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Genetic Parameters for Growth, Stem Straightness, 
and Branch Quality for Pinus elliottii var. elliottii ×  
Pinus caribaea var. hondurensis F1 Hybrid in 
Argentina
Ector C. Belaber, María E. Gauchat, Hugo D. Reis, Nuno M. Borralho, and Eduardo P. Cappa

Genetic parameters for growth, stem straightness, and branch quality were estimated in five progeny trials of Pinus elliottii var. elliottii (PEE) × Pinus caribaea var. hondurensis 
(PCH) F1 hybrid measured at ages three, five, and seven years. The trials comprised 133 full-sib families from the tree breeding program initiated by the National Institute of 
Agricultural Technology. Single-site analyses showed that the average individual-tree narrow- and broad-sense heritability estimates were respectively 0.24 and 0.53 for diam-
eter and 0.34 and 0.47 for total height. Average estimated heritabilities were low to moderate for stem straightness (< 0.18), branch diameter (< 0.26), and branch angle 
(from 0.28 to 0.33). Bivariate analyses showed that the estimated additive and family genetic correlations between diameter and height were consistently high and positive 
(> 0.84). However, genetic correlations between growth variables and stem straightness, branch diameter, and branch angle were not significant in general. The average 
estimated additive genetic correlation between sites was high for growth trait and stem straightness (> 0.70), while for branch diameter and angle, the correlations between 
sites ranged from 0.19 to 0.99. The implications of these results for genetic improvement strategies based on PEE × PCH F1 hybrid in Argentina are discussed.
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In Argentina, over 80 percent of the area planted with Pinus 
spp. is in the provinces of Misiones and Corrientes (Ministry 
of Agriculture-Industry, Secretariat of Agriculture, Livestock 

and Fisheries [MAGyP] 2016), with Pinus taeda L. (PT) and Pinus 
elliottii var. elliottii Engelm (PEE) as the most widely used species. 
However, in the last few years, the area planted with the interspe-
cific F1 hybrid between PEE and Pinus caribaea var. hondurensis 
(Sénécl) Barrett and Golfari (PCH) (hereafter PEE × PCH hybrid) 
has increased considerably, amounting to almost 21,000 hectares. 
Thus, this hybrid has become one of the three most commonly used 

conifers in the Argentinean northeast, replacing PEE in many areas, 
and the most highly recommended taxon for silvopastoral system. In 
general, growth of the PEE × PCH hybrid was superior to its parental 
species and commercial controls in tropical and subtropical countries 
(Nikles 1991, 1996 and 2000). For instance, it has shown excellent 
growth and wood quality properties in Zimbabwe (Gwaze 1999), 
Australia (Powell and Nikles 1996, Brawner et al. 2003), the United 
States (Rockwood and Nikles 2000), and China (Zheng 2000).

The first PEE × PCH F1 hybrid pine trial in Argentina was 
planted in 1981 on a well-drained site in the northeastern province 
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of Corrientes, as part of a series of collaborative trials sponsored 
by the then Queensland Forestry Research Institute (Barrett et al. 
1991). This and subsequent trials (Pahr et al. 2002, Schenone and 
Pezzutti 2003, Bunse 2003, Cappa et  al. 2012) have shown this 
hybrid was well adapted to the Argentinean Mesopotamia region. 
Furthermore, Pahr et al. (2002) showed a better growth of PEE × 
PCH F1 and F2 Australian hybrid than PEE and some PT sources in 
the province of Misiones. Likewise, when assessing trials planted in 
the northeast of the province of Corrientes, Schenone and Pezzutti 
(2003) and Bunse (2003) reported that F2 hybrid grew better than 
PEE and PT from Marion (Florida, USA). Similar results were 
reported by Cappa et al. (2012), who also observed high growth 
potential, outstanding stem straightness, and branch diameter qual-
ities in Australian F1 and F2 compared with the different Pinus taxa 
traditionally planted in the Argentinean Mesopotamia.

Given an increasing interest in this hybrid in Argentina and 
the high cost to purchase seeds from Australian seed orchards, 
the National Institute of Agricultural Technology (INTA), 
through an agreement with the company PINDO S.A., started 
a program in 2004 for the generation of F1 hybrids between 
PEE and PCH (Rodríguez et al. 2005). The program currently 
comprises 12 trials of hybrid progenies, five of which are 
reported here. These five trials comprise 133 hybrid families, 
generated in three hybridization campaigns involving a total of 
16 PEE mothers and 21 PCH fathers. This paper incorporates 
data for age five, previously reported for two of the sites by 
Gauchat et al. (2013), with new measurements taken from the 
other three sites for traits such as growth, stem straightness, 
and branches characters at three, five, and seven years from 
planting.

Knowledge of genetic parameters obtained from such trials 
is required to formulate adequate hybrid breeding strategies 
and estimate breeding values and expected gains from selections 
(White 1996). A number of studies have reported genetic param-
eters for interspecies Pinus hybrids, covering a variety of growth, 
stem, and crown traits (Dieters et al.1996, Dieters et al. 1997, 
López-Upton et al. 1999, Gwaze et al. 2000, Brawner et al. 2003, 
Blada 2013, Gauchat et al. 2013, Mutete et al. 2015) and wood 
properties (Rockwood et  al. 1991, Kain 2003). Nevertheless, 
there are relatively few published reports presenting genetic 
parameters for growth and stem straightness specifically for the 
PEE × PCH hybrid cross (examples include Dieters et al.1996, 
Dungey et  al. 2000, Gauchat et  al. 2013), and even fewer for 
branch qualities (Gauchat et  al. 2013). These last authors 
reported, based on two of the sites studied here, narrow-sense 
individual heritability estimates of 0.38, 0.15, and 0.39 for vol-
ume (VOL), stem straightness normal score (NSTR), and mean 
number of branches per whorl (NRPV), respectively; they also 
reported additive genetic correlations between VOL and NSTR 
of 0.14, between VOL and NRPV of 0.29, and between NSTR 
and NRPV of -0.20, and additive genetic correlations between 
the two sites greater than 0.7.

Our objective was to estimate genetic parameters including 
additive and family genetic variances, heritabilities, and additive 
and family genetic correlations between traits within and across 
sites in five progeny trials of PEE × PCH hybrid pine. Additionally, 
the implications of all these parameter estimates are discussed in 
terms of the selection strategies for genetic improvement of PEE × 
PCH F1 hybrid in Argentina.

Materials and Methods
Genetic Material

The 133 F1 hybrid families used in this study were obtained from 
controlled crosses made in 2004, 2006, and 2007. Hybridizations 
were performed in the Clonal Seed Orchard (CSO) of PEE located 
in the National Institute of Agricultural Technology (INTA), San 
Antonio, Misiones, Argentina. Sixteen PEE mothers were crossed 
with 21 PCH fathers to form one 13 PEE × 8 PCH and two seven 
PEE × 8 PCH factorial arrays. Four PCH parents were selected 
from two provenance trials planted by INTA in the east-center and 
southwest of Misiones province, while the remaining 17 parents 
correspond to selections from commercial plantations belonging to 
PINDO S.A. of unknown native origins. The number of parents, 
families, and full-sib and half-sib progenies in common among 
the trials are shown in the Supplementary Material (Tables S1 and 
S2). A  local commercial bulk seed-lot of PEE from the CSO of 
INTA San Antonio (Misiones) was established at the five trials as a 
common control. The trials planted in 2007 included the follow-
ing additional control seed-lots: PEE from CSO of INTA Cerro 
Azul (Misiones), PCH from Brazil, PEE × PCH F2 hybrid from the 
Queensland Forestry Research Institute (QFRI, Australia), and PT 
Marion from CSO of Alto Parana S.A. (Puerto Libertad, Misiones).
The trials established in 2011 have the following checks: PCH from 
commercial plantations of Puerto Esperanza (Misiones), cuttings 
of PEE × PCH F1 hybrid from controlled crossbreeding of APSA 
Company, PEE × PCH F2 hybrid from Villa Olivari (Corrientes), 
and cuttings of PT Marion from controlled crossbreeding of APSA 
Company.

