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Abstract

Genetic analysis of height and form at age 12 years of
697 yellow cypress (Callitropsis nootkatensis [D. Don]
Oerst.) clones tested across seven sites in coastal British
Columbia (BC) were explored in populations: Population
1 – No Pedigree and Population 2 – Reconstructed Pedi-
gree. Genetic variances were statistically significant but
generally higher �^ 2g was observed for Population 2.
Height and form were under low to moderate genetic
control as indicated by clonal repeatability and esti-
mates were relatively similar between populations. For
example, average H

^ 2 in Population 2 was 0.31 for height
(range: 0.18–0.45) and 0.22 for form (range: 0.06–0.32).
While average H

^ 2 in Population 1 was 0.25 for height
(range: 0.19–0.35) and 0.18 for form (range: 0.09–0.27).
The reconstructed pedigree in Population 2 allowed par-
titioning the genetic variance (�^ 2g) into component parts
of additive (�^ 2a), specific combining ability (�^ 2s), and
clone (�^ 2c); however, general lack of structure within the
population resulted in variance components to be esti-
mated with little precision for additive and specific com-
bining ability. The majority of genetic variation was
associated with clone for both traits. For example, �^ 2c
accounted for 57.6% and 62.5% of the total genetic vari-

ance for height and form, respectively. Growth and form
responses of clones across test environments were rela-
tively stable and overall type-B genetic correlations
were in excess of 0.8 for both traits implying clones
selected for production populations should respond
favorably across the seed planning zone for yellow
cypress in coastal BC.

Key words: Yellow cypress, clones, genetic testing, genotype x
environment, clonal repeatability.

Introduction

Long-term tree improvement programs aim to
increase the population mean breeding value of a few
key traits through breeding and selection of superior
genotypes. These programs are based on classical recur-
rent selection for general combining and focus on
exploiting the additive portion of the genetic variance.
In British Columbia (BC), Canada, tree breeding pro-
grams strive to improve economic and adaptive traits
(e.g., disease resistance, growth rate, and wood quality)
while maintaining acceptable levels of genetic variabili-
ty (YANCHUCK, 2001). 

Yellow cypress (Callitropsis nootkatensis [D. Don]
Oerst.) is an ecologically and commercially important
coastal conifer inhabiting sea level to montane coastal
forests of the Pacific Northwest from Alaska to northern
Washington, with more southerly populations occupying
disjunct and higher elevation sites, and several outliers
in the interior rainforests (BURNS and HONKALA, 1990).
Yellow cypress has a commercial rotation length of 60
years and its wood has excellent characteristics for
milling and is suitable for: furniture, molding, paneling,
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flooring, utility poles and many more end-uses (BURNS

and HONKALA, 1990). It is well-adapted to cool snowy
habitat and has significant phenotypic plasticity, a long
reproductive cycle, ability to be cloned, indeterminate
growth, and high inbreeding rates (EL-KASSABY et al.,
1991; HAWKINS et al., 2001; THOMPSON et al., 2008). How-
ever, the use of zygotic seedlings as a mode of propaga-
tion in yellow cypress faces a number of obstacles for
reforestation as well as breeding programs: 1) seed pro-
duction from natural stands and orchards is inconsis-
tent and requires the occurrence of favorable environ-
mental conditions during the pollination, fertilization,
and seed and cone development stages, a period that
spans two consecutive years (EL-KASSABY et al., 1991;
ANDERSON et al., 2002; HAK and RUSSELL, 2004), 2) bulk
seed-cone collections are often generated from an
unknown number of parents with unknown parental
contribution, 3) first- and second-year seed-cones are
difficult to distinguish, and thus, operational cone
 collections often contain developmentally immature seed
(OWENS and MOLDER, 1974; OWENS and MOLDER, 1975;
OWENS and MOLDER, 1977), and 4) mature seed require
prolonged seed pre-treatment (i.e., stratification) for
breaking dormancy with variable germination among
seed donors, thus reducing seedling recovery (PAWUK,
1993). Yellow cypress clonality occurs naturally (THOMP-
SON et al., 2008) and operational nursery techniques for
producing rooted cuttings have been developed
 (RUSSELL, 1992). Therefore, vegetative propagation of
yellow cypress is considered a viable option for produc-
tion of planting stock for reforestation (KARLSSON and
RUSSELL, 1990; RUSSELL, 1992).

