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Abstract
& Key message Creation of second generation Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) hybrids based on
parents from geographically distant locations did not appreciably increase variance in height, frost damage and bud
break. New and favorable trait combinations between height and the two adaptive traits were found in the F2
populations.
& Context Increased genetic variance and new trait combinations can improve selection efficiency in terms of selection response
and increased adaptability.
& Aims This project tested a novel method for generating higher genetic variance and new trait combinations in Douglas-fir
populations.
& Methods Parents from Southern British Columbia (BC), Washington (WA), Oregon (OR), and Northern BC (NBC) were
crossed within each provenance; then selections from BC were crossed with the other sources to create three F1 interpopulation
generations. Unrelated random selections from the same F1 population were subsequently crossed to produce three F2 popula-
tions. The parental, F1 and F2 generations were concurrently grown in three field tests and were evaluated for height, frost
damage, and bud break date.
& Results Significant segregation variances were found only in the BCxNBC cross for height in two sites and frost damage in one
site and in the BCxOR cross for bud break in one site. In the BCxNBC cross, correlations between breeding values for height and
frost damage changed from 0.71 in F1 to − 0.04 in F2 and between height and bud break from − 0.71 to − 0.26. In the BC-OR
cross, correlations between height and bud break changed from − 0.71 in F1 to − 0.49 in F2.
& Conclusion Our results suggest that creation of wide-cross hybrids may not be very effective in increasing segregation variance
in traditional tree improvement programs but in some cases may be considered to increase diversity of trait combinations.
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1 Introduction

Segregation variance refers to the increase in variance
due to segregation of alleles in a second filial genera-
tion (F2) relative to variance observed in a first filial
generation (F1) from different genetic lines or divergent
populations. In divergent populations, quantitative traits
values, even with the same mean, can be achieved by
different combinations of alleles. When divergent popu-
lations are crossed, the variance of the F1 generation is
not increased because all F1 offspring have heterozy-
gous loci, with one allele from each divergent parent.
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However, an outbreak of variation due to recombination,
the “segregation variance,” can often be observed in the
F2 generation (Wright 1968; Lande 1981). The magni-
tude of segregation variance depends on the extent of
population differentiation and the genetic base for such
differentiation including probability distributions of al-
leles and the number and effect size of alleles that con-
tribute to a trait (Slatkin and Lande 1994; Koshy et al.
1998).

If genetic variation is due to numerous alleles with
moderate to small effects, then the increase in segrega-
tion variance in the F2 generation is expected to be
small. In contrast, a small number of large effect alleles
and the potential occurrence of extreme phenotypes in
the F2 generation will likely cause a substantial increase
in segregation variance. Creation of interpopulation
crosses based on divergent natural or breeding popula-
tions could, in theory, produce extreme phenotypes
displaying values exceeding those observed in parental
populations (Lynch and Walsh 1998). This effect, called
transgressive segregation, can be due to epistasis, over-
dominance, and complementary action of additive genes.
Complementary action of additive genes can be effec-
tive in increasing segregation variance if crosses are
made between populations carrying various combina-
tions of trait increasing and decreasing alleles (in con-
trast to where all increasing alleles are present in one
population and all decreasing alleles in the other).

There are many examples of artificial selection for
high and low trait values producing populations or lines
sufficiently divergent to show segregation variance when
the F2 crosses are produced (e.g., Sprague and Brimhall
1949; Mohamed and Hanna 1964; Busi et al. 2013).
There are also examples of greater segregation variance
in interspecies crosses based on natural populations
(e.g., Val 1977; Fenster and Ritland 1994; Bradshaw
et al. 1998; Nelson et al. 2003). However, we are not
aware of any field studies reporting on the F2 genera-
tion segregation variance based on intraspecific crosses
of divergent populations of trees. In a greenhouse study,
Zhi (1999) evaluated F2 segregation variance in
Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco)
wide-crosses based on 1-year-old seedlings. Examples
of both, larger and smaller F2 variances compared to
those of the F1 and parental populations were found
depending on the trait, type of wide-cross, and the
growing environment.

Genetic variation in Douglas-fir has been shown in
numerous studies (e.g., Ferrell and Woodward 1966;
Irgens-Moller 1967; Campbell and Sorensen 1978; Loo-
Dinkins et al. 1991; O’Neill et al. 2001; St. Clair et al.
2005; St. Clair 2006). It has been one of the most

important commercial tree species in western North
America, and as such it has also been subject to intensive
tree breeding efforts over the last 60 years. The geograph-
ic distribution of the coastal variety (Pseudotsuga
menziesii (Mirb.) Franco var. menziesii) spans approxi-
mately 2200 km in latitude (Hermann and Lavender
1990), and it is characterized by sharp longitudinal and
gradual latitudinal environmental gradients. Using F1
crosses, Adams and Stoehr (2013) found evidence of
transgressive segregation in several terpenes extracted
from intraspecific Douglas-fir hybrids.