Trial Description
Five trials, all located in the northwest of the province of 

Misiones, Argentina, were included in this study (Figure 1). Two 
trials were planted in 2007 (trials one and two), and three trials 
were planted in 2011 (trials three, four, and five). The experimental 
design was in randomized complete blocks, with five-tree row plots 
for trials planted in 2007, and single-tree plots for trials planted in 

Management and Policy Implications

The present study assists tree breeders in planning improvement of growth 
and stem and branch quality of Pinus elliottii var. elliottii × Pinus cari-
baea var. hondurensis hybrids grown in Argentina and other tropical and 
subtropical regions. Indirectly, this study also assists forest managers with 
stand management by identifying methods to obtain specific wood prod-
ucts in less time. According to the information in this study, managers 
should adjust thinning and pruning practices to the growth rhythm and 
crown structure of this  taxon. In a broader sense, the need to increase 
global food production has led landowners to implement mixed and more 
complex production systems including livestock and afforestation. Since 
1990, Argentina has implemented mixed systems where Pinus elliottii var. 
elliottii × Pinus caribaea var. hondurensis hybrid pines are the tree compo-
nent of these agroforestry systems. The contributions of the present study 
may be relevant for government policies in relation to the suggestion of 
genetic material to landowners if the focus is increased productivity of 
these systems and the improvement of the economic status of these farm-
ers, especially for small farmers.
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2011. All trials were established at a 3 meters × 3 meters spacing. 
Details of the five trials and the site characteristics are summarized 
in Table 1.

Trait Evaluated
Growth, tree stem straightness, and crown traits were measured 

at ages three, five, and seven in all surviving trees. However, meas-
urements for every trait and age were not taken at all sites (Table 2). 
Diameter at breast height (1.3 meters, DBH) was measured in cen-
timeters, and total height was measured in meters (TH). Tree stem 
straightness (STR), branch diameter (BD), and branch angle (BA) 
were assessed using a four-point subjective score, with one indi-
cating the most crooked trees, steep branch angle, or thick branch 
diameter, and four indicating the straightest trees, flattest branch 
angle, or thin branch diameter. These ordered categorical traits 
were scored within each site. Consequently, the straightness, branch 
diameter, and branch angle scored at one site do not necessarily 
represent the same degree of stem straightness, branch diameter, 
and branch angle at another site.

The categorical STR, BA, and BD traits were transformed into 
normal scores (NS; viz. Gianola and Norton 1981) to meet the 
requirements for normal distributions and renamed as NSTR, 
NSBA, and NSBD, respectively. Furthermore, prior to conduct-
ing any cross-site analysis, growth data were standardized in order 
to remove scale effects by subtracting the phenotypic mean and 
dividing each trait measurement by the square root of the pheno-
typic variance for each site. To differentiate the standardized traits 
from the nonstandardized ones, we added a letter “S” at the begin-
ning of the acronyms used to identify each trait. For example, the 

nonstandardized diameter at breast height was coded as DBH, 
while the standardized variable was coded as SDBH.

Statistical Analysis
Statistical analysis was conducted in four stages. First, each trial 

was analyzed separately to estimate univariate genetic parameters. 
Second, covariances between two different traits measured in the 
same individual were estimated for each trial. Third, paired-site 
analysis, including data from sites one and two, were conducted 
in order to investigate the covariance of the same trait measured at 
two ages. Fourth, paired-site analysis, including data from sites one 
and two, and three and four, were conducted in order to investigate 
the genotype by environment interaction, where an environment 
constitutes a particular site-year combination and assuming that a 
trait measured in two environments represents two distinct traits.

The single-site analysis was based on the following univariate 
individual-tree linear mixed model:
 y X Z a Z f ea f= + + +ββ  (1)
In (1), y is the vector of individual tree observations, the fixed vector 
ββ  contained the replication effects and is associated with y by the 
incidence matrix X. The random vector a contained the additive 
genetic effects (or breeding value) of individual trees and is related 
to y by the incidence matrix Za. The expectation of a is 0, and the 
covariance matrix is G A= σ a

2 , where A  is the average numerator 
relationship matrix (Henderson 1984) for the trial trees and their 
known ancestors, and σ a

2  is the additive genetic variance. The ran-
dom vector f included family genetic effects (or specific combin-
ation ability, SCA) and is associated with y by the incidence matrix 

Figure 1. Approximate location of the five trials in Argentina. Abbreviations used for the trials are described in Table 1. Trials four and 
five are located adjacent to each other in the same site and were represented as a unique symbol (■).
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Zf. The expectation of f is 0 with covariance matrix Iσ f
2 ,  where I 

is the identity matrix and σ f
2  is the family genetic variance, which 

estimates one-quarter of the dominance variance (σ d
2),  while epis-

tasis is assumed to be negligible (see discussion section). For trials 
with linear plots (trials one and two), model (1) also included a 
random vector p with plot effects, associated with y by an incidence 
matrix Zp. The expectation of p is 0, and the covariance matrix is 
Iσσ p

2 ,  where σ p
2  is plot variance. Finally, random residual terms are 

included in the vector e, which is distributed as e I~ ( , ),N 0 eσ 2  
and σ e

2  is the residual variance. Spatial analysis, using separable 
autoregressive processes of residuals (e.g., Dutkowski et al. 2002) 
was also performed for each trait in the first step of the single-site 
analyses. In general, spatial models showed better fit and lower plot 
residual variance effects for the traits analyzed (see Supplementary 
Table S3). However, the Spearman correlation between predicted 
breeding values from the standard and spatial models were high: 
from 0.992 to 0.999 for family, from 0.952 to 1.00 for parents, and 
from 0.993 to 0.999 for F1 offspring, respectively. Therefore, there 
was almost no gain from the spatial autoregressive model above the 
standard model (1), and further statistical analyses were done with-
out considering the autoregressive residuals.

Additive and family genetic correlations between two dif-
ferent traits measured from the same individual, between the 
same trait measured at two ages, and between sites—considering 

measurements from different sites as different traits—were esti-
mated based on bivariate analysis. The bivariate analysis was based 
on the following individual tree additive linear mixed model:
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where yi  and y j  are the vectors of individual tree observation for 

traits, ages, or sites i and j. The matrix X Xi jÅ , Z Za ai j
Å , and 

Z Zf fi j
Å  related the replicates within site effects in ββ ββi j

′ ′|é
ëê

ù
ûú , 

the individual breeding value in a ai j
′ ′|é

ëê
ù
ûú , and the genetic effects 

of full-sib family in f fi j
′ ′|é

ëê
ù
ûú . The vector e ei j

′ ′|é
ëê

ù
ûú  is the residual 

vector. The symbols Å  and ′ indicate the direct sum of matrices 
and the transpose operation, respectively. The expectation and var-
iance-covariance matrix for individual breeding values are respec-
tively equal to:

 

E Var
a
a

a
a

A A
i

j

i

j

a a

a

0
0

i i i j

j

é

ë
ê
ê

ù

û
ú
ú =

é

ë
ê
ê
ù

û
ú
ú

é

ë
ê
ê

ù

û
ú
ú =, , ,

,

σ σ

σ

2

ii j j

i i i j

j i j j

a

a a

a a

A A

A G

σ

σ σ

σ σ

,

, ,

, ,

2

2

2

é

ë

ê
ê
ê

ù

û

ú
ú
ú

=
é

ë

ê
ê
ê

ù

û

ú
ú
ú
Ä = 0 ÄÄA

 (3)

Table 2. Phenotypic means (Mean), standard deviation (SD), and respective units for all traits assessed in each trial.