Two different clonal strategies have been implemented
for yellow cypress improvement in British Columbia.
The British Columbia Forest Service established cloned
seedlings from partial diallels with the objectives of pro-
viding elite clones for use on all public lands in BC and
for identifying individuals for advanced generation
breeding. In this study, we report on an alternative, yet
simpler, strategy developed by Western Forest Products
Inc. (WFP) whereby clones from wind-pollinated, natur-
al stands’ bulk seed collections were used for testing and
the identifying of superior clones for deployment on
their forest lands (see MASSAH et al., 2010 for details).
While the former strategy controls the pedigree, thus
providing greater deployment flexibility and accurate
assessment of genetic gain and diversity as well as the
estimation of clonal breeding values, the latter can be
less expensive in that costs associated with breeding are
avoided; however, it lacks pedigree control, thus genetic
gain and diversity estimates are generally inaccurate
and subjective, and clonal breeding values cannot be
estimated.

Deployment of well-tested clones is theoretically supe-
rior to family forestry as the former captures the total
extent of genetic variation while the latter only deals
with the additive variance component, resulting in high-
er potential genetic gain (LIBBY and RAUTER, 1984;
MATHESON and LINDGREN, 1985; MULLIN et al., 1992;
SHELBOURNE, 1992; O’NEILL et al., 2005; BALTUNIS et al.,
2007; BALTUNIS et al., 2009). However, prediction of the
genetic performance of clones needs to be done efficient-

ly and optimally in order to select the best genotypes for
deployment. The more information incorporated in the
prediction of genetic effects, such as performance of rela-
tives, the more confidence one should expect from pre-
dictions. For example, YE et al. (2007) reported that
multiple-generation data such as including first-genera-
tion information in analyses of second-generation proge-
ny data was beneficial in improving ranking and relia-
bility of predicted breeding values. BALTUNIS et al.
(2009) also reported that prediction of the genetic merit
of clones was improved by incorporating information
from relatives from seedling progeny trials in the clonal
analyses.

Many factors can contribute to errors associated with
predicting breeding values (BV) or clonal values (CV) for
clonal forestry programs including misidentification of
parents and offspring (GELDERMANN et al., 1986; ADAMS

et al., 1988; ERICSSON, 1999), ignoring genetic effects in
the model (LU et al., 1999), or ignoring genotype by envi-
ronment (GxE) interactions (COMSTOCK and MOLL,
1963). In addition, epigenetic, non-genetic, or non-ran-
dom environmental factors can confound estimates of
genetic variance. C-effects are non-genetic effects that
are common to relatives of a family or members of a
group such as clones (LERNER, 1958). If C-effects are pre-
sent, then the total genetic variation associated with
clones will be overestimated (LIBBY and JUND, 1962).

ERICSSON (1999) demonstrated that increasing rates of
pedigree error results in under- and over-estimating the
additive and dominance genetic variances, respectively,
which in turn affect heritability estimates. Using inac-
curately defined relationships or falsely assuming no
relatedness among tested individuals can lead to biased
estimates of genetic variance components, heritability,
and breeding values (NAMKOONG, 1966; SQUILLACE, 1974;
ASKEW and EL-KASSABY, 1994). Furthermore, models
that ignore genetic effects, such as specific combining
ability (SCA) can upwardly bias estimates of additive
genetic variance, heritability, and parental breeding val-
ues and should be avoided (LU et al., 1999). Accounting
for relatedness of genotypes through correct pedigree
increases the accuracy and precision of the genetic merit
(BV or CV) of tested genotypes. Recently, low-input
breeding strategies have been proposed in forest trees
using reconstructed pedigrees and are referred to as
“breeding without breeding (BwB)” (EL-KASSABY and
LSTIBUREK, 2009). BWB involves the use of DNA mark-
ers to reconstruct a pedigree based on naturally occur-
ring half- and full-sib families resulting from mating
among selected parents (EL-KASSABY and LSTIBUREK,
2009). 

Genetic variance, heritability, and breeding values or
clonal values may be upwardly biased when they are
based on a single trial because they are potentially con-
founded with genotype by environment (GxE) (COM-
STOCK and MOLL, 1963). Therefore, tree breeders are
concerned with testing genotypes across a range of sites
in order to obtain unbiased estimates of genetic effects
and to measure the stability of genotypes across differ-
ent environments. The assessment of GxE is essential
for formulating breeding and deployment strategies
(WHITE et al., 1993; WHITE et al., 2007). The patterns of
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response across environments may involve either
change in the ranking of genotypes and/or alterations in
scale (LYNCH and WALSH, 1998). The presence of GxE at
the clonal level is of particular concern for clonal
forestry programs when the relative ranks of genotypes
change markedly across environments. Raymond and
NAMKOONG (1990) suggested two general approaches in
dealing with GxE. The first approach characterizes the
planting area with respect to the interactive behavior of
site categories, and then specific genotypes are deployed
to particular sites, thus maximizing yield over the total
range of planting sites. The second approach identifies
stable genotypes (i.e., generalists) that perform well
over all environments.

