Received: 30 March 2020

Revised: 12 October 2020

'.) Check for updates

Accepted: 26 October 2020

DOI: 10.1111/eva.13164

ORIGINAL ARTICLE

WILEY

Balancing Breeding for Growth and Fecundity in Radiata Pine
(Pinus radiata D. Don) Breeding Programme

Harry X. Wul23

!Beijing Advanced Innovation Centre for
Tree Breeding by Molecular Design, Beijing
Forestry University, Beijing, China

2CSIRO National Research Collection
Australia, Canberra, ACT, Australia

SUPSC, Swedish University of Agriculture
Sciences, Umed, Sweden

“Tree Breeding Australia, Mount Gambier,
SA, Australia

Correspondence

Harry X. Wu, Beijing Advanced Innovation
Centre for Tree Breeding by Molecular
Design, Beijing Forestry University, Beijing
100083, China

Email: Harry.wu@slu.se

Funding information

Collaborative funding from Beijing
Advanced Centre for Tree Breeding by
Molecular Design, Grant/Award Number:
Genomic selection 001; Féreningen

Skogstradsforadling, Grant/Award Number:

230-2014-427

1 | INTRODUCTION

| Richard Ker* | Zhigiang Chen®

| Milos Ivkovic*

Abstract

Tree breeding has focused on increasing stem volume growth with a cost to fecun-
dity. However, fecundity is important in maintaining the fitness in natural stands
and facilitating cross-pollination to advance breeding populations. Understanding
the inheritance of fecundity and the genetic relationship between fecundity and
growth is essential to understand the constraints of evolution in natural population
and design an optimal selection strategy to balance breeding for growth and fecun-
dity. Inheritance of female fecundity and the genetic relationship between fecundity
and growth in radiata pine were investigated using a large Australia-wide progeny
test, planted on eight sites involving 279 control-pollinated families. It was found
that fecundity of female cones was highly heritable with an estimated heritability
of 0.39-0.61, but genetically correlated with growth (-0.30 to -0.39). This indicates
that improvement in tree growth alone could reduce the fecundity, thus to break
the possible evolutionary constraint in natural population. To maintain fecundity for
breeding purposes and minimize the interruption of the evolutionary constraint be-
tween fecundity and growth, use of a restraint selection index to impose no change
of fecundity is developed in current breeding, while dissecting the genetic basis of

adversely correlated traits at loci level is required for optimal long-term strategy.
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worldwide has focused on increasing stem biomass. An important

question for forest tree geneticists is whether breeding for increased

Grain vyield is a major breeding objective trait in most agronomic
crops. Increases in grain yield have been achieved mainly at the
expense of stem biomass due to the genetic selection of flowering
genes shifting the proportion of vegetative growth to reproductive
growth, and the gibberellic acid hormone system preventing plants
from collapsing by reducing plant height (Peng et al., 1999; also see
review by Eshed and Lippman, 2019). In contrast, tree breeding

stem volume is achieved at the cost of reduced reproductive fitness,
as measured by quantitative traits such as seed production capac-
ity and flowering time onset? Maintaining the fecundity of forest
trees is important for breeding operations: facilitating the crossing
of parents under recurrent selection; and producing the deployment
population (seeds and seedlings for reforestation). Conifer tree im-
provement programmes typically involve advancing the breeding
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population via the controlled mating of elite trees selected from
field trials, and the production of the planting (deployment) popula-
tion via the establishment of seed orchards using elite trees with the
highest estimated breeding values (EBV).

In terms of tree physiology, trees diverting energy resources to
seed production may have less resources available for vegetative
growth. The study of four stands of radiata pine (Pinus radiata) in
Canberra indicated that on average a 16% mean annual increment
(MAI) of volume was diverted to cone and pollen production and this
is equivalent to a reduction 2.4 m® of wood on an average MAI = 15
m?® plantation (Fielding, 1960). Therefore, breeding for reduced cone
and pollen production (referred as fecundity in this paper) seems an
attractive option to boost productivity.

On the other hand, production of seeds requires maintenance
of fecundity. Fecundity of trees is affected by age, environment,
genetic composition and interactions among these factors (Kang &
Lindgren, 1998; Krannitz & Duralia, 2004). Differences in fecundity
were usually higher during poor flowering years and in young pop-
ulations, and fecundity has been shown to vary considerably within
and between populations based on data assembled from 99 stands
and 36 seed orchards (Kang et al., 2003). Inbreeding can also re-
duce or delay fecundity in radiata pine (Wu et al., 2004). Variation in
fecundity between individuals has been shown to influence mating
patterns in seed orchards, resulting in increased levels of inbreed-
ing in seeds (Kang & Lindgren, 1998) and affecting genetic diver-
sity in crops (Eriksson et al., 1973, El-Kassaby & Cook, 1994, and
Bila, 2000).

Studies assessing genetic variation in fecundity, as measured
by differences in cone and seed production, typically use data col-
lected in seed orchards because such traits are difficult to measure
in field trials. Such studies have shown that differences in fecun-
dity between clones are partly due to genetic factors (Burczyk &
Chalupka, 1997; Byram et al., 1986, Kjer & Wellendorf, 1998). In
ponderosa pine, prolific cone-producers as a group have been shown
to be markedly different from low cone-producers at three protein
loci (Linhart et al., 1979).

Clonal repeatabilities (individual-tree broad-sense heritabilities)
between 0.30 and 0.64 for fecundity traits have been estimated
from clonal seed orchards in radiata pine (Fielding, 1960, Burdon
& Low, 1973 and Griffin, 1982). Similar clonal repeatabilities be-
tween 0.38 and 0.40 in a Douglas-fir orchard and between 0.34 and
0.41 in a Sitka spruce orchard have been reported (Chaisurisri & El-
Kassaby, 1993; El-Kassaby & Cook, 1994). A higher clonal repeatabil-
ity was about 0.51 in a loblolly pine seed orchard (Schmidtling, 1983).

While fecundity variation has been a major concern in seed or-
chard management, it is typically not included as either a breeding
objective trait or selection criteria in tree breeding programmes,
particularly in conifers, due to practical difficulty in measuring
the trait. However, reproductive traits are expected to decline if
they are not directly selected, have genetic variance and are un-
favourably correlated with traits under strong selection. There
are few documented studies using well-designed genetics trials

that document narrow-sense heritability for fecundity in conifers.
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Individual-tree and family-based heritabilities of 0.55 and 0.77,
respectively, were reported in a non-commercial Ocala sand pine
(Pinus clausa), in Florida (Lockwood & Goddard, 1980). In slash
pine (Pinus elliottii), a clonal repeatability of 0.50 and an individ-
ual-tree heritability of 0.13 were observed for fecundity (Varnell
et al., 1967). Schmidtling (1983) estimated an individual-tree her-
itability of 0.61 for the average number of flowers in a diallel trial
of 10 parents in loblolly pine (Pinus taeda). High family heritability
and genetic gain for cone and seed production were also observed
in a combined provenance and family trial of P. tecunumanii (Nyoka
& Tongoona, 2001).

As conifer tree breeding populations advance to the fourth
and higher generations with strong selection pressure for growth,
form, and other traits (Isik & McKeand, 2019; Kerr et al., 2015; Wu
etal., 2007), the effect of such selection on fecundity remains largely
unknown. Hence obtaining genetic correlations between growth and
fecundity traits will be important for quantifying whether traditional
selection methods without considering fecundity has had an adverse
effect on fecundity in the selected population. These knowledges
are essential to understanding the evolution of correlated traits. On
a more practical level this understanding is also needed in order to
design the optimal selection strategy for balancing growth and fe-
cundity in breeding.