Year Trait* Unit Trial†

1 2 3 4 5

Mean SD Mean SD Mean SD Mean SD Mean SD

3 DBH cm 11.00 1.70 10.40 2.10 11.87 1.84 11.10 1.85 11.80 1.79
TH m 5.50 0.90 5.10 0.90 6.07 0.89 5.36 0.82 5.78 0.93
STR Scale 1–4 2.67 0.86 2.98 0.74 2.49 0.57 2.06 0.70 2.47 0.60
BD Scale 1–4 2.57 0.52 2.24 0.45 2.82 0.83 2.72 0.71 2.88 0.73
BA Scale 1–4 3.13 0.50 1.95 0.48 3.05 0.80 2.93 0.80 2.92 0.80

5 DBH cm 18.20 2.70 17.60 2.60 — — — — — —
TH m 10.90 1.50 10.40 1.30 — — — — — —
STR Scale 1–4 2.32 0.77 2.26 0.69 — — — — — —

7 DBH cm 20.34 7.16 22.09 3.70 — — — — — —
TH m 12.99 4.29 13.26 1.60 — — — — — —
STR Scale 1–4 2.45 0.61 2.48 0.55 — — — — — —
BD Scale 1–4 2.64 0.76 2.52 0.76 — — — — — —
BA Scale 1–4 2.50 0.70 2.40 0.68 — — — — — —

NOTE: *Diameter at breast height (DBH), total height (TH), stem straightness (STR), branch diameter (BD), and branch angle (BA).
†Abbreviations used for the trials are described in Table 1.

Table 1. Locations and characteristics for each of the five trials.

Trial 1 2 3 4 5

Location Pto. Laharrague Colonia Delicia Pto. Esperanza Pto. Esperanza Pto. Esperanza
Latitude (ºS) 26° 33’ 26° 09’ 26º 01’ 26° 05’ 26° 05’
Longitude (ºW) 54° 40’ 54° 26’ 54º 38’ 54°26’ 54°26’
Altitude (m) 174 241 222 278 278
Previous use Native forest Pine Pine Araucaria Araucaria
Planting date 10/10/2007 26/07/2007 08/06/2011 04/07/2011 19/08/2011
Plant origin Seed Seed Cutting Cutting Cutting
Number of trees 925 1980 875 875 875
Number of families 37 66 35 35 35
Number of replicates 5 6 25 25 25
Plot 5 Trees 5 Trees Single tree Single tree Single tree
Spacing (m) 3 × 3 3 × 3 3 × 3 3 × 3 3 × 3
Survival* 94 85 95 94 87

NOTE: *Survival in the first years (percent).
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where σ ai i,
2  and σ a j j,

2  are the additive genetic variances for the 
traits, ages, or sites i and j, respectively, whereas σ ai j,

 is the addi-
tive covariance between traits, ages, or sites i and j. The symbol Ä  
indicates the Kronecker products of matrices. The expectation and 
covariance matrix for family genetic effects are respectively equal to:
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where σ fi i,
2  and σ f j j,

2  are the family variances for traits, ages, and 
sites i and j, respectively, and σ fi, j

is the family covariance between 
traits, ages, and sites i and j. For trials with five-tree row plots, model 
(2) also included the random vectors pi  and p j  with plot effects, 
associated with yi  and y j  by the incidence matrices Z Zp pi j

Å . 
The expectation and covariance matrix for plot effects are equal to:
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where σ pi i,
2  and σ pj j,

2  are plot variance effects for traits, ages, or 
sites i and j, respectively. The expected value and covariance matrix 
of e are respectively equal to:
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where the residual variances for the traits or ages i and j are σ ei i,
2  and 

σ e j j,

2 , respectively, and σ ei j,
 is the residual covariance between the 

two traits or ages. Given that the sites were assessed separately, the 
residual covariances across sites are assumed to be zero.

Genetic Parameters
Restricted maximum likelihood (REML, Patterson and 

Thompson 1971) was used to estimate variances and covariances 
for the random effects in the mixed models (1) and (2) and were 
obtained with the ASREML program (Gilmour et al. 2006), which 
uses the average information algorithm described by Gilmour et al. 
(1995).

The single-site individual narrow- and broad-sense heritability 
(h

2
 and H

2
, respectively) was estimated as:
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where σ a
2  is the estimated additive genetic variance, σ d

2  is the 
estimated dominance genetic variance, σ̂ f

2  is the estimated family 
genetic variance, and σ̂ e

2  is the estimated residual genetic variance. 
Dominance variance was estimated as 4 ´σ f

2 .  The additive and 

family genetic correlations (ra  and rf , respectively) between traits, 
ages, or sites were calculated as:
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where σ ai
2  and σ a j

2  are the estimated additive genetic variances 
for the traits, ages, or sites i and j, respectively; σ ai j,  is the esti-
mated additive covariance between traits, ages, or sites i and j; σ fi

2  
and σ f j

2  are the estimated family genetic variances for the traits, 
ages, or sites i and j, respectively; and σ fi j,  is the estimated family 
covariance between traits, ages or sites i and j in (2). We failed to 
receive model convergence or obtain relative high estimated stand-
ard errors for the additive and family genetic correlation between 
sites; thus, these correlations were estimated only for pairs of sites 
with 35 or more hybrid families in common (i.e., between sites one 
and two, and sites three and four) (Supplementary Table S1).

An important limitation of the REML (co)variance estimates is 
that their distribution is unknown. Only an approximate measure 
of precision of the estimates based on asymptotic or large-sample 
theory can be calculated. Approximate standard errors of the her-
itabilities and genetic correlations were computed with the “delta 
method.” This asymptotic approach based on the Taylor expansion 
(Lynch and Walsh 1998) forces the confidence limits for (co)vari-
ance ratios to be symmetric and was calculated using an ASREML 
post-processing program (Gilmour et al. 2009).

The significances of variances and genetic correlations were 
evaluated by the likelihood ratio test (LRT, Stram and Lee 1994). 
A two-tailed LRT with one degree of freedom (Costa e Silva et al. 
2005, Gilmour et al. 2009) was used for the genetic variances, cor-
relations between traits, and between ages. However, a unilateral 
LRT was used to judge the significance of the genetic correlations 
between sites from +1 (Costa e Silva et al. 2009) with 0.5 degrees of 
freedom (Stram and Lee 1994).

Finally, to illustrate the relationship between DBH growth (one 
of the most economically important traits) and the other traits eval-
uated, the correlated responses of each trait at age seven (approxi-
mately one-third of the rotation age for pines in the region) for sites 
one and two—using individual selection—were calculated follow-
ing closely Falconer and Mackay (1996; p.  317, equation 19.6). 
Genetic gain was considered at two selection intensities (i): the top 
1 percent (i = 2.06) and 5 percent (i = 2.67) of ranked individuals. 
Genetic gain for DBH was determined by the tree-breeding values 
from the univariate model (1) for each site.

Results and Discussion
Estimates of Trait Means

The overall survival across sites was 91 percent, with the highest 
value in site three (95 percent) and the lowest value in site two (85 
percent) (Table 1). The most important cause of death at site two 
was the lack of rainfall recorded in the two months after plant-
ing. Moreover, site two showed less growth at ages three and five 
(Table  2), which could be linked to water stress suffered during 
the first months of this trial, but also to the successive replantings 
needed to keep an acceptable level of survival. However, at age 
seven, this situation reversed, and site two recorded a higher growth 
than site one. Overall means for STR, BD, and BA were similar 
between trials and assessment ages (Table 2).
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Genetic Variances and Heritability Estimates
Table 3 shows the estimated residual variance ( ),σ e

2  additive ( )σ a
2  

and dominance ( )σ d
2  genetic variances, and narrow- and broad-sense 

heritabilities (h
2

and H
2 ,  respectively) derived from the individu-

al-tree mixed model (1) for all the variables evaluated across trials and 
ages. In general, statistically significant levels of additive and domin-
ance genetic variation were detected for all traits. However, σ a

2  was 
not statistically significant (P-value > 0.05) for NSTR at age three in 
trials two, three, and four. The estimated dominance variance was not 
statistically significant for TH at age three in trials two and five and, 
in general, was not significant for NSBD, NSBA, and NSTR. The 
only nonsignificant σ d

2  at age five was for NSTR at site two, which 
recorded a standard error four times larger than the estimation (not 

shown). At age seven, σ d
2  was not significant at site two for TH and 

NSTR and at sites one and two for NSBA (Table 3).
In general, this study showed a higher level of σ a

2  than σ d
2  for 

growth traits (DBH and TH), which in turn increases with age. The 
mean ratio σ a

2 /σ d
2  at ages three, five, and seven were 0.63, 0.88, 

and 1.26, respectively, for DBH, while these values were 1.30, 3.55 
and 8.60 for TH. The NSTR trait showed intermediate values for 
the ratio σ a

2 /σ d
2  between DBH and TH, with mean values at ages 

three, five, and seven of 0.77, 1.14, and 2.60, respectively. Branch 
traits (NSBD and NSBA) also showed higher σ a

2  than σ d
2 ;  how-

ever, as mentioned previously, σ d
2  was not statistically significant 

in general (P-value  >  0.05) for NSBD, and it was never statisti-
cally significant for NSBA. The higher σ a

2  compared with σ d
2  is 

Table 3. Number of observations (n), estimates of residual variance ( )σσ e
2  additive genetic variance ( ),σσ a2  dominance genetic variance 

(σσ d
2 ),  narrow- and broad-sense heritability estimates (h

2
 and H

2
,  respectively) and their approximate standard errors for the varia-

bles measured across the five trials and the three years.