Lewontin and Birch (1966) suggested that interspecif-
ic crosses and intraspecies hybrids based on highly
divergent populations can result in faster adaptations to
new environments. In support of this statement,
Rieseberg et al. (2003) showed that hybridization can
be an important mechanism in adaptive evolution in
wild sunflowers. Thus, formation of hybrid populations
of commercial tree species may be of use to increase
genetic variances for purposes of addressing adaptation
in relation to climate change effects or forest health
impacts. One might predict environmental conditions
under one or more scenarios of climate warming and
then carry out selections in adaptive traits so that they
match these predicted environments (Hamann et al.
2001). Increased genetic variance in adaptive attributes
in deployed populations can also be considered as a
climate change mitigation management strategy for un-
certain future environments.

In addition to potentially increasing variance in par-
ticular traits of interest, creation of F2 generations based
on wide-crosses may change the strength of associations
among traits and create new trait combinations. Creating
genotypes with new trait combinations can also have
value for climate change adaptation in forestry. For
example, Heiner and Lavender (1972) showed that
Oregon Douglas-fir seedlings from a southern, xeric lo-
cation suffered less drought stress than seedlings from a
northern, mesic location in an experiment controlling
soil moisture availability. However, southern populations
also set bud later and suffered greater frost damage in a
common garden experiment (Campbell and Sorensen
1973). Planting stock that is resilient under climate
change may therefore require a new combination of
traits for drought tolerance and fall phenology timing
that could potentially be created through selection of
genotypes from F2 wide-crosses of northern and south-
ern genotypes.

Assisted population migration is one of the methods of
mitigating the impact of climate change on forests (e.g.,
Ledig and Kitzmiller 1992; Gray and Hamann 2011). It
typically relies on testing a number of geographically
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diverse populations in common garden experiments to de-
termine which populations will perform best in a target
environment (e.g., Mátyás 1996). This approach can be
most successful if populations best suited to the target site
exist in another location within the species distribution
range. However, it is likely that the populations best
adapted to some specific local conditions will also show
some degree of maladaptation to other, biotic or abiotic,
conditions (Aitken and Whitlock 2013). Another way to
increase the frequencies of favorable alleles in target en-
vironments is to deploy the intraspecific F2 crosses (be-
tween the local and nonlocal populations) in essentially
new environments, thus potentially creating advantageous
trait combinations looking for outliers as a useful source
of material with improved adaptability.

In the present study, we evaluate a unique experiment
with coastal Douglas-fir. Parents from southern coastal
British Columbia provenances were crossed with the par-
ents from provenances of Northern British Columbia,
Washington, and Oregon to produce “wide-crosses.”
Randomly selected F1 individuals within each wide-
cross were then crossed to create three F2 groups. In ad-
dition, within population (or provenance) crosses involv-
ing all selected parents were made to represent the paren-
tal generation. All three generations were grown in com-
mon garden experiments and were evaluated for growth,
frost damage, and the timing of bud break. We investigate
(1) whether crossing of geographically divergent Douglas-
fir populations results in the increased variance in the F2
generation and (2) how trait associations change from the
F1 to the F2 generation. The results are discussed with
respect to the utility of this approach in tree breeding as a
method to enhance forest health and productivity in
changing climates.

2 Materials and methods

2.1 Crossing scheme

This study was conceived and initiated by the late Gene
Namkoong and co-workers. They took advantage of
existing tests with progeny ranging in age from 19 to
30 years that were the result of “wide” crosses (F1)
among geographically divergent parent trees as part of
the British Columbia Douglas-fir breeding program (EP
519 (Orr-Ewing and Yeh 1978) and EP708 (Heaman
1982)). The original parents of these are growing in
breeding arboreta and clonal archives at Cowichan
Lake Research Station, while the F1 trees are growing
in various tests on Vancouver Island, BC. All trees to
be bred to produce seed to raise test seedlings for this

study (i.e., P0, F1, and F2) were partially girdled to
stimulate male and female cones starting in 1990.
Controlled pollinations were carried out at the breeding
arboreta and clonal archives to generate the P0 and F1
seeds and at F1 progeny trials to generate F2 seed over
the next 2 years for this experiment.

Specifically, Douglas-fir trees from Southern British
Columbia (BC), Washington (WA), Oregon (OR), and
Northern British Columbia (NBC) (Fig. 1) were crossed
within each region according to the crossing scheme in
Table 1 to create four parental populations: BC-P0,
NBC-P0, WA-P0, and OR-P0. In addition, parents from
BC were crossed with selections from the other three
regions to create three wide-cross hybrid offspring (F1)
populations (BCxNBC-F1, BCxWA-F1, and BCxOR-F1)
giving rise to three, five and four full-sib families per
wide-cross, respectively (Table 1).

Next, three F2 populations were generated (BCxNBC-
F2, BCxWA-F2, and BCxOR-F2) so that each F2 family

Test sites

PPeemmbbeerrttoonn

LLaaddyyssmmiitthh

BBeellllaa CCoooollaa

Fig. 1 Locations of parental selections and test sites
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had four different grandparents to avoid effects of in-
breeding (Table 2). Seeds from all 56 families from the
10 cross types (four parental populations, three F1, and
three F2 hybrid cross types) were sown in early 1996 to
produce seedlings for field test planting. It should be not-
ed that the NBC parents might have come from the
Douglas-fir interior variety [P. menziesii var. glauca
(Beissn.) Franco] or were hybrids of the two varieties.
The distribution range of the interior variety comes close
to the coast in the northern part of the species distribution
range (Farrar 1995).