The radiata pine breeding programme entered the third genera-
tion in Australia about a decade ago (Wu et al., 2007). Selection was
based on growth and form traits for the plus-tree selection phase in
the first generation of breeding (Wu & Matheson, 2002) and on an
economic index comprising wood stiffness and stem straightness in
addition to growth and form, in the third and ensuing generations
(Kerr et al., 2015; Wu et al., 2008). Anecdotally, it was observed that
radiata pine trees varied in their ability to produce male and female
flowers and cones in seed orchards. In progeny trials, some of the
faster-growing trees had delayed flowering and had fewer flowers in
the second and third generation (Wu et al., 2004). Radiata pine is a
native species in North America with only five native populations left
in California and two Mexico islands (Figure 1). The total land area
inhabited by native populations has been reduced to about 4,500
hectares due to climate change, urbanization and new diseases. The
species is listed as a threatened species by an international union
for conservation of nature (IUCN) (Farjon, 2013). A significant ef-
fort of in situ and ex situ conservation has been implemented
(Burdon et al., 2017; Roger, 2002). About 100 conservation stands
in Australia and New Zealand from cone collections of the five na-
tive populations currently serve as ex situ conservation. There are
approximately four and half million hectares of commercial forests
planted outside native provenances (Eldridge, 1997). The objectives
of this research were to examine the genetic and non-genetic control
(additive, non-additive, and possible site effects) of fecundity, and in
particular to estimate the genetic correlation between the fecundity
and growth. The data for this research had been collected from a re-
search working group series of trials which had a deliberate focus on
the measurement of fecundity in radiata pine. The possible impact

of recurrent selection schemes without consideration of fecundity
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at the population level has also been addressed for conservation and

commercial production.

2 | MATERIALS AND METHODS
2.1 | Experiment

Atotal of 124 parent trees from Australia (115 trees) and New Zealand
(nine trees) was used in the Australian national mating and testing
programme between 1976 and 1987. Trials in this period are referred
to as the Australia-Wide-Diallel series (AWD). The AWD trials used a
series (21 sets) of six-parent disconnected half-diallels as the mating
design with 15 possible crosses for each set (Griffin, 1976). Eight tests
planted in 1986 and in 1987 were assessed for female cone number
for this study. Three tests (RAD199, RAD211, and RAD203) were
planted in the Murray Valley region of high rainfall (1100-1200 mm)
in north east Victoria, and other five tests were planted in south east
Victoria and South Australia (PT5455, PT5459, RAD208, VCR052
VCRO054) with intermediate rainfall (680-785 mm) (Table 1, Figure 2).
Ninety-eight full-sib families from 50 parents were planted on three
sites (PT5455, VRC0O52 and RAD199) and 214 full-sib families from
96 parents were planted on two sites (PT5459 and RAD211) (see
detailed design in Wu & Matheson, 2004). Trees from 48 families,

derived from 45 parents were planted on the VRC054 site, whereas

Cedros Is

FIGURE 1 Five native populations of
radiata pine in USA (Ponit Afio Nuevo,
Monterey, and Cambria) and Mexico
(Guadalupe and Cedros Islands)
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the remaining two sites (RAD203 and RAD208) had trees from 35
and 23 families, respectively.

All eight tests were located on typical radiata pine plantation
sites, from sandy to gravel loam soil. Trees were planted in two types
of site, viz second rotation radiata pine sites (2nd PR) and ex-pasture
crop sites (Pasture). Ex-pasture sites were usually more fertile than
the second rotation sites due to pasture improvement. The experi-
ments were planted in 3-4 replicates with 4-5 tree row plots except
for one site (VRCO054) in which single tree plots were used. One-
and two-year-old green cones and brown cones were counted from
ground level for all the trees (total 10,195 trees) at a similar age of
trials (8 year 6 months to 10 years) (Table 1). All cones were added
together to represent the female reproductive ability, referred as fe-
cundity in this paper.

The distribution of total cone numbers for all eight sites was
examined, and a skewed distribution towards zero was observed.
Consequently, a square-root transformation was applied to the total
cone number. After transformation, five sites (PT5455, PT5459,
VRCO052, VRC054 and RAD208) had a normal or an approximate
normal distribution, whereas the transformed scores at three sites
(RAD199, RAD211 and RAD203) were still largely skewed towards
zero. These three sites had a higher percentage of trees (>25%)
that were not producing any cones. Consequently two additional
analyses were conducted. A binomial analysis, treating fecundity

as a threshold trait (O for trees with no cone and 1 for trees with
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TABLE 1 Site characteristics, experimental designs, measured traits (diameter at breast height (DBH), average number of cones per tree,
and percentage trees with cones in eight sites of the Australia-wide radiata pine diallel experiment (AWD)

Site PT5455 PT5459 VRCO052

State SA SA VIC

Year of planting 1986 1987 1986

Latitude (S) 37°34 37°33 38 °14'

Longitude (E) 140 °45’ 140°53’ 146 °41

Elevation (m) 65 70 93

Mean annual rainfall 690 680 760
(mm)

Mean Temp. (°C)° 139 14.0 13.3

Soil type Sandy Sandy Sandy loam

Site type? 2nd PR 2nd PR Pasture

Number of parents 50 96 50

Number of family 98 214 98

Number of replicates 4 3 4

Tree per plot 4 4 4

Spacing (m) 3x3 3x3 2.8x3.6

DBH (mm) 203 + 26 161 + 24 227 + 23

Number of cones 10.8 + 10.2 7.2+ 6.7 10.0 + 9.9
per tree

% Trees with cones 92.4% 88.0% 90.9%

Age at the 9:11 8:06 9:11
assessment

(year:month)

VRC054 RAD199 RAD211 RAD203 RAD208

VIC VIC VIC VIC VIC

1986 1986 1987 1986 1986

38°15’ 36 °50' 36 °41 36 °50' 37°40

146° 39’ 146 °39' 146 °34' 146 °39' 140°54'

184 320 370 320 70

785 1,200 1,100 1,200 710

13.3 13.5 12.7 13.5 13.9

Sandy loam Gravel loam  Sandy Gravel loam Sandy
loam

2nd PR Pasture 2nd PR Pasture Pasture

45 50 96 18 10

48 98 214 35 23

20 4 8 4 4

1 4 4 5 5

2.3%x3.6 3x3 3x3 3x3 3x3

226 + 32 223 + 36 159 +33 226 +40 198 + 28

64+76 6.4+10.2 2.6+47 8.7 +10.9 171+ 13.1

84.9% 64.3% 50.8% 73.9% 97.2%

10:00 9:10 8:10 10:00 9:07

22nd PR—second rotation radiata pine sites, Pasture— ex-pasture crop sites. Mean Annual Temperature Search Results.

The mean temperature refers to the long-term (1960-2012) average of daily min and max temperatures.

cones, (called fecundity score) were conducted for the three sites
(Dempster & Lerner, 1950). An analysis using the percentage of trees
bearing cones was also implemented for the RAD199 and RAD211
sites that had the lowest number of trees producing cones (64.3%

and 50.8%, respectively).

