and
recommendations for the primary species, Scots pine and Norway spruce (Rosvall et

al. 2011; 2015; Rosvall and Mullin, 2013; Ruotsalainen and Persson, 2013; Westin and
Haapanen, 2013). In general, there is agreement that the formerly recommended two-
step breeding strategy involving backward selection of progeny tested candidate parents,
followed by controlled crossing by double-pair mating (DPM) and balanced selection
within families, is very time consuming and probably not as efficient as moving ahead
more quickly with forward selection, particularly in combination with clonally replicated
field tests and with some imbalance during testing and selection. The simulations suggest
that reductions in cycle time from 33 to 21 years can be accompanied by 30 to 50 percent
additional gain per year at the same annual investment.

Recent implementation of TREEPLAN®) at Skogforsk makes it possible to generate com-
parable breeding values for all relatives in the entire pedigree for a given region. While
the TREEPLAN® system produces ranked lists of candidate trees and their breeding
values, breeders cannot simply take the best trees, but must also take into account the
degree of relatedness among selections. Managing relatedness among selections is already
complicated after the first cycle of breeding, when parents, siblings and other relatives
have similar ranks. The optimal solution is not to completely avoid kinship, but rather to
find the set of selections that maximises gain under a relatedness constraint. This op-
timum balancing of gain and diversity during selection among TREEPLAN®) breeding
values has only recently been solved in a definitive way by the application of optimization
algorithms in a selection tool called OPSEL (Mullin 2014, 2017a; Mullin and Belotti, 2016;
Mullin et al., 2016; Yamashita et al., 2018).

While much work has been done theoretically and through simulation, many of these
ideas have yet to be implemented in actual sub-populations, each of which have their own
peculiarities and unique history of selection, mating and testing. Populations considered
in theoretical studies tend to be balanced and sampled from uniform distributions repre-
senting the “average” situation. Actual populations tend to somewhat fragmented, with
different rates of progress within the population and different intensities of testing among
the founders and their offspring. Add to this the complication of shifting from a two-step
backward-selection breeding strategy, to a faster one-step strategy, the possible stumbling
blocks and implementation issues are many.



Our goal in this study was to gain insight on the severity of these issues and the best
ways to handle them, by implementing the newer strategies in the context of actual
sub-populations. The Tpop T4, T7 and T11 Scots-pine breeding populations in northern
Sweden are at the stage to move forward with the next cycle of breeding and testing. Our
objective was to implement Best Linear Unbiased Prediction (BLUP) breeding value
estimation for the Tpop T4, T7 and T11 populations as case study, and to apply optimum
selection to assemble possible breeding populations to carry forward into crossing for the
next recruitment population.



Methods and materials

COMPILATION OF CANDIDATE BREEDING VALUES

The project utilized selection, pedigree and phenotypic data from Tpop T4, T7 and T11.
Using data already in the DATAPLAN system, we prepared breeding value estimates for
the target deployment regions, as well as for deployment areas for adjacent breeding
populations. The breeding values were transferred to candidate lists on which various
selection options were applied.

The breeding progress within Tpop T4, T7 and T11 can be described as follows:

« Tpop T4: 68 Swedish and 143 Finnish founder trees were originally allocated
to the breeding population. The average geographic origin of the founder trees
is 66.9°N and the centre of the target area for the breeding population is set to
66.5°N on low elevation areas. Half-sib progenies of the founders (Swedish
material: open-pollinated seed collected in the original stands, Finnish material:
seed from controlled crosses using a common pollen mix of 19 Swedish founder
trees) were planted in five field tests in 1986. Based on progeny-test results, 70
founders were selected and crossed in 1998, producing 82 full-sib F1 families
that were planted in 2001 in an archive at the Savar breeding station and in two
field trials (Table 1). The archive and field trials were measured 2015.