2.2 Field study

Containerized seedlings from all 56 families were planted in
March 1997 in 3 environmentally contrasting locations:
Ladysmith, BC (latitude 49o 00’ N, longitude 123o 51’ W, ele-
vation 107 m); Pemberton, BC (latitude 50o 35’ N, longitude
123o 18’ W, elevation 400 m); and Bella Coola, BC (latitude
52o 29’N, longitude 126o 33’W, elevation 285m). Ladysmith is
characterized by warm, dry summers, and moist mild winters
with little snowfall (8.3 °C mean annual temperature, 210 mm
growing season precipitation, and 130 mm precipitation as
snow). Pemberton is located in a transitional zone between the
coast and interior and is characterized by warm summers and
moist, cool winters with moderate snowfall (6.1 °C mean annual
temperature, 350mm growing season precipitation, and 530mm
precipitation as snow). The northern coastal Bella Coola site is
characterized by moist summers and mild winters with moderate
snowfall (6.5 °C mean annual temperature, 530 mm growing
season precipitation, and 380 mm precipitation as snow).

Excluding border trees, a total of 1002, 955, and 1016
seedlings were planted in Ladysmith, Pemberton, and Bella
Coola, respectively. On average each family was represented
by 18 seedlings per site. A randomized block design was used
with three blocks per site and six seedlings per family per
block randomly allocated within each block. The following
attributes were measured: height at ages 1, 2, 3, 4, and 11
(denoted as Ht1, Ht2, etc.), fall frost damage at age 4, and
the timing of bud break at age 5. Ht11 was not measured in
Bella Coola due to difficult access.

Table 1 Mating design for the within parental source crossing (P0, cross ID’s in italic font) and the between source wide-crossing (F1, normal font)

BC WA OR NBC

Parent 18 28 67 158 226 491 237 241 267 270 282 187 256 263 349 386 521

BC 14 1 2 3 4

BC 28 5 6 7 8 9

BC 67 10 11 12 14 13

BC 226 16

BC 383 33 34 35 36

BC 491 37

BC 492 38

WA 237 17 18 19

WA 241 20 21

WA 270 25 26 27

WA 282 28 29

OR 187 15

OR 263 22 23 24

OR 349 30 31 32

NBC 517 40 41 42

Numbers indicate parental or cross ID

Table 2 Mating design for the generation of F2 crosses

BCxOR BCxWA BCxNBC

Parent 4 13 30 16 17 20 25 36 9 37

BCxOR 4 101

BCxOR 8 104 102 105

BCxOR 13 103

BCxOR 30 106

BCxWA 17 111 110

BCxWA 20 113 112

BCxWA 25 107 109

BCxWA 36 108

BCxNBC 40 114 115

Numbers indicate parental and cross ID’s. Parental ID’s correspond to the
cross ID’s from Table 2
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To determine the onset of fall frost hardiness, labora-
tory freezing tests were conducted on all trees at two test
temperatures. Three 10-cm long shoot tips from second-
order branches in the upper crown were collected between
October 15 and 24, stored on ice, and subjected to artifi-
cial freeze tests within 24 (higher temperature) and 48 h
(lower temperature). The samples were subjected to a 12-
h cooling period from + 2 °C to – 6 °C, a 4-h ramp-down
phase to the freezing target ranging from – 16 °C to
– 22 °C which was held for 2 h, and finally a 4-h ramp-
up phase to 2 °C. The two freezing temperature targets
were determined by prior tests for samples from each
plantation so that approximately 30 and 70% freeze dam-
age were achieved. Freeze damage was visually scored for
percent discoloration after 5 days of storage at room tem-
perature in the dark. Scoring ranged from “0” for no dam-
age to “10” for 100% needle necrosis. To evaluate timing
of bud break measurements of leader extension were car-
ried out four times starting in the beginning of May in
approximately weekly intervals. The date when buds
elongated beyond the bud scales by a minimum of 1 cm
was determined for each tree and used as a bud break date
expressed as day of year.

2.3 Statistical methods

General linear mixed models were solved with ASReml
(Gilmour et al. 2009). As some parents were used as female
and male, an overlay design matrix model was applied
(Gilmour et al. 2009). First-order two-dimensional (row and
column) autoregressive correlation structure was used to mod-
el spatial residual variances in the test sites. Data from each
site were analyzed separately and then together with the data
from the other sites. Since none of the investigated traits
showed statistically significant segregation variance based
on the combined data set, only segregation variance results
from the individual sites are presented. The objective of this
analysis was to evaluate variance changes from generation to
generation for the crosses related to the selected few parents
from each of the four base populations. Consequently, as dif-
ferent subsets of BC parents were used to create crosses with
parents from the other populations, three BC0 variances were
estimated based on the crosses between the BC parents used in
a particular F1 crossing. Each of the three wide-crosses was
analyzed separately. The following model was used to evalu-
ate segregation variance:

Y ijkl ¼ μ þ R j þ Sk þ P Sð Þkl þ eijkl

where Yijkl is an ith individual from the klth parent in the jth

block, μ is an overall mean, Rj is the fixed effect of the jth

block, and Sk is the fixed effect of the kth source generation:
(BC-P0, WA-P0, BCxWA-F1, BCxWA-F2) or (BC-P0, OR-

P0, BCxOR-F1, BCxOR-F2) or (BC-P0, NBC-P0, BCxNBC-
F1, BCxNBC-F2). P(S)kl is the random effect of lth parent
within source ~ Diagonal (IID (0, σ2kl)) and allows a different
parental variance for each source generation; eijkl is the resid-
ual divided into: (1) the spatially independent random residual
~ Diagonal (IID (0, σ2ke)) allows a different residual variance
for each source generation and (2) spatially dependent
residual.