2.2 | Statistical model used

The following series of statistical analyses were completed for
square-root transformed total cone number (CONE) and diameter at
breast height (DBH) data:

1. Univariate and bivariate single-site analyses, and across-sites
bivariate analyses were conducted using CONE and DBH, for
all eight sites.

2. Binomial analyses where CONE was treated as a
threshold trait (fecundity score) for RAD199, RAD211 and
RAD203.

3. Percentage of trees bearing cones was analysed after arcsine
square-root transformation for RAD199 and RAD211. The same
model for square-root transformed total cone number was used

for the arcsine square-root transformation percentage.

The second method used to model the data circumvents the
requirement for the normal distribution of the data. All anal-
yses were undertaken using the ASReml program (Gilmour
et al., 2009).

2.3 | Individual site univariate analyses

The following mixed linear model was used for individual sites in
order to estimate basic genetic parameters for use in further analy-

ses of bivariate and joint-site analyses.

Y=Xp+Z;GCA+Z,SCA +e.

where B, GCA, SCA and e are fixed replicate, random general and
specific combining abilities, and residual effects, respectively, X, Zg
and Z_ are design matrices corresponding to these effects. The ran-

dom effects have following distributions:

GCA~(0,Ggea =02 1), SCA~ (0, Ggcp =0

gca

2 lande~(O,R).

sca

where 62, ands2 are GCA and SCA variances, R is the diagonal

gca’ sca
residual variance matrix, and | is an identity matrix with dimension
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FIGURE 2 Distribution of eight AWD sites in south-eastern Australia (NSW—New South Wales, VIC—Victoria, and SA—South Australia)

as number of corresponding effects. The Zg is a special incidence
matric formulated for a diallel mating structure. Preliminary analyses
indicate there was no significant interaction between GCA, SCA and
replication, therefore, these interactions were dropped in the final

analyses for the individual and combined sites.

2.4 | Individual site bivariate analyses

Due to heterogeneous error and GCA variances among sites, we
conducted bivariate (DBH and CONE) analyses site by site to esti-
mate genetic correlation between DBH and CONE. For individual

site bivariate analyses, the mixed linear model was formulated as.

GCA e
Y= YpBH . GCA= DBH o e= DBH |

Ycone GCACone €Cone

where GCAp,, GCA ¢ are GCA effect vectors for DBH and CONE,
respectively. The incidence matrix, Zg becomes.

z
| £gpBH _
z,= =Yo7

-gCone

The variance-covariance structures for GCA and residuals

become:

2

o Iy o I
— — e €DBH«Cone ' 12
Goca= GGCADBH*Cone ®landR= o 2 -

o-eDBH»Cone I12 €cone ' 1

where Ggea, .. .. is GCA variance and covariance matrix among
DBH and CONE within single site, UeZDsH is the residual variance for
trait DBH and 52
'DBH:Cone
CONE. Genetic variance-covariance matrices for SCA effects were

is the residual covariance between DBH and

estimated in a similar fashion as for GCA.

2.5 | Across-sites univariate analyses

An eight-site model was conducted to test whether there was: (1) a
single common versus heterogeneous error variances among sites;
(2) a uniform (same) genetic correlation among sites; and (3) a single
common variance either for GCA or SCA effects versus heterogene-
ous GCA and SCA variances. The statistical model used is similar to
the model for individual site of univariate analyses, but included site
effects. Results from across-sites univariate analyses were used as

initial values for the across-sites bivariate analyses.
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2.6 | Across-sites bivariate analyses

We also performed a multiple-trait, multiple-sites analysis to esti-
mate between-trait genetic correlations, accommodating among-
site heterogeneous variances for residual, GCA and SCA, for both
traits. The model used to estimate bivariate DBH and CONE correla-
tion for combined sites is.

Ys,DBH GCAs, per €s,DBH
yS1Cone GCAS1Cone e$1Cone
Ys,0BH GCAs, pai €s,DBH
y=| P GeA= i - A
ySzCone GCASzCone eSZCone

Where ys pgy and Ys, cone are vectors containing phenotypic observa-
tions for DBH and CONE at site 1 etc. The incidence matrix relating
observations to GCA is similarly partitioned as.

4 S1DBH 0

Z =

g 0 Zsicone =2eZi

The variance-covariance structure for GCA is.

G ®l; G ®lyy ...
GGCA= G12®'1/1 G02®’2 e

where G, is the between-trait GCA variance and covariance matrix
within-site 1 and G,, is GCA covariance matrix between DBH and
CONE between sites 1 and 2 which has elements:

2 2
() ()
gcapgy 12 8CapgH.cone 12

G12 =

2
[ ()
8CpgH.cone 12 8CAcone 12

where 6§CGDBH is an inter-site covariance for DBH (sites 1 and 2) and

12

62 is an inter-site, inter-trait. The variance-covariance struc-
8CApBH.Cone 12
ture for SCA effects was formulated in the same way. Finally, the

residual variance-covariance structure was formulated as.

R, O ...
R=| OR,...|

[ | 1
1pBH.Cone DBH.Cone

62 Iy
1Cone Cone

[}
R;= C1pgy DBH
Ge1DBH.Cone IiDEH.Cone
Models that were able to converge were those assuming a uni-

form between-site genetic correlation at the level of GCA effects.

V|| £y

These correlations were 0.6 and 0.9 for DBH and CONE, respec-
tively and were applied with and without restraining the ratio of
GCA variance to SCA variance.

The combined site analyses were completed for all eight sites
and for five sites (PT5455, PT5459, VRC052, VRC054, and RAD208)
having a normal or nearly normal distribution of the transformed
total cone number.

Narrow- and broad-sense heritabilities were estimated for indi-
vidual and combined sites. Individual narrow-sense heritability was
calculated, assuming GCA variance estimates a quarter of the addi-
tive variance with a coefficient of relatedness of 0.25 among proge-
nies of a single full-sib family as.

4.52
ca
h2 g

=902 2.2 2.2
2 Orat0%qt 0]

for the individual site analysis and,

2
2 4 Ogca
T 0.52 2 .62 2 2
2 0'gca + O%ca +2 chasite + Oscasite + Oc

for the combined sites analysis, and where ngca is the estimate of
GCA variance component, 62sca is the estimate of SCA variance com-

ponent, o2 is the estimate of GCA by site interaction variance,

gca.site

stca.site is the estimate of SCA by site interaction variance, and 62e
is the residual variance estimate. Standard error of heritability was
estimated by a Taylor's series expansion (Stuart & Ord, 1987).

Heritability for threshold trait was estimated according to

o { o)
p p

where p(xp) is the height of a standard normal curve at the truncation
point X, and o, is the proportion of the population incidence of fe-
cundity. The hzo is the estimated heritability of observable fecundity
score, h? is the underlying heritability of the unobservable liability

(Lynch & Walsh, 1998).
Additive genetic correlations between DBH and CONE were es-

timated using pooled CONE data of the five sites having normal and

an approximate normal distribution and estimated as

cov(s;, ;)
o202
where cov (g,., g].) is the additive genetic covariance between DBH
and CONE, and Uzg; and 023,' are the GCA variances for DBH and
CONE, respectively.