Year Trait* Trial† n σ e
2 σ̂a

2 σ d
2 h

2
H

2

3 DBH 1 768 1.48 0.65** 1.04** 0.27 (0.15) 0.70 (0.19)
2 1329 2.97 0.55** 0.80** 0.15 (0.07) 0.36 (0.11)
3 745 2.35 0.58* 1.83** 0.17 (0.13) 0.71 (0.18)
4 628 2.18 1.01** 0.76** 0.30 (0.14) 0.52 (0.15)
5 748 2.41 0.40** 0.61** 0.13 (0.09) 0.34 (0.11)

TH 1 771 0.27 0.44** 0.12** 0.59 (0.17) 0.76 (0.17)
2 1329 0.46 0.19** 0.10NS 0.28 (0.10) 0.43 (0.11)
3 749 0.58 0.12* 0.37** 0.15 (0.11) 0.62 (0.16)
4 628 0.53 0.08** 0.10** 0.12 (0.08) 0.27 (0.11)
5 746 0.57 0.16** 0.07NS 0.22 (0.11) 0.31 (0.11)

NSTR 1 770 0.75 0.08** 0.06NS 0.09 (0.06) 0.17 (0.09)
2 1327 0.68 0.04NS 0.03NS 0.06 (0.04) 0.10 (0.06)
3 745 0.69 0.01NS 0.04NS 0.01 (0.03) 0.08 (0.06)
4 628 0.75 0.02NS 0.18** 0.02 (0.06) 0.24 (0.11)
5 746 0.64 0.09** 0.00NS 0.12 (0.06) 0.12 (0.06)

 NSBD 1 337 0.41 0.17** 0.06NS 0.29 (0.18) 0.40 (0.31)
2 714 0.55 0.12** 0.05NS 0.17 (0.08) 0.25 (0.12)
3 745 0.63 0.20** 0.02NS 0.24 (0.10) 0.26 (0.11)
4 628 0.66 0.10** 0.18** 0.12 (0.08) 0.35 (0.13)
5 859 0.69 0.10* 0.11* 0.13 (0.08) 0.26 (0.10)

 NSBA 1 337 0.37 0.37** 0.00NS 0.50 (0.16) 0.50 (0.16)
2 714 0.42 0.30** 0.10NS 0.41 (0.13) 0.53 (0.14)
3 745 0.53 0.25** 0.04NS 0.31 (0.12) 0.36 (0.13)
4 628 0.44 0.35** 0.06NS 0.43 (0.15) 0.51 (0.16)
5 859 0.72 0.12* 0.08NS 0.14 (0.09) 0.23 (0.09)

5 DBH 1 758 4.05 2.26* 3.50** 0.31 (0.16) 0.80 (0.18)
2 1276 4.29 1.90** 1.23** 0.29 (0.10) 0.48 (0.11)

TH 1 758 0.84 1.32** 0.34** 0.59 (0.17) 0.74 (0.16)
2 1276 0.93 0.62** 0.21** 0.39 (0.12) 0.52 (0.12)

NSTR 1 758 0.63 0.15** 0.19** 0.18 (0.12) 0.42 (0.13)
2 1276 0.70 0.09** 0.02NS 0.12 (0.05) 0.14 (0.07)

7 DBH 1 829 9.23 4.64** 4.73** 0.31 (0.14) 0.62 (0.16)
2 1412 10.07 3.23** 1.52** 0.24 (0.08) 0.35 (0.09)

TH 1 828 1.63 1.62** 0.19** 0.49 (0.15) 0.55 (0.15)
2 1402 1.87 0.53** 0.06NS 0.22 (0.08) 0.24 (0.09)

NSTR 1 761 0.66 0.05** 0.03* 0.07 (0.06) 0.12 (0.09)
2 1238 0.61 0.08** 0.02NS 0.11 (0.05) 0.14 (0.06)

 NSBD 1 751 0.65 0.11* 0.17** 0.13 (0.10) 0.35 (0.13)
2 1443 0.77 0.06** 0.05* 0.07 (0.04) 0.14 (0.06)

 NSBA 1 751 0.42 0.27** 0.00NS 0.39 (0.14) 0.39 (0.14)
2 1443 0.73 0.08** 0.02NS 0.10 (0.04) 0.13 (0.06)

NOTE: *Diameter at breast height (DBH, cm), total height (TH, m), stem straightness normal score (NSTR), branch diameter normal score (NSBD), and branch angle 
normal score (NSBA).
†Abbreviations used for the trials are described in Table 1.
Significance of effects showing difference from zero are noted as:
NSnot statistically significant (P > 0.05),
*statistically significant (0.01 < P < 0.05),
**statistically highly significant (P < 0.01).
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consistent with other studies on Pinus hybrids (Dieters et al. 1997, 
Gwaze et al. 2000, Brawner et al. 2005, Mutete et al. 2015). For 
instance, Dieters et  al. (1997) reported a ratio between σ a

2  and 
σ d

2  for DBH between 1.0 and 1.9 in hybrids among PCH, Pinus 
oocarpa Schiede (POOC), and Pinus tecunumanii (Schw.) Eguiluz 
and Perry (PTEC) at age five. In summary, the results of our work 
confirm the major importance of additive genetic effects, indicating 
that selection and breeding within hybrid populations should result 
in improvements in advanced generation hybrid progenies.

The low-to-moderate h
2

 of DBH (between 0.13 and 0.31) 
was comparable to those reported by other authors in PCH × 
POOC and PCH × PTEC hybrids. For instance, Dieters et  al. 
(1997) found a h 2  between 0.10 and 0.18 at age five, while 
Brawner et al. (2005) reported values ranging from 0.21 to 0.33 
when assessing the same trials after 10 years. On the other hand, 
Dungey et al. (2000) reported lower heritability values than those 
found in this study for PEE × PCH at age six (from 0.09 to 0.17). 
The h 2 for TH ranged from 0.12 to 0.59, which was similar to 
that reported for PEE at age six in the study by Dieters (1996) 
(average = 0.24) and for PCH at age 7.5 by Dean et al. (1986) 
(values ranging from 0.16 to 0.41.) However, our estimates of 
heritability for TH were above those reported by Brawner et al. 
(2005) in PCH × POOC and PCH × PTEC, with values between 
0.11 and 0.19.

Our estimated heritability for NSTR ( )h
2

 ranged from 0.01 to 
0.18 (Table 3), which revealed a low degree of genetic control for 
this trait, making its improvement difficult. Our values for the her-
itability of NSTR were consistent with other reports. For example, 
Dungey et al. (2000) found heritabilities between 0.07 and 0.17 
for the same hybrid used in our study, while Gwaze et al. (2000) 
reported heritabilities ranging from 0.08 to 0.63 in PCH × POOC 
and PCH × PTEC hybrids, which indicates that differences in the 
estimates could be environment-related. According to Williams 
and Lambeth (1988), the use of ordered categories to measure stem 
straightness overestimates additive genetic variance in trials with 
mostly straight trees and underestimates it in trials with mostly 
crooked trees. Moreover, the low number of categories used in the 
measurements (four, in our case) could be an additional cause of 
the observed low heritability in this trait (Haapanen et al. 1997).