Segregation variance σs
2 was calculated using the follow-

ing two methods (Lande 1981):

σ2
s ¼ σ2

F2−σ2
F1 ð1Þ

σ2
s ¼ σ2

F2− 0:5σ2
F1 þ 0:25σ2

P01 þ 0:25σ2
P02

� � ð2Þ

where σ2F1, σ
2
F2, σ

2
P01, and σ

2
P02 are residual variances in the

F1, F2, and the parental populations within each wide cross as
explained above (σ2

ke).
Since both methods of segregation variance calculation

produced similar values of σ2
s, only results for the second

method are shown. The advantage of the second method is
that if there is a relationship between the population residual
variance and heterozygosity, then this method of segregation
variance calculation partially accounts for this effect (Wright
1968). The significance of differences in residual variance
(σ2

ke) between generations was evaluated with the REML
likelihood ratio test (Gilmour et al. 2009). The LogL values
of the model with two residual variances were subtracted from
the LogL values of the reduced model (i.e., one with the com-
bined residual variance). The significance was determined by
comparing 2 x ΔLogL values with the critical value of the chi-
square distribution value at one df and α = 0.05.

The relationship between the traits by wide cross was eval-
uated using individual tree breeding values (BV). Best linear
unbiased predictions (BLUP) were calculated for all parents
and progeny using a pedigree-based additive numerator rela-
tionship matrix (for details see section 9 of Gilmour et al.
2009). The following model was used:

Y i jk ¼ μ þ T k þ R Lð Þ jk þ Ai jk þ TAi jk þ ei jk

where Yijk is an ith individual from the kth test site in the jth

block, μ is an overall mean, Tk is the fixed effect of the k
th test

site, R(L) jk is the fixed effect of the j
th block within the kth test

site, Aiik is the random effect of the ijkth genotype ~ IID (0,
σ2A)), TAijk is the random interaction of test site with genotype
~ IID (0, σ2TA)), and eijk is the random residual ~ IID (0, σ2E)).

Data from all 56 crosses from the 3 test sites were included
in the BVanalysis. This approach is different from the one used
for the evaluation of segregation variance which was specific to
each wide cross and each test site (examples of significant seg-
regation variance were found only for individual sites). As
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some BC parents were used in more than 1 wide cross, incor-
poration of pedigree information from all 56 crosses results in
more reliable BV’s than those calculated based on data subsets
for each wide cross. Using data from all three sites increases
sample size per parent and allows for the inclusion of genotype
by environment interaction in the model.

Pearson product-moment correlations between the BV’s for
growth, frost damage and bud break were calculated by genera-
tion for each of the three wide crosses. Height at age 4 was
selected to explore the relationship between growth and the
two adaptive attributes. It was selected to maximize the sample
size as it allowed for inclusion of the Bella Coola data (age 11
was not measured in this site). The relationship between growth
and adaptive attributes is likely to hold at older age as a strong
correlation was found between BV’s for Ht4 and Ht11 (r= 0.89)
based on the Ladysmith and Pemberton data (not shown).

3 Results

3.1 Height

The test sites differed to some extent in productivity. At age 4,
the mean height in Bella Coola, Ladysmith, and Pemberton
was 135, 167, and 127 cm, respectively. Fourth-year survival
was high in all sites ranging from 97 to 98% and was also
good at age 11 (i.e., 91% in Ladysmith and 94% in
Pemberton). At age 11, the Ladysmith site was still somewhat
more productive than the Pemberton site (mean height 665 vs.
573 cm). The height of the BC-P0 population was lower than
the height of the WA-P0 population, greater than the height of
the NBC-P0 population and approximately of the same size as
the OR-P0 population (Table 3).

Significant segregation variance in height was found in the
BCxNBC cross, while there was no evidence of greater F2
height variance in the BCxOR-F2 and the BCxWA-F2 cross
type. Significant segregation variance in the BCxNBC-F2
crosses was found at several ages in Ladysmith and
Pemberton (Table 3) but not at the Bella Coola site (results
not shown). In Pemberton, the segregation variance increased
markedly from ages 1 to 4 and remained high at age 11
(Fig. 2a). In Ladysmith, the F2 segregation variance was the
greatest at age 2 and then decreased gradually up at age 11
(Fig. 2b). The segregation variancewas statistically significant
at ages 3, 4, and 11 in Pemberton and at ages 1, 2, and 3 in
Ladysmith (Table 3).