« Tpop T7: 103 Swedish and 107 Finnish founder trees were originally allocated
to the breeding population. The average geographic origin of the founder trees
is 66.1°N and the centre of the target area for the breeding population is set to
65.0°N and 100 m in altitude. Half-sib progenies of the founders (Swedish
material: open-pollinated seed collected in the original stands, Finnish material:
seed from controlled crosses using a common pollen mix of 22 Swedish founder
trees) were planted in five field tests in 1986. Based on progeny-test results, 69
founders were selected and crossed in 1998, producing 71 full-sib F1 families
that were planted in 2001 in an archive at the Savar breeding station and in
three field trials (Table 1). The archive and field trials were measured 2015 and
2011, respectively.

« Tpop T11: 212 Swedish founder trees were originally allocated to the breeding
population. The average geographic origin of the founder trees is 63.6°N and
the centre of the target area for the breeding population is set to latitude
62.5°N and 325 m in altitude. A first batch of 130 founder trees were crossed
over the period 1963—1979, producing 594 F1 families that were grown and
planted in 12 field trials over the period 1970—1980 (Table 1). Forward selection
was performed in 1986-1988, and 100 selected F1 individuals from six of the
trials were crossed in 1988, producing 102 full-sib F2 families. The full-sib
F2 progeny were grown and planted in three field trials in 1992 (Table 1). Six
of the 12 F1 trials were measured in 2002, and the remaining Fitrials and the
three F2 trials were measured in 2012. In addition, 38 founder trees were
crossed 1977 (polycross, using a common pollen mix from 26 founder trees)
producing 38 half-sib families which were planted in four field trials 1980 and
measured year 1993. Also, open-pollinated offspring from 37 trees (grown from
seed collected in the original plus tree stands) were put out in progeny trials
1996 and measured in 2005.



Table 1. Description of the tests and the progeny material included in the study, based on information from
the latest inventory.

Test location Test plot Narrow sense heritability No No families Average
Genotypes family size