The h 2  for NSBD and NSBA (branch quality traits) ranged 
from 0.07 to 0.50. Even though we failed to find reports on these 
branch quality parameters in pine hybrids, these estimated herita-
bilities are in the range of those reported in pure pine species. For 
instance, for the PCH species, Dean et  al. (1986) reported her-
itabilities for BD and BA of 0.38 and 0.14, respectively. Similar 
heritabilities were reported for Pinus sylvestris L.  (PS) by Jansons 
et al. (2009) for BD (from 0.06 to 0.23), while Haapanen et al. 
(1997) found heritabilities between 0.00 and 0.80 for BD and 
between 0.12 and 0.76 for BA when assessing 16 PS trials. Zas et al. 
(2004), reported individual heritabilities between 0.00 and 0.10 for 
BD and between 0.09 and 0.22 for BA in Pinus pinaster Ait (PP). 
Adams and Morgenstern (1991) found that BA was more herita-
ble than BD in Pinus banksiana Lamb., with individual heritabili-
ties of 0.42 and 0.12, respectively. Similarly, Cumbie et al. (2012) 
reported mean individual heritabilities of 0.16 for BA and 0.11 for 
BD in four PT trials. The variation in heritability values across ages 
observed in our study could be due to the fact that the assessments 
at age three implied averaging the thickest branches with flatter 

angles located at the tree base and thinner branches with steeper 
angles at the top of the tree; assessments at ages five and seven did 
not include branches in the lower third of the stem, as they had 
been pruned. Therefore, the manner in which these categorical and 
subjective traits are evaluated can have an important influence on 
the estimates of heritabilities and thus on the expected responses 
from selection (Raymond and Cotterill 1990). In this sense, esti-
mations from these traits could benefit from the use of more cate-
gories. Raymond and Cotterill (1990) proposed a six-score scale for 
crown traits, with three resulting in too low phenotypic and addi-
tive variances, and nine categories resulting in too high phenotypic 
variance. On the other hand, Meuwissen et  al. (1995) suggested 
that the rate of genetic gain can be increased by gathering more 
information on the categories with the greatest incidence in the 
program, (i.e., dividing these categories into subcategories). This 
methodology could be applied to subjective assessments under the 
INTA-PINDO program. This method would involve increasing 
the number of categories from four to six, but dividing categories 
three and four, so that the scores would be 1, 2, 3, 3.5 (or 3+), 4, 
and 4.5 (or 4+).

The evaluations of trials one and two made it possible to assess 
heritability trends over time. In general, heritabilities increased 
between ages three and five but decreased between ages five and 
seven (Table 3). For instance, the trait with the greatest fluctu-
ation of H 2  was TH at site two, with values of 0.43, 0.52, and 
0.24 for ages three, five, and seven, respectively. Similar trends 
were observed in the mean values of h 2  and H 2  for DBH,  
TH, and NSTR at sites one and two. For example, for DHB 
mean values of h 2  were 0.21, 0.30, and 0.28, for ages three, 
five, and seven, respectively. The heritabilities of NSBD and 
NSBA were only estimated at ages three and seven. There was 
an increase in heritability with age in all cases, except H

2
 for 

NSBA at both sites. There are numerous studies reporting herita-
bility trends over time. For instance, for the PEE species, Dieters 
et al. (1995) reported an increase in heritability with age, while 
other authors, such as Xie and Ying (1996) for Pinus contorta and 
Lambeth and Dill (2001) for PT, failed to find a clear trend. The 
decrease in heritabilities at age seven could be associated with the 
effect of competition between trees and with the use of a standard 
genetic model that does not account for competition additive 
effects. Using both simulated and empirical data for PT, Cappa 
et al. (2015) showed that under genetic and environmental com-
petition, the standard model based only on direct additive effects 
could underestimate the additive variance and overestimate the 
error variance. Moreover, the competition effect increases with 
age (e.g., Cappa et  al. 2016), resulting in large environmental 
variation, which would reduce heritabilities (Wu 1998). Thus, 
in order to better understand the behavior of heritabilities over 
time, new individual-tree mixed models should be used that 
correctly adjust for the changes of indirect genetic effects and 
environmental competition effects over time; this is a topic of 
future research. Preliminary results showed a general increase in 
the competition effect from age five to seven in the growth traits 
at sites one and two, suggesting an increase in interaction among 
individuals over time. For example, average correlation between 
direct and competition additive genetic effects for TH from the 
competition model became negative at age seven (results not 
shown).
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Additive and Family Genetic Correlations between Traits
Genetic correlations between traits are important for determin-

ing how selection on one trait will affect the means and genetic vari-
ation in another. Estimated additive and family genetic correlations 
(ra  and rf ,  respectively) between growth, tree stem straightness, 
and branch angle and diameter traits within each site are listed for 
ages three, five, and seven in Table 4. The ra  and rf  between DBH 
and TH were statistically significant (P-value < 0.05), positive, and 
generally high (from 0.64 to 1.00), which showed that selection 
based on any of these traits could lead to a high correlated response 
in the other. In addition, the correlated responses for TH when 
selection was based on DBH ranged from 11.11 percent to 31.22 
percent for sites one and two and two selection intensities (the 
top 1 percent and 5 percent of ranked individuals; Supplementary 
Table S4). According to White et al. (2007), one of the reasons why 
different growth measurements in plants show a strong and posi-
tive correlation is that these traits are functionally related. Similar 

correlation values between DBH and TH were reported by Gwaze 
et al. (2000) for PCH × POOC hybrids (from 0.80 to 0.82) and 
lower for PCH × PTEC (from 0.47 to 0.61). Moreover, other stud-
ies reported comparable values of ra  in pure pine species at a simi-
lar age. For instance in PEE, Dieters (1996) reported an ra  value of 
0.60 between DBH and TH traits at age 10, and Hodge and Withe 
(1992) showed an ra  value of 0.82 between the same growth traits 
at age five. In PT, Cumbie et al. (2012) reported ra  values from 
0.87 to 0.97 between growth traits at age six. In Pinus brutia TEN, 
Isik et al. (1999) reported an ra  value of 0.89 between DBH and 
TH at age 13.

The ra  and rf  between the growth and NSTR traits in gen-
eral were not statistically significant (P-value > 0.05), with values 
between −1.00 and 0.92, but most of them were associated with 
very large standard errors (Table  4). These genetic correlations 
indicated uncertainty for the improvement of growth and NSTR 
traits at the same time. This result was reinforced by the correlated 

Table 4. Estimated additive genetic correlations (above diagonal) and family genetic correlations (below diagonal) and their approximate 
standard errors between different traits within sites and years from pairwise bivariate analysis of the five trials and the three years.