3.2 Frost damage

At the time of sampling, trees in Ladysmith and Pemberton
had similar average frost damage (6.6 in both sites) and were
more frost hardy than those in Bella Coola (7.5). The NBC
and WA parental populations were significantly more frost

hardy than the BC parental population, while no difference
was found between BC-P0 and OR-P0. The difference be-
tween BC-P0 and NBC-P0 was much greater than the differ-
ence between BC-P0 and WA-P0. The results for Pemberton
are presented in Table 4.

Significant segregation variance in frost damage was
found in the BCxNBC cross in Pemberton (Table 4) but
not in Ladysmith and Bella Coola (results not shown).
There was no evidence of greater F2 variance in frost
damage in the BC-WA and BC-OR crosses in any of
the three test sites.

3.3 Timing of bud break

Growth started first in Ladysmith (test mean 134.3)
followed by Pemberton (139.2) and Bella Coola
(144.3). OR parental population broke bud significantly
earlier (by 5 days) than the BC parental population in
Ladysmith (Table 4) but not in the other two sites.
There was no difference in the timing of bud break
between the NBC-P0 and BC-P0 in any site. BC-P0
broke bud earlier than WA-P0 in Ladysmith (by 3 days)
and in Pemberton (by 1 day) but not in Bella Coola.

A significant segregation variance in bud break was found
in the BCxOR cross in Ladysmith (Table 4) but not in the
other two sites. There was no significant segregation variance
in bud break in the BCxNBC and the BCxWA crosses in any
site (results not shown).

3.4 Correlations between traits by generation

Based on progeny breeding values, the correlations within
the P0 generations between growth and frost damage and
between growth and the timing of bud break were not
strong in all four populations. The strongest correlation
was found for the NBC-P0 between Ht4 and frost damage
at r = 0.52 (Fig. 3a1).

In the F1 generations, strong correlation across sites was
found in the BCxNBC cross between growth and frost damage
and between growth and bud break and in the BCxOR cross
between growth and bud break. In the BCxNBC-F1 crosses,
taller trees were significantly less frost hardy than smaller ones
(r = 0.71) (Fig. 3a1) and had a tendency to break buds earlier
(r = − 0.71) (Fig. 3b1). Similarly, in the BCxOR F1 generation,
taller trees broke bud earlier than the smaller ones (r = − 0.71)
(Fig. 3c1). The correlations in the BCxWA F1 generation were
weaker at r = 0.22 between height and frost damage and r = −
0.45 between height and bud break (not shown). In the F2
generations, there was no correlation between height and frost
damage in the BCxNBC cross (r = − 0.04) (Fig. 3a2). Themean
population frost damage was the same in BCxNBC-F1 and
BCxNBC-F2. Compared to the correlations in the F1 genera-
tion, weaker correlations between height and bud break were
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found in the F2 generation for the BCxNBC and BC-OR
crosses at r values of − 0.26 and − 0.49, respectively (Fig. 3
B2 and C2). In the BCxWA cross, the F2 generation correla-
tions were only slightly lower than those in the F1 generation
with r values of 0.13 and − 0.39 between height and frost dam-
age and height and bud break, respectively (not shown).

4 Discussion

Instances of significant segregation variance resulting from
crossing F1 populations from geographically distant parental
sources of Douglas-fir were found in all three examined traits:
height growth, frost damage, and bud break. However, segre-
gation variance in height and frost damage was only found in

the BCxNBC cross and in bud break only in the BC-OR cross.
In addition, the results were site-dependent: significant in-
creases in the F2 variance in height at several ages were found
in Ladysmith and Pemberton, while significant segregation
variance in frost damage and bud break was only found in
Pemberton and Ladysmith, respectively.

The apparent lack of segregation variance in most cross/
trait combinations may have resulted from small genetic dif-
ferentiation between the sampled groups of parents and/or
from the additive polygenic mode of inheritance. Wright
(1968) formulated the relationship between the magnitude of
difference between two inbred lines, the number of genes
causing this difference, and their segregation variance.
Lande (1981) showed that this relationship can be extended
to genetically heterogeneous populations. There are several

Table 3 Mean height, measured at Ladysmith and Pemberton test sites, with standard deviations (SD), residual variance within populations (σ2
ke), and

F2 segregation variance (F2 seg. var.), where applicable

Ladysmith Pemberton

Trait Pop. N Mean (cm) SD (cm) σ2ke F2 seg. var. (%) N Mean (cm) SD (cm) σ2
ke F2 seg. var. (%)

Ht11 BC-P0 117 661.6a 101.0 5180.2 115 553.6a 100.7 4641.2

Ht11 WA-P0 98 701.9b 89.6 4430.0 80 620.2b 115.2 6170.3

Ht11 BCxWA-F1 60 675.1 97.2 3747.4 49 568.8 136.4 10,715.2

Ht11 BCxWA-F2 112 647.6 101.8 5922.3 38 101 567.4 118.0 9911.7 23

Ht11 BC-P0 79 694.2a 115.6 7075.2 75 592.8a 103.1 4943.1

Ht11 OR-P0 95 699.2a 101.1 5119.0 94 573.1a 91.0 3052.1

Ht11 BCxOR-F1 63 705.4 113.9 5091.8 68 601.6 94.4 5026.9

Ht11 BCxOR-F2 95 682.3 100.5 4822.6 − 14 99 580.8 94.1 4298.9 − 5
Ht11 BC-P0 30 649.7a 106.9 6377.6 31 583.0a 94.3 2990.5