2.7 | Selection effect on fecundity
The Australian breeding programme for radiata pine is based on a

selection index which economically weights mean annual increment

(MAI), wood stiffness, branch index (BIX) and stem sweep; the index
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does not consider fecundity (Ivkovi¢ et al., 2006; Wu et al., 2007).
The effect of indirect selection on fecundity due to direct selection
on DBH (as a proxy for MAI) was investigated in this study. An alter-
native strategy of maintaining a constant fecundity level, while car-
rying out selection for DBH was also investigated using a restricted
index approach. We used a parametric approach to calculate two
selection scenarios as:

(A) selection based on DBH only, but calculating the indirect ef-
fect on fecundity.

The direct and correlated responses were calculated as:

AG= ih’c,x

CR, =iheh,ryopy

where character X is selected directly and then Y is a correlated char-
acter selected indirectly.

(B) index selection based on DBH with the restriction of no
change on fecundity.

For restricted selection index, the index equation is

I= byP; + b,P,

where P, and P, are phenotypic measurements of DBH and fecundity
on which selection is to be based, and b, to b, are the corresponding
weighting factors of the vector to be determined. The b vector derived
is (Mrode & Thompson, 2014).

-1
P* G* G**
b* = X xa
G* 0 0

where P* is the phenotypic variance for selection trait of DBH, G* is
the additive genetic variance-covariance between DBH and fecun-
dity, G** is the additive genetic variance-covariance matrix between
selected traits excluding restricted traits, O is a vector of zeros, and a
is the vector of economic weights. By varying the relative economic
weights of a (a; and a,), the genetic responses (gain or loss) for DBH
and CONE were also modelled and plotted.

3 | RESULTS AND DISCUSSION
3.1 | Rainfallversuscone production

Among the eight sites surveyed, the average number of cones
ranged from 2.6 (RAD211) to 17.1 cones per tree (RAD208) (Table 1).
RAD211 also had the lowest percentage of trees producing cones
(50.8%), whereas RAD208 had the highest percentage of trees
bearing cones (97.2%). This caused a high correlation between the
number of cones per tree and the percentage of trees bearing cones
among the sites (r = 0.79, p < .05). Dickson et al. (2000) report tem-

perature and rainfall had the most impact on cone number in sites

surveyed in New Zealand. We have found that rainfall seems to have
a large effect on female fecundity in sites surveyed, but did not ob-
serve a relationship between the temperature and fecundity. Three
sites from the relatively higher rainfall region (north east Victoria
with an annual rainfall between 1,100 and 1200mm) had the lowest
percentage of trees producing cones at age 9-10 years (no cones
produced in 26.1%, 35.7% and 49.2% of trees in RAD203, RAD199,
and RAD211, respectively). The other five sites in the southeast of
South Australia (PT5455, PT5459, RAD208) and southern Victoria
(VRCO52 and VRCO054) with relatively lower annual rainfall (from
680 to 785 mm) had an average of 90.7% trees producing cones.
The high rainfall sites were associated with high elevation sites in
this study and their Pearson moment correlation was 0.95 (p < .05).
Thus, it seems that regions of lower and middle rainfall and lower
elevation, such as southern Victoria and South Australia, are synony-
mous with higher fecundity rates at earlier ages. We did not observe
a relationship between site type (viz. a 2nd rotation or ex-pasture
sites) with cone setting in these eight sites. To model the effect of
site related climate and soil on cone setting, a more comprehensive
sampling of sites with varying factors is recommended.

Other studies have reported that site related factors influence
cone setting in radiata pine. Sweet (1975) reported a more than
10-fold variation in cone number across open-grown radiata pine
stands. Burdon and Low (1973) observed that a phosphate-deficient
site produced lower numbers of cones and seeds.

4 | CONE NUMBER HAS HIGHER
HERITABILITY, LOWER NON-ADDITIVE
GENETIC VARIANCE AND GXE
INTERACTION THAN GROWTH TRAIT (DBH)

4.1 | Single-site analyses

Pine trees produce both male and female cones (strobili). Female
cones (ovulating cones) develop two ovules on its upper side of each
cone scale and accept pollination in the spring. Fertilization and seed
development are a long process and take up to two years after pol-
lination. Therefore, both first-year cones and second-year cones are
usually co-existing on trees and can be easily recognized in radiata
pine. Both the age of onset of reproduction (precocity) and abun-
dance of flowers (and cones) each year affect fecundity of plants
(Kang & Lindgren, 1998). At the eight sites studied, these two traits
may be correlated but remain confounded. No attempt had been
made to record the time of the first flowering (e.g. onset of reproduc-
tion). Nevertheless, the variation in percentage of trees harbouring
strobili were examined at the two sites with the lowest reproductive
ability (RAD199 and RAD211) and may give us an indication of the
genetic variability in precocity. At the age of nine years, six fami-
lies had not started to produce any cones at RAD211, whereas nine
families had all trees (100%) producing cones. Similarly, seven fami-
lies in RAD199 had all trees producing cones, whereas three families

had only one or two trees out of a total of 16 trees in each family
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producing cones at the age 10. The narrow-sense heritability for
the percentage of trees flowering was estimated as 0.72 + 0.13 and
0.35 + 0.11 for RAD199 and RAD211, respectively.

The genetic analyses of CONE show that GCA was significant
for all eight sites at 1% level, whereas for DBH, GCA was significant
for only five sites (Table 2). SCA was significant at four sites each
for DBH and CONE, respectively. However, the average SCA/GCA
variance ratio was much higher for DBH (274% relative to 30% for
CONE). Higher SCA/GCA variance ratio in DBH was consistent with
a previous study which showed that non-additive genetic variance
was an important component of the phenotypic variance for DBH in
this radiata pine population (Wu & Matheson, 2005).

Narrow-sense heritability for CONE varied from 0.39 to 0.61 for
individual sites with an average of 0.48, whereas broad-sense heri-
tability ranged from 0.44 to 0.71 with an average of 0.61 (Table 2).
These heritabilities for CONE were higher than the heritabilities for
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DBH (viz from 0 to 0.42 with an average of 0.17 for narrow-sense
heritability and from 0.22 to 0.66 with an average of 0.40 for broad-
sense heritability estimate, Table 2).

Treating total cone number as a threshold trait for the three sites
(RAD199, RAD203, and RAD211) produced a similar estimate of
heritability for RAD199 and RAD211 (0.50 and 0.43 respectively).
However, the estimated heritability for RAD203 was outside the
bounds of the parameter space (>1.0). The higher cone incidence
(73.9%) at RAD203 and very high observable binomial heritability es-
timate (hzo =0.95) may contribute this extreme estimate for RAD203.