Genetic improvement of yellow cypress is in relatively
early stages in British Columbia, and to our knowledge,
there have been no published genetic parameters for
yellow cypress. Therefore, the objectives of the paper
were to 1) determine the genetic variation for height
and form at age 12 years for two yellow cypress clonal
populations: Population 1 – No Pedigree and Population
2 – Reconstructed Pedigree, and 2) determine the genet-
ic stability of yellow cypress clones and the importance
of GxE for height and form across multiple sites.

Material and Methods

Genetic material, experimental design and phenotypic
measurements

The genetic material in this study came from a series
of yellow cypress clonal trials managed by Western For-
est Products Inc. (WFP) in British Columbia, Canada
(Table 1).  The populations were previously described by
Massah et al. (2010), but briefly, WFP collected seed
from 33 different natural seedlots across Vancouver
Island, British Columbia. Generally, seeds from 29 or
more parent trees were collected from non-neighboring
trees and bulked within each seedlot (MASSAH et al.,

2010). Therefore, the genetic identity (pedigree) of the
seedlings produced from these seedlots was unknown.
For this study, seedlings from five of the seedlots were
phenotypically selected in the nursery after the first
growing season (at age one) based on height and devel-
oped into hedges to produce vegetatively propagated
rooted cuttings for use in field trials keeping track of
clonal identity. Over two series of trials, seven yellow
cypress clonal trials were established (Table 1). All trials
were randomized complete block designs with three sin-
gle tree plots per clone per replicate with three repli-
cates (9 ramets per clone per trial). Rows and columns
(X and Y coordinates) were included as a source of
incomplete blocking to account for microsite variation
across the trials.

In total, 697 yellow cypress clones from the five
bulked seedlots were tested across the seven trials.
Within each trial, clones were divided into two popula-
tions. Population 1 contained 289 clones from two seed-
lots (Seedlots 3 and 4) and were not genotyped. The
number of clones from Population 1 (No Pedigree) tested
at each trial ranged from 65 (trial 2) to 157 (trial 7).  For
Population 2, seeds from 30, 29 and 36 parent trees
were collected from non-neighboring trees and bulked
for Seedlots 1, 2, and 5, respectively (MASSAH et al.,
2010).  A total of 408 clones from these three seedlots
were genotyped for pedigree reconstruction using SSR
molecular markers (MASSAH et al., 2010). The number of
clones from Population 2 (Reconstructed Pedigree) test-
ed at each trial ranged from 87 (trial 2) to 233 (trial 7).
Assuming the grouping structure based on molecular
markers was correct, the reconstructed pedigree allowed
clones from the three bulked seedlots to be assigned to
parent and full-sib family groups within parent (Table
2). The reconstructed pedigree identified a total of 57
half-sib families (seed trees) with 19, 21 and 17 seed
trees in seedlots 1, 2, and 5, respectively (MASSAH,
2008). Not all clones were tested across trials; Table 3

Table 1. – Details and geographic information for seven yellow cypress clonal trials locat-
ed on Vancouver Island, British Columbia.
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Table 2. – Structure of yellow cypress clones from two populations tested at seven trials: Population 1 – no pedigree, and
Population 2 – reconstructed pedigree based on molecular markers.

Table 3. – Number of clones in each trial (bold, diagonal) and number of clones in common
between pairs of trials (above diagonal).
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shows the number of clones in common, or connected-
ness, among trials for both populations.

LAMBETH (1980) demonstrated that early selection
near 20% of the rotation age was efficient based on juve-
nile-mature correlations. Therefore, assuming a rotation
age of 60 years for yellow cypress, height was measured
at the end of the 12th growing season to the nearest cm
and tree form was assessed on a categorical 1–4 scale
with the following definitions:
1 = Superior form – single stem, compact (short

branches or branches down-swept close to bole),
2 = Good form – single stem, heavier branches, some

up-sweep but none >50% stem height,
3 = Poor form – multi-stem with one stem dominant,

one or more >50% stem height, and
4 = Cull – multiple stem without dominance.

Statistical analyses and genetic parameters

A series of analyses were conducted in ASReml
(GILMOUR et al., 2009) in order to estimate the variances
and genetic parameters associated with height and form
measured at age 12 for each of the two populations.
First, a univariate mixed-effects individual-tree model
was used on a single-site basis for each trait.