Ht11 NBC-P0 30 562.0b 80.1 2277.6 29 515.9b 68.2 1338.9

Ht11 BCxNBC-F1 47 621.0 127.2 8340.4 31 538.0 89.2 4313.8

Ht11 BCxNBC-F2 47 583.9 115.6 8510.0 34 51 564.4 107.6 7752.1 139*

Ht4 BC-P0 30 159.8a 31.0 606.5 31 126.0a 23.7 186.5

Ht4 NBC-P0 30 137.6a 24.1 193.0 29 112.8a 20.6 223.5

Ht4 BCxNBC-F1 47 150.7 32.9 595.3 31 113.7 23.5 362.2

Ht4 BCxNBC-F2 47 151.9 39.0 821.4 65 51 122.0 31.9 618.9 118*

Ht3 BC-P0 30 121.6a 21.3 329.9 31 83.3a 15.7 117.5

Ht3 NBC-P0 30 110.5a 17.7 95.5 29 75.0a 14.8 138.7

Ht3 BCxNBC-F1 47 113.9 24.6 381.6 31 74.7 16.2 184.7

Ht3 BCxNBC-F2 47 117.9 31.4 567.6 91* 51 81.3 21.1 305.3 95*

Ht2 BC-P0 30 91.2a 15.2 182.6 31 57.6a 8.7 53.5

Ht2 NBC-P0 30 83.8a 13.3 84.0 29 51.7a 8.1 51.1

Ht2 BCxNBC-F1 47 83.6 17.9 216.0 31 50.3 9.9 80.0

Ht2 BCxNBC-F2 47 87.2 24.1 393.7 125* 51 55.5 10.6 85.1 29

Ht1 BC-P0 30 48.7a 5.8 22.4 31 42.8a 5.1 26.9

Ht1 NBC-P0 30 44.6a 5.2 23.0 29 39.2a 6.3 34.6

Ht1 BCxNBC-F1 47 45.2 8.5 63.2 31 37.0 6.9 51.7

Ht1 BCxNBC-F2 47 49.0 10.3 94.3 120* 51 41.3 6.1 34.8 − 15

For each population, all age 11 results are included; for other ages, only populations with at least one significant increase in F2 segregation variance are
shown. Significantly greater F2 variances (p ≤ 0.05) are marked with *. Parental population means followed by different letters indicate significant
differences between the means (p ≤ 0.05)
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modifications of theWright’s equation, but the basic form is as
follows:

ne ¼ μ2−μ1ð Þ2=8σs
2

where ne is the minimum number of segregating loci (assumed
unlinked with only additive alleles of the same effect size), μ1

and μ2 are parental population means, and σs
2 is the segrega-

tion variance.Without differences in gene frequencies, there is
no segregation variance, and differences due to a large number
of genes will result in a small segregation variance. It is note-
worthy that Wright’s method can be significantly impacted by
dominance, linkage, unequal allelic effects, and opposing al-
lelic effects present in each parental population (Wright 1968;
Zeng et al. 1990; Zeng 1992; Otto and Jones 2000). In coastal
Douglas-fir, significant additive and nonadditive effects were
shown with respect to height growth (Yanchuk 1996).

Small genetic differences between the populations or poly-
genic nature of larger differences can result in nonsignificant
segregation variance due to the insufficient sample size and
the obscuring effects of environment. In this study, the impact
of within-site heterogeneous environmental conditions on ge-
netic variance estimations was reduced by replications and the
spatial modeling of residual variance. Despite this, for some
traits, differences between the F2 and F1 variance as large as
65% were not statistically significant.

Differences in environmental conditions between the sites
and between different assessment ages also likely affected
segregation variance estimates. For example, OR parental
population broke buds significantly earlier than the BC paren-
tal population in Ladysmith but not in Pemberton and Bella

Table 4 Timing of bud break in Ladysmith and frost damage in
Pemberton, with standard deviations (SD), residual variance within

populations (σ2
ke), and F2 segregation variance (F2 seg. var.), where

applicable

Bud break Ladysmith (day of year) Frost damage Pemberton (score 0 to 10)

Pop. N Mean SD σ2
ke F2 seg. var. (%) N Mean SD σ2

ke F2 seg. var. (%)

BC-P0 35 137a 4.6 19.3 33 8.3a 2.2 3.2

NBC-P0 34 136a 4.8 19.1 28 2.5b 3.0 7.9

BCxNBC-F1 49 133 5.0 17.2 31 3.5 2.9 6.8

BCxNBC-F2 50 136 4.4 17.4 − 4 50 4.9 3.7 11.7 89*

BC-P0 89 136a 5.1 19.9 76 8.5a 2.2 3.4

OR-P0 106 131b 4.6 9.2 94 7.5a 3.2 7.0

BCxOR-F1 70 132 5.3 10.8 59 7.5 3.2 9.8

BCxOR-F2 107 132 4.8 18.7 47* 98 7.2 3.1 7.2 − 4
BC-P0 122 134a 5.0 13.5 108 7.3a 3.1 7.5