Test Lat.°N Long.°E Type Survival Height F1 F2

T4 F1 trial 1 66.3 21.0 Single-tree 0.08+0.03 0.06+0.03 2061 214 - 9.6
T4 F1 trial 2 64.9 18.8 Single-tree 0.14+0.03 0.24+0.05 2976 198 - 15.0
T4 F1 trial 3 65.0 211 Single-tree 0.05+0.04 0.15+0.08 1262 190 - 6.6
T4 F1 archive 63.9 20.6 Row family - 0.14+0.04 1162 82 - 14.2
T4 F1 trial 4 65.0 21.0 Multiple-tree | 0.05+0.03 0.14+0.05 5132 32 - 160.4
T4 F1 trial 5 66.4 20.7 Single-tree - 0.24+0.06 1233 72 - 171
T7 F1 trial 1 66.3 21.0 Single-tree 0.12+0.06 0.21+0.08 1013 171 - 59
T7 F1 trial 2 64.9 18.8 Single-tree - 0.41+0.07 2406 189 - 12.7
T7 F1 trial 3 65.0 211 Single-tree - 0.34+0.07 1897 209 - 9.1
T7 F1 trial 4 63.6 15.6 Single-tree - 0.29+0.10 1162 180 - 6.5
T7 F1 trial 5 64.0 20.6 Single-tree - 0.51+0.07 2904 204 - 14.2
T7 F1 archive 63.9 20.6 Row family - 0.18+0.06 848 70 - 12.1
T7 F1 trial 6 64.0 19.9 Multiple-tree - 0.58+0.24 1296 8 - 162.0
T7 F1 trial 7 64.4 19.1 Single-tree 0.05+0.03 0.19+0.06 1074 61 - 17.6
T7 F1 trial 8 64.1 201 Single-tree 0.12+0.04 0.62+0.11 1018 61 - 16.7
T11 F1 trial 1 63.6 16.8 Single-tree 0.13+0.06 0.29+0.08 1620 49 - 331
T11 F1 trial 2 63.2 17.6 Single-tree 0.30+0.10 0.22+0.08 1034 46 - 225
T11F1 trial 3* | 623 15.4 Single-tree 0.04+0.01 0.28+0.06 5771 172 - 33.6
T11 F1 trial 4 62.8 17.3 Single-tree 0.05+0.01 0.16+0.04 2541 181 - 14.0
T11 F1 trial 5 63.6 17.4 Single-tree 0.08+0.02 0.20+0.05 1781 178 - 10.0
T11 F1 trial 6 63.4 17.6 Single-tree 0.05+0.02 0.05+0.02 1020 71 - 144
T11 F1 trial 7 63.4 17.6 Single-tree 0.08+0.02 0.13+0.03 1548 201 - 7.7
T11 F1 trial 8 64.0 19.9 Single-tree 0.06+0.02 0.09+0.02 3330 199 - 16.7
T11F1 trial 9* | 628 171 Single-tree 0.03+0.01 0.11+0.03 7053 200 - 35.3
T11F1trial 10 | 65.0 204 Single-tree 0.23+0.05 0.19+0.04 2934 157 - 18.7
T11F1trial 11| 64.0 19.3 Single-tree 0.04+0.01 0.06+0.02 1691 150 - 11.3
T11F1trial 12| 63.9 20.6 Single-tree 0.02+0.01 0.17+0.04 1794 150 - 12.0
T11F2trial 13| 63.0 16.7 Single-tree 0.03+0.03 0.11+0.04 1570 - | 102+ 10.6
T11F2trial 14 | 628 14.9 Single-tree 0.04+0.03 0.04+0.03 1255 — | 99+4 8.7
T11F2trial 15| 62.8 14.4 Single-tree - 0.16+0.05 1770 - | 101+ 12.0
T11F1trial 16 | 634 17.6 Single-tree 0.1+0.03 0.08+0.03 534 38 - 141
T11F1 trial 17 | 631 17.0 Single-tree 0.05+0.02 0.25+0.06 2334 38 - 61.4
T11F1trial 18 | 62.7 171 Single-tree 0.03+0.03 0.16+0.05 1513 38 - 39.8
T11F1trial 19 | 62.5 15.4 Single-tree 0.03+0.02 0.22+0.06 1939 38 - 51.0
T11F1trial 20 | 63.5 19.3 Single-tree - 0.24+0.05 777 37+2 - 19.7
T11F1trial 21 | 634 16.7 Single-tree 0.06+0.02 0.31+0.04 715 32+2 - 20.8
T11F1trial 22 | 63.7 16.7 Single-tree 0.06+0.03 0.32+0.05 397 28+2 - 12.9
T11F1trial 23 | 64.5 17.2 Single-tree 0.19+0.04 0.24+0.05 375 28+2 - 12.2

During the field visit, it appeared that most trees in the trial had been stormed.




For each of the Tpop T4, T7 and T11 populations, the work began with the assembly of

all available founder trees and all surviving genotypes in associated F1 and F2 field trials
into three separate candidate lists. Not only the founder trees originally allocated to Tpop
4,7 and 11, but all northern Swedish founder trees (Tpop T1-T12), regardless of original
breeding population assignment, were nominated as potential candidates for each of the
three candidate lists.

Target deployment breeding values for Tpop T1-T12, latitude of origin for the founder
tree and information on exact location in archives and test sites were added to all candi-
dates in the lists. The breeding values used for ranking were calculated as the sum of the
breeding values of the breeding objectives for quality and per-hectare volume production
(in their separate deployment regions) weighted by economic relevance. The candidate
lists were then checked if a given founder tree had been involved in some crossing activity
in another breeding population in the past and if so excluded from the list. Thereafter, the
candidate lists were checked that no ancestor were missing, i.e. checking that the pedigree
was complete.

HOW MANY TO SELECT? WHAT DIVERSITY TARGET?

Optimizing selection involves finding a group of genotypes and their contribution
frequencies that maximizes genetic gain, while still satisfying the requirement for opera-
tional crossing under a specified diversity constraint. Basic parameters defining the selec-
tion task are how many genotypes should be selected and the appropriate target level of
diversity.