4.2 | Across-sites analyses

Analyses of the combined eight sites revealed that both GCA and
SCA were significant for CONE and DBH, and furthermore there

TABLE 2 Estimated variance components for general combining ability (GCA) and specific combining ability (SCA), narrow- and broad-
sense heritabilities for diameter at breast height (DBH) and number of cones, genetic correlation between DBH and number of cones for the
eight individual radiata pine AWD sites (number of cones was square-root transformed)

DBH
Sites
Sources of
variation PT5455 PT5459 VRC052 VRCO054 RAD199 RAD211 RAD203 RAD208
GCA 11.9 8.5* 31.1* 11.1 47.3* 13.4 139.6** 95.6**
SCA 78.5** 24.6* 3.1 71.0** 22.9 84.3** 24.9 46.1
esidual 542.7 376.8 472.5 893.8 1,146.1 949.9 1,277.9 647.7
SCA/GCA (%) 657 290 10 640 48 631 18 48
SCA/ 77 59 5 76 19 76 8 19
(2*GCA + SCA)
(%)
Narrow-sense 0.07 + 0.04 0.08 + 0.03 0.23 +0.07 0.05 + 0.04 0.15 +0.06 0.05 + 0.04 0.35+0.13 0.43 +0.17
heritability
Broad-sense 0.56 0.32 0.25 0.33 0.22 0.37 0.42 0.64
heritability
Number of Cone
Sites
Sources of
variation PT5455 PT5459 VRC052 VRC054 RAD199 RAD211 RAD203 RAD208
GCA 0.285** 0.183** 0.313** 0.226** 0.442** 0.145** 0.550** 0.261**
SCA 0.118* 0.005 0.060* 0.129 0.100* 0.073* 0.057 0.078
Residual 1.594 1.347 1.722 1414 2.263 1.138 2.430 2.073
SCA/GCA (%) 41 3 19 57 23 50 10 30
SCA/ 17 1 9 22 10 20 5 13
(2*GCA + SCA)(%)
Narrow-sense 0.50 + 0.15 0.43+0.11 0.52 +0.13 0.45 +0.15 0.55+0.19 0.39+0.18 0.61 +0.23 0.39+0.18
heritability
Broad-sense 0.71 0.44 0.62 0.71 0.67 0.58 0.68 0.51
heritability
Genetic correlation -0.35+0.17 -0.12+0.18 -0.51+0.15 -0.82+0.88 0.06+0.21 -040+0.28 0.50+0.24 0.08+0.45

* kK
’

significant level at 5% and 1%, respectively.
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was significant GxE at the level of GCA and SCA effects. For CONE,
the best-fitting model contained a uniform correlation among sites
and heterogeneous variances across sites. For DBH, the best-fit-
ting model contained a uniform correlation and a uniform variance
among sites.

Detailed results using compound symmetry models, for only
the five sites with normally distributed data, are presented. A sig-
nificant SCA by site effect and a non-significant GCA by site effect
were observed for CONE (Table 3). In contrast, both GCA by site
and SCA by site interactions were significant for DBH. The variance
ratio of GxE relative to G is small for the CONE (16% and 19% for
GCA and SCA, respectively) in contrast to the very large variance
ratio for DBH (173% and 125% for GCA and SCA, respectively). The
GxE patterns were also revealed in the across-sites analyses by es-
timating between-site genetic correlations for GCA and SCA. There
were very high among-site genetic correlations of 0.91 and 0.72 for
GCA and SCA, respectively, for CONE indicating non-significant and
small GXE for CONE. Moderate among-site genetic correlations of
0.55 and 0.57 for GCA and SCA, respectively for DBH confirm large
and significant GxE for DBH. The large and significant GxE for DBH
was consistent with other reported studies for radiata pine (Wu &
Matheson, 2004, 2005). As indicated by Shelbourne (1972), only an
interaction term with a variance that is more than 50% of the total
genetic variance has practical importance for selection and breeding
programmes. Therefore, further examination of GXE in CONE was
not undertaken. Interestingly, SCA variance was only 14% relative
to GCA variance for CONE whereas SCA was 155% relative to GCA
variance for DBH.

Analyses of variance based on individual and combined sites indi-
cate that CONE had a smaller ratio of SCA and GxE variance relative
to GCA variance than in DBH. Heritability for CONE was also much
higher than DBH. This may indicate it could be easier to locate alleles

TABLE 3 Estimated variance components for general combining
ability (GCA), specific combining ability (SCA), narrow- and broad-
sense heritabilities and genetic correlations for diameter at breast
height (DBH) and number of cones in the combined five radiata
pine AWD sites (humber of cones was square-root transformed)

Number of
Sources of variation DBH Cones
GCA 10.498** 0.210**
SCA 16.251** 0.029**
GCA x Site 18.191** 0.033
SCA x Site 4.102* 0.005*
Residual 523.208 1.574
SCA/GCA (%) 155 14
SCA/(2*GCA + SCA)(%) 44 6
Narrow-sense heritability 0.07 + 0.02 0.41 + 0.05
Broad-sense heritability 0.18 + 0.04 0.46 + 0.05
Additive genetic correlation (-0.39 + 0.16)
Total genetic correlation (-0.30 +0.11)

* ok

, **indicate significant level at 5% and 1%, respectively.

with relatively large effects in fecundity than for growth traits such
as DBH (Hall et al., 2016). Indeed, major alleles were observed for
fecundity related traits such as flowering time and floral meristem
formation in trees (Bohlenius et al., 2006; Hsu et al., 2011; Tylewicz
et al., 2015). AGAMOUS (AG) subgroup of MADS-box genes and
Leafy (LFY) genes are two examples (Klocko et al., 2020). For DBH,
more numerous genes with small effects have been estimated in
trees (Hall et al., 2016). In view of the possible larger allele effect
sizes and higher heritability for fecundity traits, selective breeding
for fecundity alone may be more effective than for a growth trait
such as DBH.

5 | SIGNIFICANT NEGATIVE GENETIC
CORRELATION BETWEEN FECUNDITY AND
THE GROWTH TRAIT DBH

The additive genetic correlation between DBH and CONE was esti-
mated by a bivariate model withinindividual site analyses and by using
a bivariate model within combined five-site and eight-site analyses.
Estimates from individual site analyses varied greatly and indicate
that the estimates were not very reliable due to small sample size at
several sites (viz VRC052, RAD203 and RAD208, Table 2). Estimated
genetic correlation was -0.39 (Table 3) based on a combined five site
analysis with normally distributed data without accommodating het-
erogeneous genetic and error variances. The estimated correlation
was -0.29 based on the same five sites and -0.21 based on all eight
sites accommodating heterogeneous GCA, SCA and error variances
among sites. We also plotted the relationship between breeding val-
ues of DBH and CONE, for parents only, across the combined five
sites with normally distributed data (Figure 3). A negative genetic
correlation can be observed in the scatter plot. There were no obvi-
ous points that indicate individuals with a potential to reverse the
trend. Log-likelihood ratio tests confirmed all negative correlations
were significantly different from 0. We also estimated and environ-
mental correlation (0.19) and phenotypic correlation (0.01) between
the CONE and DBH.
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FIGURE 3 Scatter plot of parental breeding values between the
CONE and DBH in the combined five sites
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The study of genetic correlations is important because they
help define the genetic architecture of a species. The definition of
a large inter-trait correlation matrix is central to the genetic analysis
of a species-, or program-wide database containing field-based data,
genomic data and pedigree. Such an analysis will generate genetic
values that provide the basis on which to make selection decisions
for a national, or species-wide breeding programme. Genetic cor-
relations affect the multi-trait responses to index selection, and also
the correlated responses of secondary traits including fitness traits
not included in the index (Lynch & Walsh, 1998).

Recently, biologists have become increasingly cognizant of how
traits evolve in a correlated fashion and how the concept of trait
trade-offs underpins much of the research in evolutionary ecology
(Conner, 2002; Futuyma, 2010). It is generally believed that a genetic
correlation is chiefly due to pleiotropy and that linkage disequilibrium
is a cause only of a transient correlation (Falconer & Mackay, 1996).
Among evolutionary biologists, pleiotropy is usually regarded as a
constraint in evolution in the sense that the correlated response that
it causes is deleterious, thereby constraining the primary trait from
evolving (Arnold, 1992). Forest trees are in the early generations of
domestication with large effective population sizes, are typically
outcrossing and have low LD observed (Neale & Kremer, 2011). Both
LD and pleiotropy cause genetic correlation (Lynch & Walsh, 1998).
With the low LD in trees, we may expect that pleiotropy is the main
reason for the observed adverse genetic correlations between fe-
cundity and growth traits.