WA-P0 111 137b 4.4 8.5 87 5.3b 3.6 11.6

BCxWA-F1 65 133 5.6 9.3 49 5.5 3.8 13.0

BCxWA-F2 120 137 4.3 12.2 20 108 7.3 3.1 7.1 − 37

Significantly greater F2 variances (p ≤ 0.05) are marked with *. Parental population means followed by different letters indicate significant differences
between the means (p ≤ 0.05)
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Fig. 2 Relative magnitude of segregation variance from ages 1 to 11 for
BCxNBC, BCxOR, and BCxWA height. a = Pemberton, b = Ladysmith
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Coola. Correspondingly, significant segregation variance in
bud break was found only in Ladysmith. Even if the magni-
tude of divergence between the parental populations remains
similar in different sites, genotype by environment interaction
may still be a reason why the segregation variance was often
different in different environmental conditions. For example,
the difference in frost damage between the NBC and the BC
parental populations was the same in Ladysmith and
Pemberton, yet only in Pemberton there was a significant in-
crease in segregation variance. Environmental conditions

differed substantially between the Ladysmith (milder, drier
site) and Pemberton (colder, moister site) sites. It is possible
that the range of frost damage values was not fully expressed
in Ladysmith if the trees on this site were not subject to the
same frost hardiness triggering conditions as those in the
colder Pemberton site.

The observed fluctuations with age in the height segrega-
tion variance could have resulted from differential sensitivity
to the changing environmental conditions. In Pemberton, the
coldest site, the increase in segregation variance with age in
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Fig. 3 Parental, F1 and F2 generation individual tree breeding values.
BCxNBC frost damage and height at age four (a1, a2); BCxNBC bud
break and height at age 4 (b1, b2); BCxOR bud break and height at age 4
(c1, c2). Frost damage was scored from 0 (no damage) to 10 (complete

damage). Regression lines are based on the progeny data only (F1 green,
F2 blue). All correlations are significant at p < 0.001 except for the
correlation in A2 (p = 0.604)
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the BCxNBC cross could have resulted from the accumulated
effects of tissue damage due to low temperatures. In
Ladysmith, the site prone to drought, segregation variance in
the BCxNBC cross was the greatest at the young age and then
gradually decreased. Since drought and frost resistance can be
correlated in Douglas-fir (e.g., White 1987; Bansal et al.
2015), it is reasonable to expect drought-induced differences
in growth in the BCxNBC cross type in moisture limiting
conditions such as those present in Ladysmith. Trees are most
susceptible to drought after planting and, once established,
suffer less from low moisture. Thus, a relatively greater range
of height values is expected at a younger age for moisture-
limited growth.

A possible example of transgressive segregation was found
in the BCxOR cross. Some F2 generation individuals had Ht4
BVs exceeding the parental BV range at the high end (Fig.
3c2). There was little evidence of differences in growth rates
between both parental populations. The lack of differences in
growth rate could have resulted from negative correlations
between the traits affecting growth. Examples of such nega-
tive correlations were found in two hardwood species whose
northern populations had shorter growing season but greater
rates of photosynthesis per unit leaf area compared to the
southern sources when evaluated in common garden experi-
ments (Benowicz et al. 2000). If the OR source achieved the
same growth as the BC source due to different combinations
of growth increasing and decreasing alleles, then it is possible
that segregation produced the extreme height individuals
found in the F2 generation.

The sample size needed to find extreme genotypes is
strongly influenced by the genetic architecture that causes
the difference between the populations. The number of differ-
ent genotypes created in the F2 generation depends on three
factors: the number of different loci affecting the trait, the
number of alleles per locus, and the degree of linkage
(Acquaah 2012). For example, if the parents differ in four loci
each with two alleles per locus, and there is no linkage, then
the minimum sample size for a chance to include all genotypes
in the test is 256 (Acquaah 2012). However, very large sample
sizes lead to increases in environmental variance and are often
impractical in forestry. The number of genetic factors affecting
a trait is almost always unknown, but there may be indications
from literature that variations in a trait of interests are based on
a smaller number of genes. It is noteworthy that the number of
genes affecting segregation variance refers to the genes caus-
ing differences between the populations (i.e., gene frequen-
cies) and not the total number of genes affecting a trait. The
mode of inheritance can be polygenic, but the difference be-
tween particular populations may still be due to a small num-
ber of genes.

Despite the potential difficulties and uncertainties associat-
ed with estimation of segregation variance in large forestry
experiments, this study shows that transient increases in the

F2 variance can be present when crossing divergent natural
populations. Among the evaluated wide crosses, the BCxNBC
cross produced the strongest evidence of increased F2 vari-
ance. The reason for this may be a larger difference between
the parental populations and/or a presence of a gene or genes
of larger effects. The NBC parents were from the area close to
the northern distribution limit of coastal Douglas-fir with per-
haps steeper environmental gradients than those present be-
tween the BC and OR or WA. As explained before, it is pos-
sible that these parents were actually from the Douglas-fir
interior variety or were hybrids of the two varieties.