Univariate, single-site analyses:

yijklmnopg = µ = Ri + Sj + RSij + Pk + rowo(i) + colp(i) +
addl(k2) + scam(k2) + clonen(k) + rclonein(k) + [1]
errorijklmnopq

where yijklmnopg is the phenotypic measure of height or
form, µ is the overall phenotypic mean, Ri is the fixed
effect of the ith replicate, 
Si is the fixed effect of the j

th seedlot,
RSij is the fixed effect of the interaction between repli-

cate and seedlot,
Pk is the fixed effect of the k

th population,
rowo(i) the random effect of the oth row within replicate

~ N(0, �̂2
row),

colp(i) is the random effect of the pth column within
replicate ~ N(0, �̂2

col),
addl(k2) is the random additive genetic effect in Popula-

tion 2 (Reconstructed Pedigree) ~ N(0, �̂2
a), 

scam(k2) is the random genetic effect of specific combin-
ing ability in Population 2 ~ N(0, �̂2

s),
clonen(k) is the random genetic effect of clone within

population, where in Population 2, ~ N(0, �̂2
c) and in Pop-

ulation 1 (No Pedigree) clonen(k) represents the total
genetic variance ~ N(0, �̂2

g), 
rclonein(k) is the random effect of replicate by clone

within population interaction ~ N(0, �̂2
rg(k1)) and

N(0, �̂2
rg(k2)) for Populations 1 and 2, respectively,

and errorijklmnopq is the random within population
residual effect ~ N(0, �̂2

e(k1)) and N(0, �̂
2
e(k2)) for Popula-

tions 1 and 2, respectively.

The total genetic and phenotypic variances were esti-
mated for both populations at each site:

�̂2
g = total genetic variance associated with clones for

Population 1,
�̂2
P = �̂2

g + �̂2
rg(k1) + �̂2

e(k1) = phenotypic variance for Pop-
ulation 1,

�̂2
g = �̂2

a + �̂2
s + �̂2

c = total genetic variance associated
with clones for Population 2,

�̂2
P = �̂2

a + �̂2
s + �̂2

c + �̂2
rg(k2) + �̂2

e(k2) = phenotypic variance
for Population 2.

It should be noted that with an individual-tree model
the additive genetic variance (�̂2

a) is estimated directly,
and therefore, the clone term in the model for Popula-
tion 2 does not estimate the variance associated with
clones within full-sib family (�̂2

c(FS)), but rather
�̂2
c = �̂2

c(FS) –  0.5�̂2
a (e.g., COSTA E SILVA et al., 2004).

Clonal repeatability (H^ 2), or individual-tree broad-
sense heritability, was estimated on a single-site basis
assuming that no bias has risen from extraneous epige-
netic effects (C-effects) that may have been introduced
in the course of clonal propagation:

Additionally, repeatability of clonal means (H^ 2–C) was
estimated as:

estimate of repeatability of clonal means for Population
1 and

estimate of repeatability of clonal means for Population
2, where r and t are the number of replicates and har-
monic mean number of ramets per clone, respectively.

Approximate standard errors for variance components
and clonal repeatability estimates were calculated using
a Taylor series expansion method in ASReml (GILMOUR

et al., 2009).

Variances are not independent of the scale and the
mean of the respective traits (SOKAL and ROHLF, 1995).
Therefore, the coefficient of genetic variation (CGV) was
estimated in order to compare the genetic variance
across trials. The CGV expresses the genetic variance
relative to the mean of the trait of interest and gives a
standardized measure of the genetic variance relative to
trait mean. The higher the CGV, the higher is its rela-
tive variation.

where �̂g is the square root of the total genetic variance
and x– is the population mean. An alternative approach
was used to estimate CGV for form which is a subjec-
tively measured trait and bounded by a scale (BURDON,
2008).

where Xmean is the mean and Xmin and Xmax are the lower
and upper bounds of the scale, respectively.

A series of across-trial analyses were conducted for
pairs of trials within Series 1 (Trials 1–4), pairs of trials
within Series 2 (Trials 5–7), all four Series 1 trials, all
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three Series 3 trials, and the combined data set from all
seven trials (ALL) in order to calculate unbiased esti-
mates of clonal repeatability for height and form and to
estimate the stability of clones for height and form
across trials.