However, an adverse correlation may or may not affect a two-trait
trade-off unless one of traits is related to fitness. Two-trait trade-off
indicates that fitness cannot be maximized because of competing
demands on the tree that share a limiting resource. It may create a
challenge for simultaneously improving growth and fecundity with the
observed genetic correlation. A trait such as growth does not stabilize
at extreme values in the wild, because increases in the allele frequen-
cies of favourable alleles may have negative effects on fitness.

In summary, the consistent negative genetic correlation observed
between growth, represented by DBH, and fecundity, represented by
CONE, in this large breeding experiment may indicate several concerns:

1. there may be a functional or an evolutionary constraint imposed
on the simultaneous improvement of a production trait such
as growth and a fitness trait such as fecundity in radiata pine;

2. artificial selection for growth only without considering fecundity
will break this evolutionary constraint, and under long-term re-
current selection and breeding, fitness could be compromised;
hence, fecundity should either be monitored or, alternatively,
used as a selection criterion, or included as a breeding objective
trait;

3. a negative genetic correlation will be a concern for the deploy-
ment population, if seedling deployment is the main tool for mass
propagation.

In breeding programmes of maize and other crops, yield gain

through breeding is usually accompanied with a decline in biomass
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production of growth-related traits such as stem height (Evans, 1993).
Forest trees present a contrast to crops, in that our main breeding
objective is to increase growth rate for stem size (and not the repro-
ductive component). Imposing a strong selection pressure on a growth
trait such as DBH is expected to reduce fecundity in radiata pine due
to the observed negative genetic correlation. This has been observed
in commercial estate plantings, progeny trials, and seed orchards.
Selected, elite trees usually produced flowers, later, and with a lower
number of flowers (Fielding, 1960, Wu et al., 2004, and Peter Buxton—
Tree Breeding Australia, personal communication). Such a negative
genetic correlation has a significant implication for both breeding and
evolution of the species. In natural populations, fecundity is the most
important trait of fitness that is related to survival and maintenance
of the population. There must be a balance in natural populations be-
tween growth rate and fecundity (a functional or evolutionary con-
straint). With such a constraint, natural selection will unlikely select
a radiata pine tree for faster growth if it reduces its fitness-related fe-
cundity. Our study is a contrast with a recent review that plant biomass
is areliable estimate of plant fitness (Younginger et al., 2017). But these
authors also indicated if larger individuals have higher fecundity and
a greater potential to leave viable offspring, it would seem that plant
size in successive generations would continue to increase until physical
limits were attained. However, there is little empirical evidence for this
occurring in nature. In a dozen of tree species cited by the paper, it was
observed that their conclusion was only based on phenotypic relation-
ships. As we demonstrated in this study, phenotypic correlation cannot
be used to deduce possible evolutionary constraints because pheno-
typic correlation is influenced by the environmental correlation that is
not heritable. We believe it is the genetic correlation that drives the
functional or evolutional constraints between growth and fecundity.
However, in forest tree plantations maintaining the balance be-
tween growth and fecundity may not be immediately required be-
cause the replacement of the old plantation is achieved by replanting
of a new tree crop, and not by natural reproduction within the in
situ population. The seeds are either from seed orchards using ei-
ther controlled- or open-pollinated (or assisted mass pollination).
However, tree breeding aiming for growth traits only may interrupt
the evolutionary constraint, that balance growth rate and fecundity,
maintained in natural populations. By interrupting this evolutionary
constraint, therefore, there would be a cost in long-term adaptation
of the domesticated tree species. Radiata pine plantations outside
the native range not only comprise the commercial planting estate,
but also comprise ex situ conservation stands (e.g. approximately
100 provenance plantations derived from the native population col-
lection (Eldridge, 1997; Roger, 2002)). This has added a need to main-
tain the balance between growth and the fecundity in renewing the
plantation and the provenance plantations for the next generation.
Then, what is the best strategy for dealing with such a negative
genetic correlation in the breeding programme for radiata pine (Wu
& Sanchez, 2011)? Our previous simulation of selection for two neg-
atively correlated traits due to antagonistic pleiotropic gene effects
indicate that (1) for short-term strategy, selection based on two traits

simultaneously is an effective strategy for maintaining the value of
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the correlated secondary trait (such as fecundity) while increasing the
value of the primary trait (such as DBH); and (2) for long-term strategy,
dissecting the genetic basis of traits using a large, genome-wide asso-
ciation study is recommended. This is because selection favouring one
trait will cost (decrease) the value of the correlated traits if the correla-
tion is due to pleiotropic loci with antagonistic effects only. Genetic
gains for adversely correlated traits (such as DBH and fecundity) could
be made for many generations with selective breeding if there are in-
dependent loci for each individual trait (besides pleiotropic loci with

antagonistic effects for the correlated traits).

6 | SELECTION STRATEGY TO BALANCE
GROWTH TRAIT DBH AND MAINTAIN
FECUNDITY IN SHORT-TERM

Without an understanding of the genetic basis of the negative cor-
relation between traits at the gene level at this stage, we only can
use population parameters to develop an optimal selection strat-
egy to balance growth and fecundity. Selection for DBH alone
would have resulted in positive genetic gains of 6.65 mm (3.4%) but
a negative gain in CONE of 1.76 (19.6%) under selection intensity
of 1%. If we maintain CONE (zero change), the genetic gain for DBH
would be reduced to 3.76 mm (1.9%). Figure 4 depicts the genetic
gain (loss) by changing the economic weight for CONE from O to
12 relative to DBH. It can be seen that gains in both are possible
from the relative weight of 3.6 to 5 for CONE with the cross-line
point at about 0.6 mm gain for DBH and 0.6 CONE gain under the
relative weight of 4.7. Low fecundity in several conifer species
(such as Norway spruce (Picea abies)) and reduced flowering in ad-
vanced generations of conifer breeding (such as radiata pine) are
a large concern for tree breeding programmes. In radiata pine, it
was observed that flowering was delayed and the numbers of flow-
ers were reduced after mating of related trees (Wu et al., 2004).
In Norway spruce, delayed flowering and infrequent flowering is a
main constraint to accelerating the breeding programme (Almqvist
et al., 2001). Therefore, studies into the inheritance of flowering
and its genetic relationship with tree growth (an important breed-

ing objective trait) at the gene level are urgently required. The

DBH (mm), Numbe of cones

Weights for no. of Cones

Cone number DBH

FIGURE 4 Genetic gainin DBH and CONE (vertical axis) when
economic weight for the CONE varies from O to 12 relative to DBH
(horizontal axis)

simultaneous genetic improvement of DBH and CONE is possible
even if a negative genetic relationship exists, provided there are in-
dependent causal loci for the different traits (Wu & Sanchez, 2011).
A possible strategy to maintain fecundity is to use restricted selec-

tion strategy at this point in time.

7 | CONCLUSION

Fecundity as measured by precocity and abundance of female cones
is highly heritable in radiata pine with a moderate to high heritability
about 0.39-0.61. Fecundity had a lower genetic variation and geno-
type by site interactions relative to DBH, based on this study. With
such high heritability, fecundity can be increased or reduced geneti-
cally by selective breeding.