Evaluations of geographically distant populations revealed
trade-offs between growth and fall frost hardiness in several
conifers including interior Douglas-fir (Rehfeldt 1979; Howe
et al. 2003). In this study, the NBC-P0 trees were significantly
smaller and more frost hardy than the BC-P0 trees. However,
within populations the relationship between growth and frost
hardiness is often weaker and variable (Aitken and Hannerz
2001). Aitken et al. (1996) studied two coastal Douglas-fir
populations and found a high genetic correlation between nee-
dle cold injury and growth in one breeding zone (r = 0.72) but
not in the other (r = 0.11). Hawkins and Stoehr (2009) looked
at F1 crosses of coastal Douglas-fir from southern BC and
northern Washington and found genetic correlation between
height growth and fall frost injury based on individual trees
(r = 0.52). Similarly, in this study, individuals from the hybrid
BCxNBC-F1 population showed a strong positive correlation
between height growth and frost damage (r = 0.71). However,
in the F2 generation, there was no correlation between height
and injury due to the exposure to low temperatures. While
change in pleiotropic effects could be the reason, it is more
likely that the transient nature of the height frost injury
correlation observed in this study was due to change in
genetic linkage. Howe et al. (2003) hypothesized that linkage
disequilibrium may be the cause of correlation between
growth and frost hardiness.

If forward selections were made from the BCxNBC wide
cross, then selection efficiency in the F2 generation would in-
crease considerably due to the generational change in the corre-
lation between growth and frost damage (rather than due to seg-
regation variance). Selection of, for example, the top 20% trees
for growth would result in gain of 5.8% and 6.2% for the F1 and
F2 generations, respectively. However, it would also result in an
increase in frost damage of 30% in the F1 selections compared to
a reduction of − 3% in the F2 selections.

A positive correlation between bud break and growth was
found in the BCxNBC and the BCxOR wide-crosses.
Individuals that broke buds earlier had a tendency to have
higher growth rate. Again, in the F2 generation the relation-
ship between bud break and growth was weaker, particularly
in the BC-NBC cross. This change in the correlation strength
is advantageous for the simultaneous selection for greater
growth rate and lower spring frost damage. In both wide-
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crosses, there were a number of F2 trees with the more favor-
able combination of growth rate and timing of bud break than
those found in the F1 individuals.

It is likely not a coincidence that the high F1 correlation be-
tween traits was found only in trait/wide-cross combinations for
which significant segregation variance was found. As noted be-
fore, segregation variance can appear in the F2 generation if there
are differences in allele frequencies between the parental popu-
lations. Also linkage disequilibrium is created when crossing
populations that have different allele frequencies (Slatkin
2008). In all three cases of high F1 correlations, one or both of
the traits showed examples of increased segregation variance:
height and frost damage in the BCxNBC cross and bud break
in the BCxOR cross. Thus, high correlations found for these
specific trait/wide-cross combinations in the F1 hybrid genera-
tion strengthen the evidence that the increase in the F2 generation
within-family variance was caused by segregation.

Under certain conditions, creation of wide-cross hybrid
populations may be tried mainly as a method to create new,
favorable trait combinations. Deployment of nonlocal sources,
a practice often used in forestry, results in the introduction of
all traits from the source population, some of which may be
unfavorable in target environments at later dates. The expres-
sion of maladapted alleles in common garden experiments
lowers the risk of deploying unsuitable seed sources but, at
the same time, makes it often impossible to identify the po-
tentially favorable traits present in these seed sources. We
have shown that a different approach to utilize nonlocal ge-
netic material is to consider deploying hybrids based on the
local and distant parents. For example, in the BCxNBC cross,
the F2 generation produced many individuals with high
growth rate and low frost damage, a combination of traits
not seen in either parental population or in the F1 trees. In
the BCxOR cross, a number of fast-growing F2 trees broke
buds later than the F1 fast-growing trees and thus would be
more suitable for planting on sites prone to late spring frost.
This method may be efficient and effective for species with
short generation time, when a large number of plants per cross
is planted and clonal testing is employed to better separate
environmental and genetic effects.

5 Conclusion

This project tested a novel method for generating higher
genetic variance and new trait combinations in populations
to improve selection efficiency in terms of selection re-
sponse and increased adaptability. The F1 and F2 progeny
from a wide cross study were evaluated in common garden
experiments for growth, timing of bud break, and frost
damage. Significant segregation variance was observed
in all three traits but only in certain crosses and in partic-
ular environments. The variance differences were typically

small, however, likely due to small divergence among the
intraspecific parental populations, the nature of polygenic
inheritance affecting the traits, and the effects of environ-
mental conditions across different sites. The strength of
correlations between frost damage, bud break, and growth
found in some hybrid crosses decreased considerably after
one cycle of breeding, likely due to a breakdown in link-
age disequilibrium. Our results indicate that creation of
hybrid populations based on wide crosses may not appre-
ciably increase variance of a particular trait but under cer-
tain conditions can still be tried to increase diversity of
trait combinations. Given highly unpredictable impact of
climate change on forest ecosystems and the ecological
and commercial importance of trees, it is warranted to
diversify methods aimed at advancing forest growth and
health.
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