Year Trial†† Trait† DBH TH NSTR  NSBD  NSBA 

3 1 DBH — 0.84 (0.12)** −0.12 (0.46)NS −0.24 (0.33)NS −0.17 (0.36)NS

TH 1.00 (0.07)** — 0.36 (0.36)NS −0.44 (0.40)NS −0.29 (0.27)NS

NSTR −0.93 (0.61)* −0.77 (0.69)NS — −0.97 (0.23)** −0.20 (0.39)NS

 NSBD 0.98 (0.49)** 0.85 (0.63)** −0.99 (0.73)** — 0.36 (0.36)NS

 NSBA 0.89 (1.20)NS −0.00 (0.00)NS 0.82 (1.45)NS 0.00 (0.00)NS —
2 DBH — 0.80 (0.12)** 0.40 (0.38)NS 0.10 (0.35)NS −0.58 (0.25)*

TH 0.97 (0.05)** — 0.31 (0.32)NS −0.15 (0.32)NS −0.39 (0.25)*

NSTR 0.28 (0.60)NS 0.60 (0.71)NS — −0.12 (0.38)NS 0.08 (0.82)NS

 NSBD 0.93 (0.60)** 1.00 (0.51)* −0.66 (1.18)NS — 0.30 (0.28)NS

 NSBA −0.13 (0.42)NS −0.24 (0.40)NS −0.74 (0.82)NS 0.81 (0.56)NS —
3 DBH — 0.61 (0.31)NS -1.00 (1.12)NS −0.11 (0.41)NS 0.69 (0.30)*

TH 0.92 (0.06)** — -0.94 (1.46)NS 0.19 (0.42)NS 0.52 (0.36)NS

NSTR 0.48 (0.49)NS 0.49 (0.43)NS — 0.93 (0.22)** 0.88 (1.80)NS

 NSBD −0.53 (0.91)NS −0.68 (1.12)NS −0.40 (4.06)NS — 0.49 (0.25)*

 NSBA 0.33 (0.50)NS 0.42 (0.50)NS −0.56 (0.92)NS 0.08 (1.40)NS —
4 DBH — 0.89 (0.11)** −0.51 (0.81)NS 0.16 (0.47)NS 0.72 (0.21)**

TH 0.85 (0.16)** — −0.42 (0.76)NS 0.39 (0.48)NS 0.63 (0.29)**

NSTR −0.31 (0.42)NS −0.50 (0.51)NS — 0.83 (0.97)NS −0.02 (0.72)NS

 NSBD −0.60 (0.31)* −0.08 (0.45)NS 0.01 (0.44)NS — 0.50 (0.32)NS

 NSBA −0.64 (0.57)NS −0.81 (0.63)* −0.17 (0.57)NS 0.57 (0.42)NS —
5 DBH — 0.36 (0.38)NS −0.52 (0.36)NS 0.45 (0.58)NS 0.63 (0.43)NS

TH 0.97 (0.16)** — 0.37 (0.35)NS 0.57 (0.55)NS 0.09 (0.43)NS

NSTR 0.53 (2.05)NS −0.58 (2.44)NS — 0.11 (0.41)NS −0.41 (0.42)NS

 NSBD −0.97 (0.27)** −0.94 (0.37)** 0.00 (0.00)NS — 0.77 (0.22)*

 NSBA −0.66 (0.45)NS −0.66 (0.59)NS 0.97 (3.57)NS 0.77 (0.32)NS —
5 1 DBH — 0.80 (0.14)** −0.01 (0.43)NS — —

TH 0.93 (0.13)** — 0.35 (0.32)NS — —
NSTR −0.48 (0.35)NS −0.29 (0.49)NS — — —

2 DBH — 0.77 (0.12)** 0.13 (0.31)NS — —
TH 0.64 (0.20)** — 0.21 (0.28)NS — —
NSTR −0.43 (0.75)NS 0.27 (0.66)NS — — —

7 1 DBH — 0.91 (0.09)* −0.56 (1.14)NS 0.23 (0.82)NS 0.14 (0.45)NS

TH 0.98 (0.03)** — -0.69 (4.09)NS 0.00 (0.00)NS 0.22 (0.42)NS

NSTR 0.38 (0.59)NS 0.85 (0.28)** — 0.02 (0.59)NS −0.22 (0.50)NS

 NSBD −1.00 (0.13)** −1.00 (0.32)** 0.98 (0.92)NS — 0.00 (0.43)NS

 NSBA −0.78 (1.74)NS −0.33 (2.52)NS 0. 89 (1.34)NS 0.99 (0.81)NS —
2 DBH — 0.84 (0.09)** 0.15 (0.30)NS -0.30 (0.29)NS 0.17 (0.29)NS

TH 0.94 (0.54)* — 0.20 (0.29)NS −0.08 (0.32)NS 0.44 (0.25)*

NSTR −0.32 (0.74)NS 0.92 (1.11)NS — 0.22 (0.33)NS 0.48 (0.26)*

 NSBD −0.57 (0.36)NS 0.77 (1.28)NS 0.96 (0.76)** — 0.24 (0.33)NS

 NSBA 0.24 (0.61)NS 0.90 (0.77)* 0.99 (1.47)NS 0.04 (0.84)NS —

NOTE: *Diameter at breast height (DBH, cm), total height (TH, m), stem straightness normal score (NSTR), branch diameter normal score (NSBD), and branch angle 
normal score (NSBA).
†Abbreviations used for the trials are described in Table 1.
Significance of effects showing difference from zero are noted as:
NSnot statistically significant (P > 0.05),
*statistically significant (0.01 < P < 0.05),
**statistically highly significant (P < 0.01).
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responses for STR when selection was based on DBH (from −2.98 
percent to 0.79 percent, Table S4). The values found in this work 
have a broader range than those of other reports. For instance, for 
pine hybrids, Dungey et al. (2000) found correlations between 0.17 
and 0.78, while Gwaze et al. (2000) presented values ranging from 
−0.73 to 0.34. Dieters (1996) reported correlations for PEE which 
were weak and negative in general, when assessing stem straightness 
in a four-category scale, though they were low and inconsistent in 
a seven-category scale. Dean et al. (1986) reported adverse correla-
tions between growth and stem straightness traits in PCH, mainly 
in poorly drained sites, with no consistency found in well-drained 
sites. In the same way, Adams and Morgenstern (1991) reported a 
genetic correlation between TH and straightness of −0.49 in Pinus 
banksiana Lamb. In sum, there is a great variation of genetic corre-
lations between growth and stem straightness traits, although con-
clusions are hampered by poor accuracy of the estimates. In general, 
authors attribute the low correlation to the methodology used to 
evaluate stem straightness or to a site environmental defect, such 
as poor drainage. The soils and general environments at the sites 
planted for this study were of good quality and relatively homoge-
neous, so the lack of clarity in these correlations could be in part 
related to the methodology used to assess stem straightness or to 
the fact that there may be no genetic correlation between the traits.

Similarly, no clear trends were observed in the genetic correla-
tions between growth traits and NSBA or NSBD (from −0.58 to 
0.72 for ra and from −1.00 to 1.00 for rf ),  and in general, they 
were not significantly different from zero (P-value > 0.05; Table 4). 
This implies that selecting based on growth would not lead to 
changes in these traits, although caution should be used given the 
large standard error of the estimates. These results were further con-
firmed by the correlated responses in BD from selection for DBH 
(values from −2.38 percent to 2.69 percent); however, the correlated 
responses for BA ranged from 1.05 percent to 2.54 percent. We 
found no previous reports of correlations between stem straight-
ness and branch quality traits in PEE × PCH, though some have 
been published for pure pine species. For instance in PS, Jansons 
et al. (2009) reported negative genetic correlations between branch 
thickness and TH and DBH, arguing that rapid-growth genotypes 
would also develop fast shadowing of lower branches, which would 
lead to a slower growth in their thickness, thus the correlation. For 
PCH, Dean et  al. (1986) reported negative correlations between 
TH and BD (average  =  −0.37), although like in our work, cor-
relations between TH and BA were inconsistent (from −0.48 to 
0.59). However for PP, Zas et al. (2004) found, in general, positive 
correlations between growth and BD but negative ones with BA. 
Likewise for PT, Cumbie et al. (2012) reported positive correlations 
between growth traits and BD (average = 0.55) and negative corre-
lations between growth traits and BA (average = −0.20), and Adams 
and Morgenstern (1991) showed negative correlations between TH 
and BA (ra  = −0.37) and TH and BD (ra  = −0.53).

Genetic correlations between NSBD and NSBA were positive 
but variable, ranging from low to high, although estimates had 
quite large standard errors: a correlation of 85.7 percent not signif-
icantly different from zero (P-value > 0.05; Table 4). In the same 
manner, Adams and Morgenstern (1991) showed positive corre-
lations between BA and BD (average = 0.28) in Pinus banksiana 
Lamb. However, Haapanen et al. (1997) reported a small negative 
correlation for PS between branch diameter and angle. Similarly, 
Cumbie et  al. (2012) reported negative genetic correlations 

(average  =  −0.46) between BA and BD for PT. Moreover, Dean 
et al. (1986) reported inconsistent correlations between these traits 
(from −0.25 to 0.25). In general, the genetic correlations of NSTR 
with NSBA and NSBD were not statistically significantly different 
from zero (from −0.97 to 0.93 for ra  and from −0.99 to 0.99 for 
rf
 ),  again with high estimation errors (Table 4). Unlike in the pres-
ent study, Dean et al. (1986) reported positive correlations between 
the STR trait and BD (average = 0.37) and negative between STR 
and BA (average = −0.48). Adams and Morgenstern (1991) showed 
positive correlations between stem straightness and BD (aver-
age = 0.72) and negative correlations between straightness and BA 
(average = −0.11). The inconsistent genetic correlation observed in 
our study for NSTR with NSBA and NSBD indicates uncertainty 
for joint improvement of these traits.