yi = Xibi + Z1imi + Z2ini + Z3iai + Z4isi + [2]
Z5ici + Z6igi + Z7ipi + Z8iqi + ek1i + ek2i,

where yi is the vector of observations indexed (i) by site,
bi is the vector of fixed effects (i.e., mean, trial, popula-
tion, replicates, seedlots), and Xi is the known incidence
matrix relating observations in yi to the fixed effects in
bi where

mi is the vector of random row within replicate effects
~ MVN(0,M��Ir) where

ni is the vector of random column within replicate
effects ~ MVN(0,N��Ic) where

ai is the vector of random additive genetic effects within
Population 2 ~ MVN(0,D��A) where 

and A is the numerator relationship matrix generated
from the reconstructed pedigree for Population 2,

si is the vector of random effects of full-sib family (spe-
cific combining ability ~ MVN(0,E��If) where

and If is an identity matrix equal to the number of full-
sib families in Population 2,

ci is the vector of random effects of clones from Popu-
lation 2 ~ MVN(0,F��Icin2) where 

and Icin2 is an identity matrix equal to then number of
clones in Population 2,

gi is the vector of random effects of clones from Popu-
lation 1 ~ MVN(0,G��Icin1) where

and Icin1 is an identity matrix equal to the number of
clones in Population 1,

pi is the vector of random interaction effects between
replicate and clones in Population 1 ~ MVN(0, [Q��Ip])
where

and Ip is an identity matrix equal to the number of repli-
cates,

qi is the vector of random interaction effects between
replicate and clones in Population 2 ~ MVN(0, [Q��Ip])
where

ek1i is the random vector of residual terms for Popula-
tion 1 ~ MVN(0, [R1��I1]) where

ek2i is the random vector of residual terms for Popula-
tion 2 ~ MVN(0, [R2��I2]) where

0 is the null matrix, I1 and I2 are identity matrices
equal to the number of observations in Populations 1
and 2, respectively; Ir and Ic are identity matrices equal
to the number of rows and columns, respectively; Z1i,
Z2i, Z3i, Z4i, Z5i, Z6i, Z7i and Z8i are the known incidence
matrices relating observations in yi to effects in mi, ni,
ai, si, ci, gi, pi and qi respectively.

In order to determine the extent of genotype by envi-
ronment interaction (GxE) for each trait, type-B genetic
correlations (r̂B) were estimated as in BURDON (1977) as
a measure of clonal stability across sites

is the genetic correlation for Population 1 across sites
where values closer to unity indicate little GxE.

For Population 2 the stability of clones was also esti-
mated:

where �̂2
gi was defined above for Population 2 (Model 1)

and the genetic covariance across sites (�̂2
g1g2) = �̂

2
a1a2 +

�̂2
s1s2 + �̂

2
c1c2. 

Clonal repeatability was estimated for Series 1 trials,
Series 2 trials, and over all seven trials for both popula-
tions using a model similar to Equation [1] with the
addition of Th which is the fixed effect of h

th trial, TShj is
the fixed interaction between trial and seedlot, tclonehn(k)
is the random effect of the interaction between trial and
clone where for Population 1 ~ N(�̂2

tg(k1)) and Population
2 ~ N(�̂2

tg(k2)). Additionally, a heterogeneous error struc-
ture was used defining a separate residual effect for
each trial-population combination.

Clonal repeatability was calculated for Population 1

and Population 2

where �̂2
E is a weighted average of the residual vari-

ances where the weight is based on the proportion of
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observations in each trial (ni) to the total observations in
all trials in the analysis (N):

Type-B genetic correlations were estimated for both
height and form to give an indication of the stability of
clones across trials (YAMADA, 1962) for all pairwise com-

parisons between trials within a series, Series 1 trials,
Series 2 trials, and over all seven trials for both popula-
tions:

Bivariate, single-site individual-tree linear mixed-
effects models were used to estimate the genetic and

Table 4. – Yellow cypress clonal trial summary statistics for height (cm) and form (scale of 1–4) at
age 12.
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phenotypic correlations between height and form for
Populations 1 and 2 using a similar model to Equation
[2] above except now yi is the vector of observations
indexed (i) by trait. A diagonal structure was used when
a variance component was bounded at zero based on
results from univariate analyses, otherwise a covariance
structure was fitted for replicate by genotype (�̂rg1rg2),
genetic covariance for Population 1 (�̂g1g2) and Popu -
lation 2 (�̂g1g2 = �̂a1a2 + �̂s1s2 + �̂c1c2), and for residual
effects between height and form (�̂e1e2). Other terms
were defined above.

The genetic and phenotypic correlations between
height and form were estimated as:

and

where �̂g1g2 = �̂a1a2 + �̂s1s2 + �̂c1c2, and �̂
2
gi = �̂

2
ai + �̂

2
si + �̂

2
ci

for Population 2.