In the strategy originally proposed by Danell (1993), he suggested that totally balanced
double-pair mating (two crosses per selected parent) and selection of 50 breeding parents
per cycle would maintain a variance effective population size Nev = 100. This could be
achieved by selecting one individual from each of 50 families, then mating each of these
exactly twice to create a recruitment population of 50 families. Indeed, this has been
accepted practice in Sweden for many years. Danell felt that this would be a rather
conservative approach in the Swedish context, which could perhaps be safely relaxed to
Nev = 50.

In the simulation work reported by Rosvall et al. (2015), it was found that “expanding” the
breeding population by selecting and breeding a greater number of parents could result

in additional gain, even under circumstances where the group coancestry of the selected
population was kept constant. After consulting with Skogforsk breeders, we determined
that doubling the number of crosses per breeding cycle from 50 to 100 was operationally
feasible and, in many instances, similar to the number of crosses currently implemented,
as additional crosses are often made as a “safety buffer” against cross failure. We adopted
100 crosses as the operational specification to be met by our optimization.

The diversity of our selected breeding population is not defined by its census size, but
rather the average relatedness among the selections, their “Group Coancestry” (GC)
(Cockerham, 1967). In selecting 50 unrelated, progeny-tested founders, the sub-popula-
tion starts with Status Number Ns = 50, or GC = 0.01. Table 2 illustrates the subsequent
reduction of Ns and accumulated GC with each cycle of selection. To maintain Nev = 100,
we accumulate GC at the rate of 0.005 per cycle, whereas to maintain Nev = 50 the rate
of GC increase is doubled. It follows from the study by that an intermediate constraint on
diversity would be appropriate to maintain Nev = 75. Our target for selecting the next-
cycle breeding parents was thus Ns > 20, or GC < 0.025.
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Table 2. Target GC and Ns for breeding populations that maintain inbreeding effective
population size of 50 to 100. The target constraint on diversity used in this study is in
large bold italic font.

Nev =100 Nev =75 Nev =50
Cycle Ns GC Ns GC Ns GC
0 50 0.0100 50 0.0100 50 0.0100
1 33 0.0150 28.6 0.0175 25 0.0200
2 25 0.0200 20 0.0250 17 0.0300

IMPROVEMENTS TO THE OPTIMAL SELECTION ALGORITHM

Our optimization approach initially adopted the concept of using 100 genotypes equally
to generate the 100 families. This is the optimization approach described by Rosvall et al.
(2015) and utilized a mixed-integer programming solution implemented in OPSEL
(Mullin, 2014; Mullin and Belotti, 2016). While this produces an optimum that is truly
exact, the restriction to use each selected genotype equally was considered unnecessary,
as we expected greater gain could certainly be achieved by optimizing the contribution of
each selected genotype (Woolliams et al., 2015). Discussions with Skogforsk breeders
confirmed that there was no operational reason to enforce equal crossing of each selec-
tion.

We thus looked to the “unequal contributions” solution within OPSEL, which was recently
upgraded with a Second-Order Cone Programming (SOCP) solver that runs much faster
than the former Semi-Definite Programming (SDP) approach (Mullin 2017a; Mullin et al.,
2016; Yamashita et al., 2018). While the object function was originally intended to opti-
mize unequal contributions to a seed orchard (Ahlinder et al., 2014; Mullin, 2014), we
realized that, with some minor modifications, the SOCP solution could also be appro-
priate to optimize a specified total number of crosses.

The total number of contributions required is twice the number of desired crosses, as two
contributions are required per cross. The SOCP solution gives the exact optimum propor-
tion, which must then be multiplied by the twice the number crosses to obtain the express
the solution as integer contributions. Some minor modifications to the integer conversion
within OPSEL ensured that the contributions sum exactly to the required total. While the
modified solution is, technically, no longer an “exact” integer solution, it will be very close
and considered adequate for most operational applications. For our purpose here, we
determined that 100 crosses per breeding population was a realistic level of effort. OPSEL
was therefore asked to optimize a total of 2 x 100 = 200 contributions.