Finally, as we mentioned previously, the disparity in results 
reported here and elsewhere for genetic correlations between traits 
related to branch quality could be associated to differences in the 
evaluation methodology, the age at which the evaluation was per-
formed, forestry treatments, and the species. For instance, PEE 
had thicker branches and flatter branch angles than PCH, so the 
branches of the PEE × PCH hybrids were more like those of PCH 
than PEE.

Additive and Family Genetic Correlations between Ages
Accurate selection is important because it maximizes gains per 

time unit, resulting in the rapid capture of gains and reduction of 
the breeding cycle. In this sense, knowing the magnitude of age-age 
correlations is highly useful. Genetic correlations between meas-
urements of the same trait at different ages yielded values between 
0.50 and 1.00, with low estimation errors. They were statistically 
different from zero (P-values < 0.01), except for the rf  for NSTR 
at site two between ages three and seven and ages five and seven 
(Table 5). As expected, genetic correlations exhibited the highest 
values between ages closer to each other. High age-age correlations 
for the growth traits indicated that these traits can be reliably used 
for selection at age three. Other researchers investigating pure pine 
species and hybrids reported high correlations between early and 
late ages for growth traits. For instance in PEE, Dieters et al. (1995) 
reported correlations close to 1.00 for the volume trait measured 
three years apart, between 0.70 and 0.80 when the difference 
between measurement ages was six years and approximately 0.60 
when the difference was nine years. When studying 23 provenances 
of PCH, Hodge and Dvorak (2001) reported genetic correlations 
for volume of 0.88 between ages three and five, 0.53 between ages 
three and 8, and 0.93 between ages five and eight. Brawner et al. 
(2005) reported genetic correlations for the DBH trait between 
ages five and 10 of more than 0.96 in hybrids of PCH with POOC 
and PTEC, suggesting that at age five, it is possible to make accur-
ate predictions of DBH at later ages. The high age-age correlations 
found in this work could be due in part to the small difference 
between estimation ages (four years at most). Age seven represents 
approximately one-third of the rotation age, so further evaluations 
at later ages would be needed to confirm these results. However, in 
later ages, there is a greater degree of variation in trials (e.g., com-
petition or thinning), which could lead to a decrease in heritability 
and correlations between characters (Wu 1998). Therefore, to avoid 
part of this problem, we suggest fitting a new mixed model that 
identifies and quantifies competition effects and environmental 
heterogeneity as addressed by Cappa et al. (2016).
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In spite of the subjective nature of the STR scoring method and 
the difficulty in assessing it given that trees were not pruned, high 
age-age correlations were found between ages for this trait (Table 5), 
which indicates that early assessment of straightness might be a 
robust indication of later estimates. The high age-age correlations 
we observed for NSTR may have been affected by the deep, well-
drained soils at the study sites. High quality soils ensure a good 
development of the root system and keeps the tree from leaning and 
developing bends that could be mistaken for poor stem straightness 
later on. By contrast, Gwaze (1997) reported low correlations in 
PT (0.06) for stem straightness between ages 1.5 and 9.5, arguing 
that these values would be in part due to the difficulty in measuring 
stem straightness at early ages. Accordingly, the same author found 
high correlations between ages 13.5 and 22.5 (0.55).

Additive and Family Genetic Correlations across Sites
Multi-site forest genetic trials make it possible to study the mag-

nitude and importance of genotype-environment interactions. The 
importance of such interactions can be measured by the genetic 
correlations among pairs of environments, considering the same 
trait in two environments as two distinct traits (viz. Falconer and 
Mackay 1996). Getting to know the differential performance of 
genotypes based on site-environment combinations makes it possi-
ble to select and develop genetic materials which are better suited to 
a given region or to choose those genotypes with greater flexibility 
to environmental changes. Rank-change interaction is reflected in 
departures of genetic correlation between sites from +1. The avail-
able estimates of additive ( )ra  and family ( )rf  genetic correlations 
from pairs of traits across sites with 35 or more full-sib families 
in common (i.e., between sites one and two, and sites three and 
four) for growth, stem straightness, and branch quality traits are 
presented in Table 6. In general, these correlations were not signif-
icantly different from +1 (P-value > 0.05), except for the additive 
correlation between sites one and two for SDBH and NSBA traits, 
mainly reflecting a relatively homogeneous genetic behavior of the 
hybrid material across the environments studied for growth and 
stem straightness traits.

The r a  between sites for growth and NSTR traits varied from 
0.74 to 0.99; these values were similar to r f  (from 0.70 to 0.99). 
These high correlations between sites reflect the fact that trials were 

established within a restricted area (from 26º04´ to 26º33´ south 
latitude and from 54º24´ to 54º40´ west longitude), with similar 
soil and weather conditions (Figure 1 and Table 1). However, these 
estimated genetic correlations (i.e., ra  and rf )  across sites were sim-
ilar to those reported by Brawner et al. (2003) in F1 PEE × PCH 
hybrids, with values ranging from 0.80 to 0.87 for growth traits 
at age 11 and 0.84 for stem straightness at age six. Dieters et al. 
(1997) studied PCH × POOC and PCH × PTEC hybrids and 
found that DBH genetic correlations based on the mothers ranged 
from 0.95 to 0.84, while those based on the fathers were between 
0.84 and 0.36. These authors suggested that the lower correlations 
based on PTEC could be due to the low number of fathers used or 
to PTEC’s sensitivity to the genotype-environment interaction. In 
the same hybrids studied by Dieters et al. (1997), Brawner et al. 
(2005) also reported high values of r a  across sites for DBH (0.83) 
and TH (0.87) at age 10. However, the rf  for the same traits, esti-
mated separately and independently estimated for the mother and 
father lines, ranged from 0.55 to 0.85. These authors attributed 
these results to an overestimation of additive genetic covariance due 
to the imbalance between the number of mothers and fathers or to 
the hybrid’s own nature. On the other hand, Dungey (2001) sug-
gests that the overestimation of genetic parameters in hybrids could 
result from the use of an inadequate genetic model.

In this work, we used an individual-tree mixed model with addi-
tive and family genetic effects. Identifying which genetic model pro-
vides the best description of a forest hybrid is a challenge (Dungey 
2001), as the assumptions of the infinitesimal model may not be 
appropriate (Kain 2003). In spite of this, various reports of genetic 
parameters in hybrids use the individual-tree mixed model (Gwaze 
et al. 2000, Dieters and Dungey 2000) or the parent mixed model 
(Dieters et al. 1997, Brawner et al. 2005), with some papers com-
paring both models (Mutete et al. 2015). However, Mutete et al. 
(2015) failed to endorse any one model, due to the low number 
of studied fathers (11 × 6 factorial arrays). Our study presents a 
similar situation, with the largest factorial being a 13  ×  8 cross-
ing. In such case, a parent model (with a separate variance for each 
parental species) would not provide a better estimate of the com-
bined genetic variance for the hybrid progeny. The individual-tree 
mixed model used here assumes that the alleles controlling the traits 
would be common to PEE and PCH parental lines, that epistasis is 

Table 5. Estimate of additive and family age-age genetic correlations (and their approximate standard errors) for the same trait within 
trials 1 and 2.