Results and Discussion

The overall mean height and form for Population 1
clones were 264.6 cm and 2.23, respectively. Population
2 clones had slightly higher overall mean height (278.7
cm) and lower mean form (2.17). However, substantial
variability was observed in both populations across the
seven trials (Table 4). Across all trials, yellow cypress
clones’ mean height at age 12 years ranged from 182.0
cm (trial 3, Population 1) to 447.3 cm (trial 6, Population
2). Mean form classes yielded lower variability than that
observed for height and ranged from 1.99 (trial 1, Popu-
lation 2) to 2.67 (trial 3, Population 1) (Table 4). Trials
in Series 1 produced the lowest age 12 height and this
could be attributable to the over-intensive site prepara-
tion applied where too much organic material was
removed. 

The reconstructed pedigree allowed partitioning the
genetic variance (�̂2

g) into component parts of additive
genetic variance (�̂2

a), specific combining ability (�̂2
s), and

clone (�̂2
c); however, there was still a general lack of

structure within the population (Table 2), causing vari-
ance components to be estimated with little precision.
The majority of genetic variation was associated with
clone for both traits (Table 5). For example, averaged
over all seven trials �̂2

c accounted for 57.3% of the total
genetic variance for height, while �̂2

a and �̂2
s accounted

for only 31.3% and 11.4%, respectively. Similarly, for
form 48.9%, 37.5%, and 13.6% of �̂2

g were attributed to
�̂2
c, �̂2

a, and �̂2
s, respectively, when averaged over all

seven trials. These results were in striking contrast to
those obtained for the same species, however, from
genetically well-structured progeny trials that involved
a series of six cloned diallel tests where 9-year height
additive genetic variance averaged 72% of the total
genetic variance (J. H. RUSSELL, unpublished data). The
main difference between the results of the present study
and the unpublished data is the presence of too few indi-

viduals from each seed-tree were included in the recon-
structed pedigree of Population 2 to allow proper esti-
mation of the additive effects (�̂2

a, BVs, narrow-sense
heritability) accurately and precisely (based on high
standard errors in the current study). For example, of
the clones that were genotyped in Population 2 there
was only an average of 2.2-4.3 clones tested per seed-
tree (40-54 seed-trees tested per trial) at each of the
seven trials, as well as 1.4-2.1 clones per full-sib family
(Table 2).

Although there was little power in partitioning the
genetic effects of yellow cypress clones from Population
2, we were able to estimate total genetic variance of
clones using the reconstructed pedigree (Table 5). Based
on the magnitude of the standard errors, the total genet-
ic variance for height and form was statistically signifi-
cant and similar across seven trials for both populations
(Table 5). However, there was a general trend with high-
er �̂2

g for Population 2 when the reconstructed pedigree
was incorporated compared with Population 1 with no
pedigree. 

There have been several studies using reconstructed
pedigrees in natural populations to estimate quantita-
tive genetic parameters (THOMAS et al., 2002; WILSON et
al., 2003; HERBINGER et al., 2006; BLONK et al., 2010).
Low-input breeding strategies (“breeding without breed-
ing”, BwB) have also been proposed in forest trees using
reconstructed pedigrees (EL-KASSABY and LSTIBUREK,
2009). WANG et al. (2010) demonstrated that identifica-
tion of both parents of trees in commercial plantations
originating from a seed orchard is technically and
 logistically possible and concluded that marker-based
pedigree reconstruction could facilitate the use of low
input BwB strategies for forest trees. However, when
WANG et al. (2010) compared the applicability of BwB to
the Swedish breeding programs they concluded that the
methods would yield lower genetic gains in their  well-
structured advanced generation Scots pine (Pinus
sylvestris) breeding program and advocated its use in
their infant Norway spruce (Picea abies) program.
 Pedigree reconstruction was effectively used to convert
the incomplete pedigree of polycross (LAMBETH et al.,
2001; DOERKSEN and HERBINGER, 2010), as well as in
open-pollinated families (GRATTAPAGLIA et al., 2004;
 GASPAR et al., 2009; DOERKSEN and HERBINGER, 2010;
HANSEN and MCKINNEY, 2010) to complete pedigree,
thus removing all the inaccuracies associated with both
methods’ assumption of complete half-sib analysis.
 Additionally, pedigree reconstruction has been used as a
supplemental tool for tree breeders for verifying the
authenticity of controlled crosses and identifying pedi-
gree errors (ADAMS et al., 1988; ERICCSON, 1999; DOERK-
SEN and  HERBINGER, 2008) and determining differential
male and/or female mating success in several seed
orchard populations (DOERKSEN and HERBINGER, 2008;
EL- KASSABY et al., 2010; LAI et al., 2010; FUNDA et al.,
2011).