Initial optimization and fine-tuning of breeding population assignment

With optimization parameters determined, we were able to create an input file for
OPSEL and perform an initial optimized selection. After this first optimization attempt,
an investigation was performed of the performance in surrounding breeding popula-
tions of nominated founder trees. If a selected founder was ranked significantly higher
in another breeding population and whose latitude of origin was acceptable in that other
breeding population within established transfer rules, the founder tree was marked as
unavailable for optimization and a second OPSEL run was performed with the updated
candidate list.

11



Generation of crossing plan

Having generated an integer solution to optimize genotype contributions, it then remains
to plan the field crossing among the selected parents, while avoiding excessive relatedness
between mates that could result in inbreeding depression in the progeny. Numerous
studies have demonstrated the effectiveness of positive assortative mating (PAM) for
expanding genetic variance and creating opportunities to select superior production
populations such as seed orchards (Lstibtirek et al., 2004b; Rosvall et al., 2003; 2015;
Rosvall and Mullin, 2003;). We thus developed a new computer application, XDesign,

to automate the generation of mating designs for the resulting selection lists, ensuring
that positive assortative mating was applied as strictly as possible, while avoiding a user-
specified level of coancestry between mates (Mullin, 2017b). XDesign is applied as a
separate step, using the selection output file from OPSEL as its main input.

For positive-assortative mating, XDesign first prepares a ranked list of selected genotypes
and their optimum contributions. The algorithm then starts at the top of the list, assign-
ing selections as parents of potential crosses, working its way down the list while avoiding
self and reciprocal crossing, until all contributions are exhausted, to complete a provis-
ional list of crosses. If the mating is to be positive assortative, the ranking is based on
decreasing EBV. When random assignment of mates is desired, XDesign simply applies a
randomization procedure to shuffle the ranking.

Especially when the ranking of parents is positive assortative, we would expect that
parents of some crosses in this provisional list may be closely related. Starting at the top
of the provisional list, XDesign evaluates the coancestry between the parents of each
cross. When this coancestry exceeds a user-specified value, XDesign searches down the
list to find a mate whose coancestry is satisfactory and then “swaps” the two parents. The
process is repeated until XDesign reaches the bottom of the list. It is possible that Designs
will run out of potential swaps near the bottom of the list, but this occurs rather infre-
quently under positive assortative mating, as the number of contributions allocated to
low-ranking genotypes tends to be quite small.

Comparison of selection options

In our case study populations, we had at least two generations of material that could be
considered as selection candidates, the Fo founders, and various types of descendants
including progeny of open-pollinated, poly-crossed and single-pair control-crossed
families. In Swedish breeding, selection has not usually considered founders when pro-
ducing crosses in advanced generations. While the founder genes are represented among
their progeny, the solution to a selection optimization with a constraint on diversity might
find greater average gain if some of the founders are used again in the next cycle of
breeding.

We explored this possibility by comparing the results of strict “forward” selection,
ignoring founders as potential breeding parents in the next round, as well as “forward-
backward” selection, where genotypes across all generations with legitimate breeding
values were considered as breeding candidates. The estimation of BLUP breeding values
in TREEPLAN® allows us to generate breeding values that are comparable across
generations.
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Results and Discussion
IDENTIFYING SELECTION CANDIDATES

Even after the small number of population assignment changes following the initial
optimizations, the three breeding populations represented rather similar numbers of
founder plus-trees, each having about 2 850 individuals (Table 3). While similar in terms
of numbers of founders, the genetic structure of the candidates from F1 and F2 genera-
tions varied greatly. The F1s in T4 and T77 had no paternal ID in the pedigree, as they
arose from open-pollination or from polycrosses. In the case of T4, there were slightly
more polycrosses (PX) than open-pollinated (OP), while the T7 population had over twice
as many open-pollinated crosses. The constraint on group coancestry applied to optimal
selection in these two populations was based on the female side of the pedigree; the
unknown male parents were regarded as unique, non-inbred genotypes.