Site had significant impact on fecundity, mainly due to the
amount of rainfall of the tested sites in this experiment. Drier sites
had higher fecundity.

Moderate but negative genetic correlations between fecundity
and growth (average of —0.39) were observed in this large sample of
the Australiasian radiata pine population. This indicates that there
is an evolutionary constraint in natural populations and ex situ con-
servation populations that imposes stabilizing selection of growth
and fecundity. Selective breeding to improve tree growth rate alone
could reduce fecundity of radiata pine (and vice versa). However, a
selection strategy for increasing wood production while maintaining
acceptable fecundity should be developed for short- and long-term
breeding programme. Fecundity should be included as an objective
trait in long-term breeding programmes and in ex situ conservation
stands, such as radiata pine.

In the short term, a constrained selection index approach is rec-
ommended to maintain the fecundity level while maximizing genetic
gain for growth rate. For long-term breeding strategy and ex situ
conservation, dissecting the genetic basis of the negatively cor-

related traits at the gene level is required.

ACKNOWLEDGEMENTS

This large-scale and long-term radiata pine genetics project began
in the 1970s as a cooperative activity of Research Working Group
No. 1 (RWG1) of Australia Forestry Council. The work reported here
would not have been possible without the active support of RWG1,
Southern Tree Breeding Association (STBA, now it is called “Tree
Breeding Australia”—TBA) members and staff, and State Forests
NSW. We thank then STBA CEO David Boomsma and current STBA
general manager Tony McRae for their assistance on this measure-
ment and analysis project. We also thank Colin Matheson and Rod
Griffin for initiating the AWD experiment, and Colin Matheson for

reviewing of an earlier version.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from
Tree Breeding Australia (http://www.stba.com.au/). Restrictions

apply to the availability of these data, which were used under license


http://www.stba.com.au/

WU ET AL

for this study. Data are available from the authors with the permis-
sion of Tree Breeding Australia.

ORCID

Harry X. Wu https://orcid.org/0000-0002-7072-4704
Zhigiang Chen https://orcid.org/0000-0001-9725-8929
REFERENCES

Almqvist, C., Jansson, G., & Sonesson, J. (2001). Genotypic correlations
between early cone-set and height growth in Picea abies clonal trials.
Forest Genetics, 8(3), 197-204.

Arnold, S. J. (1992). Constraints on phenotypic evolution. American
Naturalist, 140, 85-107. https://doi.org/10.1086/285398

Bila, A. D. (2000). Fertility variation and its effects on gene diversity
in forest tree populations. Ph.D. Thesis. Swedish University of
Agricultural Science, Ume®a, Sweden. Acta Universitatis Agriculturae
Sueciae, Silvestria 166, pp. 31.

Bohlenius, H., Huang, T., Charbonnel-Campaa, L., Brunner, A. M.,
Jansson, S., Strauss, S. H. et al. (2006). CO/FT regulatory mod-
ule controls timing of flowering and seasonal growth cessation
in trees. Science, 312, 1040-1043. https://doi.org/10.1126/scien
ce. 1126038

Burczyk, J., & Chalupka, W. (1997). Flowering and cone production vari-
ability and its effect on parental balance in a Scots pine clonal seed
orchard. Ann. Sci. for, 54, 129-144.

Burdon, R. D., Libby, W. J., & Brown, A. G. (2017). Domestication of
Radiata Pine. Springer International Publishing AG.

Burdon, R. D., & Low, C. B. (1973). Seed production in radiata pine clones
for four different sites. N.Z.J. For. Res, 3, 211-219.

Byram, T. D., Lowe, W. J., & McGriff, J. A. (1986). Clonal and annual varia-
tion in cone production in loblolly pine seed orchards. Forest Science,
32,1067-1073.

Chaisurisri, K., & El-Kassaby, Y. A. (1993). Estimation of clonal con-
tribution to cone and seed crops in a Sitka spruce seed or-
chards. Ann Sci for, 50, 461-467. https://doi.org/10.1051/fores
t:19930504

Conner, J. K. (2002). Genetic mechanisms of floral trait correlations in a
natural population. Nature, 420, 407-410. https://doi.org/10.1038/
nature01105

Dempster, E. R., & Lerner, I. M. (1950). Heritability of threshold charac-
ters. Genetics, 35, 212-236.

Dickson, R. L., Sweet, G. B., & Mitchell, N. D. (2000). Predicting Pinus ra-
diata female strobilus for seed orchard site selection in New Zealand.
Forest Ecology and Management, 133, 197-215.

Eldridge, K. G. (1997). Genetic resources of radiata pine in New Zealand
and Australia. Proceedings of IUFRO '97 Genetics of radiata pine (pp.
26-41).

El-Kassaby, Y. A., & Cook, C. (1994). Female reproductive energy and re-
productive success in a Douglas-fir seed orchard and its impact on
genetic diversity. Silvae Genet, 43, 243-246.

Eriksson, G., Jonsson, A., and Lindgren, D. 1973. Flowering in a clone trial
of Picea abies L. Stud For Suec 110.

Eshed, Y., & Lippman, Z. B. (2019). Revolutions in agriculture chart a
course for targeted breeding of old and new crops. Science, 366,
6466.

Evans, L. T. (1993). Crop Evolution, Adaptation and Yield. Cambridge Univ.
Press.

Falconer, D. S., & Mackay, T. F. C. (1996). Introduction to quantitative ge-
netics. Addison Wesley Longman.

Farjon, A. 2013. Pinus radiata. In: [UCN 2013. IUCN Red List of Threatened
Species. Version 2013.1.

Fielding, J. M. (1960). Branching and flowering characteristics of Monterey
pine. For.&Timb. Bur. Aust. Bull. No. 37.

T, V|| £y

Futuyma, D. J. (2010). Evolutionary constraint and ecological conse-
quence. Evolution, 64-7, 1865-1884.

Gilmour, A. R., Gogel, B. J., Cullis, B. R., & Thompson, R. 2009. ASReml
User Guide Release 3.0. VSN International Ltd, Hemel Hempstead,
HP1 1ES. www.vsni.co.uk.

Griffin, A. R. 1976. Mating design for Pinus radiata breeding. In: Proc.
Fifth Meeting, Research Working Group No. 1, Aust. For. Council,
Canberra/Tumut. CSIRO Division of Forestry and Forest Products.
(pp. 16-20).

Griffin, A. R. (1982). Clonal variation in radiata pine seed orchards. I.
some flowering, cone and seed production traits. Aust. for. Res., 12,
295-302.

Hall, D., Hallingback, H. R., & Wu, H. X. (2016). Estimation of number
and distribution of QTL effects in forest tree traits. Tree Genetics &
Genomes, 12(6), 1-17.

Hsu, C.-Y., Adams, J. P,, Kim, H., No, K., Ma, C., Strauss, S. H. et al. (2011).
FLOWERING LOCUS T duplication coordinates reproductive and
vegetative growth in perennial poplar. Proceedings of the National
Academy of Sciences of the United States of America, 108, 10756-
10761. https://doi.org/10.1073/pnas.1104713108

Isik, F., & McKeand, S. E. (2019). Fourth cycle breeding and testing strat-
egy for Pinus taeda in the NC State University Cooperative Tree
Improvement Program. Tree Genetics & Genomes, 15(5) https://doi.
org/10.1007/s11295-019-1377-y

Ivkovic, M., Wu, H. X., McRae, T. A., & Matheson, C. A. (2006). Developing
breeding objectives for radiata pine structural wood production.
1. Sensitivity Analyses. Canad J for Res, 36, 2932-2942. https://doi.
org/10.1139/x06-162

Kang, K. S., Bila, A. D., Harju, A. M., & Lindgren, D. (2003). Fecundity
variation in forest tree populations. Forestry, 76, 329-344.