Both height and form were under low to moderate
genetic control as indicated by clonal repeatability, and
estimates were relatively similar between the two popu-
lations (Table 5). However, H^ 2 was usually higher for
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Population 2 (Reconstructed Pedigree) than for Popu -
lation 1 (No Pedigree). For example, the average H^ 2 in
Population 2 was 0.31 for height (range: 0.18–0.45) and
0.22 for form (range: 0.06–0.32) across the seven trials.
While average H^ 2 in Population 1 was 0.25 for height

(range: 0.19–0.35) and 0.18 for form (range: 0.09–0.27)
across the seven trials. Nevertheless, these values are
generally typical to what has been reported in other
species. For example, BALTUNIS and BRAWNER (2010)
reported H^ 2 ranging from 0.09-0.31 for height at age five

Table 5. – Comparison of genetic variance (�̂2
g), clonal repeatability (H

^ 2), repeatability of clonal
means (H

^ 2–
C) and coefficient of genetic variation (CGV) between Population 1 with no pedigree and

Population 2 using the reconstructed pedigree for seven yellow cypress clonal trials for height and
form.  Genetic variance is partitioned into additive (�̂2

a), specific combining ability (�̂2
s) and clone

within family (�̂2
c) for Population 2. Standard errors are given in parentheses.
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for clones of Pinus radiata. In addition, clonal repeata-
bility was estimated from across-trial analyses in order
to calculate unbiased estimates of clonal repeatability
for height and form. For example, H^ 2 for height from the
analysis of all seven trials (ALL) was 0.21 ± 0.02 and
0.30 ± 0.02 for Populations 1 and 2, respectively. Simi-
larly for form, H^ 2 was 0.14 ± 0.02 and 0.19 ± 0.02 for
Populations 1 and 2, respectively, from the ALL analysis
(Figure 1). Our assumption that clones from Population
1 were unrelated may have been false based on the find-
ings of MASSAH et al. (2010) for Population 2 clones
(Reconstructed Pedigree). This may have led to biased
estimates of genetic variance and clonal repeatability

for Population 1 (NAMKOONG, 1966; SQUILLACE, 1974;
ASKEW and EL-KASSABY, 1994). Nevertheless, H^ 2 was
very similar across populations possibly indicating that
there may be little bias in estimates from Population 1
assuming unrelated genotypes compared to Population 2
clones. This may be attributable to the general lack of
structure in these populations, eg. ~ three clones per
half-sib family on average (Table 2). Additionally, when
Population 2 clones were assumed to be unrelated (eg.,
no pedigree information), total genetic variance and
clonal repeatability were very similar to results
obtained using the reconstructed pedigree (data not
shown).

Figure 1. – Clonal repeatability (H
^ 2) from the across-trial analyses of Series 1 (Trials

1–4), Series 2 (Trials 5–7), and from analysis of ALL trials (Trials 1–7).  Standard error
bar is included in all estimates of H

^ 2.

Figure 2. – Type-B genetic correlations (r^B) from the across-trial analyses of Series 1
 (Trials 1–4), Series 2 (Trials 5–7), and from the analysis of ALL trials (Trials 1–7). Stan-
dard error bar is included in all estimates of r^B.
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Repeatability of clonal means was also estimated for
height and form and was moderate to high across the
seven clonal trials (Table 5). For example, in Population
2, H^ 2–C ranged from 0.67–0.82 and 0.27–0.74 for height
and form, respectively. Repeatability of clonal means is
a function of the total genetic variance and number of
ramets of the tested clones, thus more ramets of a clone
is required for testing for traits under low as compared
to those under high genetic control (RUSSELL and LIBBY,
1986). Genetic gains will be maximized as repeatability
of clonal means approaches unity. Moderately high H^ 2–C
for growth traits has been reported for clones in other

conifers (MULLIN et al., 1992; O’NEILL et al., 2005; ISIK et
al., 2005; BALTUNIS and BRAWNER, 2010). In addition, the
coefficient of genetic variation for height and form
ranged from 10.3–18.2% and 11.1–26.1% for height and
form, respectively (Table 5). These are similar to other
reported values from clonal trials in other conifer
species (BALTUNIS and BRAWNER, 2010) and are within
acceptable variability levels.
The growth and form responses of the yellow cypress

clones in both populations across the test environments
were relatively stable. Type-B genetic correlations were
all moderately high between pairs of trials in Series 1