The advanced-generation candidates from T11 were very different in that the majority of
male parentage was known. Only about 9 percent of the F1 candidates were progeny from
OP, while the remainder of the F1s and all the F2 candidates were progeny from single-
pair crosses. The T11 breeding population was the only one of the three that had F2
candidates, and in total had double the number of candidates available, compared with
T4 and T7.

Table 3. Number of candidates available to OPSEL, after a pedigree check, showing the
crossing of origin of candidates available for each breeding cycle in each breeding popu-
lation as founders, open-pollinated (OP), polycross (PX) or controlled single-pair crosses
(pair cross). The numbers of candidates shown are after the fine-tuning of breeding
population assignment described in the text.

Population
Pedigree generation T4 T7 Ti1
FO (founders) 2 855 2 841 2 860
F1 0P 6299 9382 2263
F1 PX 7527 4236 -
F1 pair cross - - 25622
F2 pair cross - - 4 595
Total 16 681 16 459 35340
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Optimization under the various selection scenarios

OPSEL was able to complete the optimization of all selection scenarios for the three test
populations without problem. There were some cases where the group coancestry con-
straint was violated to a very small degree, due to rounding of contributions to whole
numbers summing to 200. The results are summarized in Table 4 and the various
selection scenarios discussed below.

Backward selection scenario: Beginning with similar numbers of founder candidates,
but with varying amounts and quality of progeny test data, the optimized “backward”
selection utilized similar numbers of selected founder genotypes, between 30 and 33.

The average estimated breeding value in each population varied considerably from 280

to 344. While breeding values from TREEPLAN are comparable, they are of course
reported with reference to the target environment of the sub-population.

Forward selection scenario: Optimizing the 200 cross contributions by selecting only
from F1 or F2 candidates (“forward” selection) always use contributions from more geno-
types, up to twice as many as selection backward. For population T11, where the selection
candidates were almost all progeny from pair crosses, the average breeding value of the
selected group compared with the backward selection scenario was 19 percent higher,
with over 9o percent of contributions coming from the pair-cross progeny. Selection in
the T4 and T7 subpopulations produced over 60 percent of contributions from the OP
progeny, but differences in average breeding value from backward selection were incon-
sistent, with forward selection in T4 producing 3 percent less, but in T77 produced 16
percent more.

Selection across generations: Considering candidates from across all generations
gives a combined “forward-backward” scenario. The total number of genotypes in the
optimal solution was intermediate between the smaller number founders selected in

the backward selection scenario, and the larger number when selecting only forward.
Contributions from Fo founder genotypes varied widely from 17 to 50 percent in popula-
tions T11 and T4, respectively. In the T4 and T7 populations with no pair-cross progeny,
a large proportion of selections were made in both the OP and PX progeny candidates.
For T11, almost all of the forward selections were progeny of single-pair crosses.

Of particular note, for ALL subpopulations, the average breeding value of the selected
group was ALWAYS greater when optimal selection considered ALL identities in the
pedigree, across ALL generations, as candidates. The improvement varied from 4 to 21
percent compared with backward selection, and from 1.5 to 7 percent compared to
forward selection.
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Table 4. Population statistics for alternative optimization scenarios using Founders, F1/F2s and Founders plus

F1/F2 candidates, in Scots pine breeding populations Tpop T4, T7 and T11.