Kang, K. S., & Lindgren, D. (1998). Fertility variation and its effect on
the relatedness of seeds in Pinus densiflora, Pinus thunbergii and Pinus
koraiensis clonal seed orchards. Silvae Genet., 47, 196-201.

Kerr, R. J., McRae, T. A. M., Dutkowski, G. W., & Tier, B. (2015). Managing
the rate of increase in average co-ancestry in a rolling front tree
breeding strategy. Journal of Animal Breeding and Genetics, 132,
109-120.

Klocko, A. L., Brunner, A. M., Ma, C., Etherington, E., Rosenstiel, K.,
Magnuson, A., et al. (2020). RNAi of AGAMOUS genes in sweetgum
alters reproductive organ identity and decreases fruit persistence.
Plant Direct, 4, 1-16. https://doi.org/10.1002/pld3.225

Krannitz, P. G., & Duralia, T. E., (2004). Cone and seed production in
Pinus ponderosa: A review. Western North American Naturalist, 64,
208-218.

Linharta, Y. B., Mittona, J. B., Bowmana, D. M., Sturgeona, K. B., &
Hamrick, J. L. (1979). Genetic aspects of fecundity differentials in
ponderosa pine. Genetical Research, 33, 237-242.

Lockwood, D. L., & Goddard, R. E. (1980). Genetic variation in Ocala sand
pine and its implications. Silvae Genet, 29, 18-22.

Lynch, M., & Walsh, B. (1998). Genetics and Analysis of Quantitative Traits.
Sinauer Associates Inc.

Mrode, R. A., & Thompson, R. (2014). Linear models for the prediction of
animal breeding values, 2nd ed. Oxfordshire, UK: CABI Publishing.
Neale, D. B., & Kremer, A. (2011). Forest tree genomics: Growing re-

sources and applications. Nature Review Genetics, 12, 111-122.

Nyoka, B. I., & Tongoona, P. (2001). Genetic control of cone and seed
yield in Pinus tecunumanil. Forest Genetics, 8, 89-99.

Peng, X. X. et al. (1999). Green revolution' genes encode mutant gibber-
ellin response modulators. Nature, 400, 256-261.

Rogers, D. L. (2002). In situ genetic conservation of Monterey pine (Pinus
radiata D. Don): Information and recommendations. Report no. 26.
Genetic Resources Conservation Program, Division of Agriculture
and Natural Resources, University of California. 92pp.

Schmidtling, R. C. (1983). Genetic variation in fruitfulness in a loblolly
pine (Pinus taeda L.) seed orchard. Silvae Genet, 32, 76-80.


https://orcid.org/0000-0002-7072-4704
https://orcid.org/0000-0002-7072-4704
https://orcid.org/0000-0001-9725-8929
https://orcid.org/0000-0001-9725-8929
https://doi.org/10.1086/285398
https://doi.org/10.1126/science.1126038
https://doi.org/10.1126/science.1126038
https://doi.org/10.1051/forest:19930504
https://doi.org/10.1051/forest:19930504
https://doi.org/10.1038/nature01105
https://doi.org/10.1038/nature01105
https://doi.org/10.1073/pnas.1104713108
https://doi.org/10.1007/s11295-019-1377-y
https://doi.org/10.1007/s11295-019-1377-y
https://doi.org/10.1139/x06-162
https://doi.org/10.1139/x06-162
https://doi.org/10.1002/pld3.225

WU ET AL.

2 Ly e —

Shelbourne, C. J. A. (1972). Genotype-environment interaction: Its
study and its implications in forest tree improvement. Proc. IUFRO
Genetics-SABRAO Jt. Symp., Govt. for. Exp. Sta., Tokyo, Japan, B-1(l),
1-28.

Stuart, A., & Ord, J. K. 1987. Kendall's Advanced theory of statistics.
Volume 1: Distribution theory. Fifth edition. Oxford University
Press. New York.

Sweet, G. B. 1975. Flowering and seed production. In: Faulkner, R. (Ed.),
Seed Orchards. UK Forestry Commission Bulletin, vol. 54, pp. 72.
Tylewicz, S., Tsuji, H., Miskolczi, P., Petterle, A., Azeez, A., Jonsson, K.
et al. (2015). Dual role of tree florigen activation complex compo-
nent FD in photoperiodic growth control and adaptive response
pathways. Proceedings of the National Academy of Sciences of the
United States of America, 112, 3140-3145. https://doi.org/10.1073/

pnas.1423440112

Varnel, R. T., Squillace, A. E., & Bengtson, G. W. (1967). Variation and
heritability of fruitfulness in slash pine. Silvae Genet, 16, 125-128.

Wu, H. X., Eldridge, K. G., Matheson, A. C., Powell, M. P, & McRae, T.
A. (2007). Achievement in forest tree improvement in Australia and
New Zealand 8. Successful introduction and breeding of radiata pine
to Australia. Australian Forestry, 70, 215-225.

Wu, H. X., Ivkovich, M., Gapare, W. J., Matheson, A. C., Baltunis, B. S.,
Powell, M. B., & McRae, T. A. (2008). Breeding for wood quality and
profit in radiata pine: A review of genetic parameters and implication
for breeding and deployment. N.Z.J. Forest Science, 38, 56-87.

Wau, H. X., & Matheson, A. C. (2002). Quantitative genetics of growth
and form traits in radiata pine. CFFP Technical Report 138 and STBA
Technical Report TR02-01. 176p.

Wu, H. X., & Matheson, A. C. (2004). General and specific combining abil-
ity for partial diallels of radiata pine: Implications for utility of SCA in
breeding and deployment populations. Theor. and Appl. Genet., 108,
1503-1512.

Wu, H. X., & Matheson, A. C. (2005). Genotype by environment inter-
action in an Australia-wide radiata pine diallel mating experiment:
Implications for regionalized breeding. Forest Science, 51(29-40), 9.

Wu, H. X. J.V.,,Owen, A. A., & Matheson, A. C. (2004). Inbreeding in Pinus
radiata: V. Inbreeding Effect on Fecundity. Silvae Genet, 53, 80-87.

Wu, H. X., &Sanchez, L. (2011). Effect of selection method on genetic cor-
relation and gain in a two trait selection scheme. Australian Forestry,
74, 36-42. https://doi.org/10.1080/00049158.2011.10676344

Younginger, B. S., Sirova, D., Cruzan, M. B., & Ballhorn, D. J. 2017. Is bio-
mass a reliable estimate of plant fitness? Applications in Plant Sciences
5(2): 1600094.

How to cite this article: Wu HX, Ker R, Chen Z, Ivkovic M.
Balancing Breeding for Growth and Fecundity in Radiata Pine
(Pinus radiata D. Don) Breeding Programme. Evol Appl.
2021;14:834-846. https://doi.org/10.1111/eva.13164



https://doi.org/10.1073/pnas.1423440112
https://doi.org/10.1073/pnas.1423440112
https://doi.org/10.1080/00049158.2011.10676344
https://doi.org/10.1111/eva.13164