Trait* DBH TH NSTR

Age of
Correlation (Years)

Additive Family Additive Family Additive Family

Trial 1†

3–5 0.91 (0.08)** 0.96 (0.04)** 0.98 (0.02)** 0.99 (0.13)** 0.95 (0.16)** 0.78 (0.28)**

5–7 1.00 (0.05)** 0.98 (0.02)** 0.97 (0.10)** 0.99 (0.05)** 0.97 (0.15)** 0.99 (0.33)**

3–7 0.77 (0.16)** 0.93 (0.06)** 0.74 (0.23)** 1.00 (0.14)** 0.96 (0.26)** 0.99 (0.33)**

Trial 2†

3–5 0.90 (0.08)** 0.96 (0.05)** 0.91 (0.05)** 0.95 (0.07)** 0.80 (0.20)** 0.98 (0.43)**

5–7 0.99 (0.01)** 0.98 (0.06)** 0.99 (0.02)** 0.92 (0.16)** 0.99 (0.09)** 0.56 (1.20)NS

3–7 0.86 (0.13)** 0.89 (0.14)** 0.88 (0.08)** 0.74 (0.26)** 0.78 (0.21)** 0.50 (1.65)NS

NOTE: *Diameter at breast height (DBH, cm), total height (TH, m), and stem straightness normal score (NSTR).
†Abbreviations used for the trials are described in Table 1.
Significance of effects showing difference from zero are noted as:
NSnot statistically significant (P > 0.05),
*statistically significant (0.01 < P < 0.05),
**statistically highly significant (P < 0.01).
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negligible, and that the segregation of the additive genetic variance 
is similar in the F1 of PEE × PCH. These assumptions are based on 
the idea that there could be a close relation of kinship between par-
ents (i.e., PEE and PCH), which in a way confirms the findings of 
Dvorak et al. (2000), who suggest that the Mesoamerican Oocarpae 
and Australes pines could share a common ancestor.

As for branch quality traits (i.e., NSBD and NSBA), significant 
differences were found in the values of additive and family corre-
lations between sites one and two. In some cases, there was a high 
degree of interaction, while in others there was stability across sites 
(Table 6). Baltunis et al. (2010) evaluated Pinus radiata D. Don at 
trials planted in Australia and Tasmania Island and failed to find 
genotype-environment interactions ( r a   >  0.71) for the branch 
angle trait. By contrast, these authors found a certain degree of 
interaction for branch size trait ( r a   =  0.55). However, the large 
standard errors found by these authors for genetic correlations of 
branch traits scored with an arbitrary and subjective scale makes it 
difficult to compare the genotypes performance across the assessed 
environments.

Conclusions and Implications for the F1 Hybrid Program
A higher σ a

2  relative to σ a
2 , observed mainly in growth traits 

and increasing with age, suggests a moderate to high degree of addi-
tive genetic control in these traits. In general, growth and branch 
quality traits presented moderate to high broad- and narrow-sense 
heritabilities, which indicates that significant genetic gains could 
be achieved for these traits through selection, although additional 
gains could be captured through vegetative multiplication (clon-
ing). Conversely, the NSTR trait generally showed lower levels of 
genetic variances and heritability. Genetic correlations between 
growth and NSTR traits were not clear, suggesting a certain degree 
of uncertainty for a successful combined genetic improvement. 

However, it is possible to identify families and individuals with 
high genetic value in both traits. We believe it is necessary to adjust 
the scoring method of the ordered categorical traits to improve its 
heritabilities and, thus, the resulting genetic gains. In this sense, we 
propose evaluating the STR, BA, and BD traits in six subjective cat-
egories, subdividing those which are most relevant to the program.

The degree of genetic correlations found between ages was gen-
erally high for growth and NSTR traits, which suggests that early 
selection, even at age three, could prove effective, although these 
results are preliminary. Our latest evaluation was at age seven, 
approximately one-third of the rotation age for pines in the region. 
This early selection age would make it possible to significantly 
increase gains per unit of time and reduce the program costs.

High genetic correlations were found across sites. Thus, selected 
materials could be used with little restrictions across the region. 
However, if the goal is to optimize gains, it will be important to 
ensure that there are enough connections between trials for individ-
uals to be compared across sites. Moreover, it should be mentioned 
that, all five trials were planted in a restricted area in the northwest 
of the province of Misiones, so only a part of the potential region 
for this hybrid was effectively evaluated. For that reason, new tri-
als should be planted in other areas of the Argentine Mesopotamia 
with contrasting sites to confirm the high across-site correlations.

Finally, the higher additive genetic variance of the PEE × PCH 
hybrids under study was due to the genes’ additive effects, which 
suggests that selection and crossing within hybrid populations could 
result in cumulative improvements in advanced generation hybrid. 
In this case, a synthetic hybrid line would be the most effective 
strategy, as it would produce the greatest gains per cycle at the low-
est cost (Kerr et al. 2004, Brawner et al. 2005, Mutete et al. 2015). 
However, in the current situation, such a synthetic strategy would 
be limited by the reduced number of parents currently involved 

Table 6. Estimated additive (above diagonal) and family (below diagonal) genetic correlations and their approximate standard errors 
between trials with at least 35 hybrid families in common.

Trait* Trial† 1 2 3 4

 SDBH 1 — 0.74 (0.16)** — —
2 0.99 (0.28)NS — — —
3 — — — 0.96 (0.14)NS

4 — — 0.70 (0.25)NS —
 STH 1 — 0.95 (0.06)NS — —

2 0.99 (1.35)NS — — —
3 — — — 0.88 (0.13)NS

4 — — 0.99 (0.22)NS —
NSTR 1 — 0.99 (0.26)NS — —

2 0.99 (1.66)NS — — —
3 — — — 0.99 (0.57)NS

4 — — 0.99 (1.03)NS —
 NSBD 1 — 0.19 (0.50)NS — —

2 0.99 (0.42)NS — — —
3 — — — 0.99 (0.19)NS

4 — — 0.99 (0.58)NS —
 NSBA 1 — 0.64 (0.23)** — —

2 0.99 (2.52)NS — — —
3 — — — 0.99 (0.05)NS

4 — — 0.36 (0.66)NS —

NOTE: *Standardized diameter at breast height (SDBH), standardized total height (STH), stem straightness normal score (NSTR), branch diameter normal score 
(NSBD), and branch angle normal score (NSBA).
†Abbreviations used for the trials are described in Table 1.
Significance of effects showing difference from one are noted as:
NSnot statistically significant (P > 0.05),
*statistically significant (0.01 < P < 0.05),
**statistically highly significant (P < 0.01).
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(16 PEE and 21 PCH). This would rapidly build up the levels of 
inbreeding in future generations (Williams and Hamrick 1996). 
Thus, in order to advance towards a synthetic strategy, it would be 
necessary to broaden the genetic variability of F1 by including new 
parents. The advantage of the INTA-PINDO hybrid is its solid basis 
in the INTA genetic improvement program for PEE, with over 400 
families planted in different sites of the Argentine Mesopotamia. 
By contrast for PCH, the only phenotypic selections available come 
from commercial plantations and trials of origins/provenances. 
Thus, to achieve an F1 population that is broad enough to sustain a 
synthetic strategy, it would be necessary to bring in PCH materials 
from other genetic improvement programs. Additionally, in order 
to deepen our understanding of the genetics of hybrid populations, 
future progeny trials would benefit from including not only a wide 
range of F1 and F2 hybrid families but also pure open or controlled 
pollinated progenies from the same PEE and PCH parents used. 
This would also help obtain better estimates of heterosis and cor-
relation between hybrids and pure breeding values, (i.e., the correl-
ation between pure and hybrid merit as studied for PEE × PCH by 
Brawner et al. [2003] and Kain [2003]). In the short term, given 
the significant degree of genetic variation at the individual and fam-
ily levels observed in growth traits and bearing in mind the available 
technology, two methods are suggested for mass seedling produc-
tion: 1) generation of F2 seeds through the creation of an F1 CSO 
and 2) mass clonal propagation of best F1 families.

Data Archiving Statement
We followed standard Forest Science policy. Data of trees, fami-

lies, fathers, and mothers used in this study are available as electronic 
supplementary material to this publication  (see Supplementary 
Table S5).
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