Tpop Statistics Founders,% F1/F2, % Founders plus F1/F2, %
T4 No selected founder genotypes 31 - 13
No selected F1 genotypes - 63 35
Founder contribution 100 - 50.5
F10P - 62 23.0
F1 PX - 38 26.5
F1 single-pair crosses - - -
F2 single-pair crosses - - -
Group coancestry 0.0250 0.0251 0.0253
Average breeding value (BLUP) 344.4 334.0 357.7
T7 No selected founder genotypes 33 - 6
No selected F1 genotypes - 57 40
Founder contribution 100 - 21
F10P - 61.5 47
F1 PX - 38.5 32
F1 single-pair crosses - - -
F2 single-pair crosses - - -
Group coancestry 0.0253 0.0245 0.0268
Average breeding value (BLUP) 292.7 340.3 353.1
T11 No selected founder genotypes 30 - 9
No selected F1/F2 genotypes - 54 41
Founder contribution 100 - 17
F10P - 4 2,5
F1PX - 3.5 1
F1 single-pair crosses - 62,5 52
F2 single-pair crosses - 30 27.5
Group coancestry 0.0255 0.0249 0.0250
Average breeding value (BLUP) 279.6 332.3 336.7

Implementation and supporting field work

After the final optimization run considering candidates from across all generations, a
document was created including the selected genotypes and their exact position in
archives and field trials. Field personnel were sent to confirm the status of each selected
candidate. If a nominated tree was discovered to be dead or otherwise inappropriate, the
field workers were able to contact the office immediately by phone so that the OPSEL
candidate file could be revised accordingly (setting maximum contribution to zero) and
optimization rerun to create and updated solution. If a new founder tree popped up
during the revised optimization, a check of the performance in surrounding breeding
populations was performed, as described earlier.

Due to the rapid execution of the new SOCP optimization algorithm, the field staff had
the updated document in their hands within an hour. The flexible organization and
implementation of the field work really highlights the benefit of a fast optimization tool.

Planning the crossing work

Once the selected candidates were confirmed as healthy and available, we could then
plan the 100 crosses required to implement optimum contributions to the production
of the next recruitment population, using XDesign. As these pine breeding programs in
northern Sweden are in their early stages, it was possible to set a very strict control over
coancestry between mates, with a threshold value of zero. XDesign was successful in all
cases in generating a crossing plan with this coancestry constraint. An example of the
positive-assortative crossing plan is given in (Table 5).
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Steps to ensure successful implementation

The test sites where selected F1 and F2 trees were located are spread over a wide geo-
graphic region (Table 1). We decided, to facilitate operational crossing activities, by
collecting scions from all selected material for production of grafts established into
crossing archives at the Savar breeding station.

It has been shown that grafting scions from Scots pine into the crowns of reproductively
mature trees (inter-stocks) can shorten the time for production of both male and female
strobili, compared with conventional grafting on young rootstocks (Almqvist, 2013). We
therefore decided to create two different archives: a primary archive with top-grafted
material; and a second long-term conservation archive with conventional grafts. The
goal will be to perform short-term crossing activities in the top-grafting archive, and
thereby hopefully reduce the generation turnover time. If the top grafts do not develop
as expected, we have the option to shift the crossing activities to the conventional grafts.

Future directions

Even as we update the documentation of our new optimization algorithm in OPSEL
(Mullin, 2017a), research into optimization methodology has continued on the operations
research front. A fast solution has recently been developed using a relaxation adjustment
to the SOCP optimization to deploy selected contributions equally (Safarina et al., 2017)
and work is now underway to use a similar adjustment to better optimize unequal contri-
butions. At the same time, work is also underway to consider a constraint on gender,
while producing an even better adjustment for an integer solution. These improvements
will expand the utility of OPSEL to consider a wider variety of selection constraints, while
still providing a convenient and fast solution.

XDesign has recently been put to operational use, but already we have ideas for improve-
ment of the tool. In its current form, XDesign assumes that all genotypes are monoecious
and available to contribute as both pollen or seed parent. While many of the species we
use for breeding in Sweden are monoecious, including pine, this doesn’t mean that all
individuals in the crossing archive will produce both male and female strobili. A revision
has been proposed to XDesign to apply an additional constraint on each candidate
regarding its use as male or female. This is a required modification before XDesign can
be used for dioecious species, and will improve operational flexibility for all applications.
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