Table 6. – Type-B genetic correlations (r^B) for height (above diagonal) and form (below diagonal) between
pairs of yellow cypress clonal trials within Series 1 (Trials 1–4) and Series 2 (Trials 5–7).  Standard errors
are given in parentheses.
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and Series 2 (Table 6). For height, type-B genetic corre-
lations ranged from 0.67–0.88 and 0.89–0.97 in Popula-
tions 1 and 2, respectively, indicating little biologically
important GxE. For form, type-B genetic correlations
ranged from 0.64 to unity across both populations with
more observed GxE generally within Series 2 trials (tri-
als 5–7) for Population 2. When all seven trials were col-
lectively analyzed, the overall type-B genetic correla-
tions for Population 1 clones were 0.80 ± 0.04 and
0.83 ± 0.05 for height and form, respectively (Figure 2).
Likewise, the overall type-B genetic correlations for Pop-
ulation 2 clones were 0.92 ± 0.02 and 0.84 ± 0.04 for
height and form, respectively (Figure 2).  It is important
to note that the low and high elevation sites within the
two series of trials differed by more than 600 m and
were within completely different ecological classification
zones (MEIDINGER and POJAR, 1991). The lack of GxE in
this population is encouraging because it implies that
clones selected for production populations should
respond favorably across the seed planning zone for yel-
low cypress in coastal BC.

Genotype by environment interaction at the clonal
level has been studied in other taxa, and there have
been examples of significant GxE and clonal stability.
For example, YU and PULKKINEN (2003) reported signifi-
cant clone x site interaction for early growth of 24
hybrid aspen (Populus tremula x Populus tremuloides)
clones in Finland. Similarly, significant GxE was detect-
ed for volume in Populus davidiana clones in Korea, but
stable genotypes were identified which behaved in a pre-
dictable manner across sites (KOO et al., 2007). BALTUNIS

et al. (2008) reported evidence of GxE for height in 3-
year old clones of Pinus taeda tested in the southeastern
United States which they hypothesized it was due to
clones changing ranks on high-versus low-fertility sites,
but little evidence of GxE for stable carbon isotope dis-
crimination. KANZLER et al. (2003) identified rainfall as

the main driver affecting changes in rank across five
sites in South Africa for Pinus patula. In contrast, GxE
interaction for growth appeared to be of insignificant
importance in clones of Picea abies (ISIK and KLEIN-
SCHMIT, 2003) and Eucalyptus globulus (COSTA E SILVA et
al., 2004). In addition, little GxE was observed for DBH,
and stable clones were identified for Pinus radiata with-
in New Zealand (BALTUNIS and BRAWNER, 2010); how -
ever, more extensive GxE was observed for form traits
(stem straightness and branch quality). 

There was a moderate to high, favorable genetic corre-
lation between height and form (Table 7). The average
genetic correlation across all seven trials was –0.54
and –0.56 in Populations 1 and 2, respectively. In Popu-
lation 1 rg ranged from –0.06 ± 0.16 to –0.75 ± 0.13. The
average phenotypic correlation for Population 1
was –0.26 (Table 7). rG ranged from –0.03 ± 0.11
to –0.88 ± 0.19 in Population 2, while rP averaged –0.23.
This favorable genetic correlation implies that selection
for height will also increase genetic merit of form in the
selected population of clones. 

Conclusion

The deployment of elite adaptable clones across the
landscape is a sound gene resource management strate-
gy for maximizing realized genetic gains. For this to be
possible, a large number of genetically-diverse clones
that are tested across multiple sites should have signifi-
cant total genetic variation and minimal GxE. This has
been demonstrated with the clonal study presented
here. However, because there was initially no pedigree
information, optimization of clonal selection for deploy-
ment between genetic gain and diversity through esti-
mating effective population size, was not possible. As
well, although short-term genetic gains may be maxi-
mized through deployment of well-tested clones, long-

Table 7. – Genetic (rG) and phenotypic (rP) correlations between height and form for two populations
of yellow cypress clones at seven trials.  Standard errors are given in parentheses.
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term gains need to involve both clonal selection and
recurrent selection for additive genetic variation
through repeated selection and breeding. The inclusion
of a post hoc pedigree reconstruction for Population 2 in
the current study was not effective in partitioning
genetic variance components due to the small sample
sizes discussed above. Therefore, clones could not be
selected based on breeding values and incorporated into
a long-term breeding program. One alternative is to use
pedigree reconstruction to guide selection of clones from
bulk seedlots in order to create a structured pedigree to
test in field trials which may be more effective. How -
ever, if a genetic improvement program is economically
and biologically justified for both clonal deployment and
a recurrent selection for additive genetic variation, then
a balanced mating design with cloned individuals may
be more appropriate.
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