Annals of Forest Science (2021) 78:2
https://doi.org/10.1007/s13595-020-01015-2

RESEARCH PAPER ;‘)

Check for
updates

Accounting for competition in multi-environment tree genetic
evaluations: a case study with hybrid pines

Ector C. Belaber' (® - Maria E. Gauchat" - Cristian D. Schoffen?3 - Facundo Mufioz*® - Nuno M. Borralho®72 .
Leopoldo Sanchez® - Eduardo P. Cappa>"°

Received: 27 March 2020 / Accepted: 26 October 2020
© INRAE and Springer-Verlag France SAS, part of Springer Nature 2021

Abstract

- Key message A novel multi-environment competition individual-tree mixed model resulted in better fit, and greater
individual narrow- and broad-sense heritabilities than the model without competition, notably for traits showing com-
petition. In multi-environment tests, the proposed model would allow tree breeders to select genotypes with the best
performance in both additive direct and competition breeding values, increasing forest productivity.

« Context Genetic merit of trees is known to be affected and interact with local competition effects as well as changes across
environmental conditions. Recent studies showed that competition genetic effects can affect the genetic variance and bias the tree
breeding values, and its covariance with direct breeding values has been variable across traits.

« Aims The present paper extends a mixed-model methodology to the problem of accounting for competition in a multi-environment
set of forest genetic trials and exploring its impact on genetic variances as well as the multi-environment genetic correlation.

+ Methods The proposed model is illustrated using data from two full-sib trials of Pinus elliottii var. elliottii X Pinus caribaea var.
hondurensis F,. Dispersion parameters and (co)variance of total breeding values were estimated for diameter at breast height,
total tree height, and stem straightness at age 10.

+ Results For traits showing competition effects (diameter at breast height and total tree height), the proposed multi-environment
competition model gave better fit than the simpler model. Accounting for competition increased the direct additive variance,
reduced the residual variances, and did not change significantly the across-site additive genetic correlation. However, for
diameter at breast height, top 5% best genetic rankings showed differences.

+ Conclusion When traits are strongly affected by inter-tree competition, the use of the proposed model in multi-environment
analyses can efficiently identify the phenomenon with general benefits in the fitting of genetic components and open the door to
select on the basis of competitiveness.

Keywords Additive and competition genotype—environment interaction - Total heritable variance - Tree breeding
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1 Introduction

The productivity of plantations depends on the genetic potential
of the species and the interaction of the species with edaphic
and climatic conditions, as well as other site management deci-
sions (McKeand et al. 2006). Therefore, genotypes superior in
one environment may not be correspondingly superior else-
where, or the degree of difference among genotypes may vary
according to the environment (Wu and Matheson 2005).
Hence, tree improvement programs usually involve evaluating
similar sets of genotypes across a range of sites (Cappa et al.
2012), with implications in testing, deployment, and subse-
quent selection strategies (Zas et al. 2004). Developing efficient
plant breeding strategies requires a knowledge of the magnitude
and structure of the genotype by environment interaction (G x
E; e.g., Cullis et al. 2014). Moreover, the relevance of G x E
might increase in a context of continuous climatic changes that
can generate pronounced differences between environments
(Morais Junior et al. 2017). The magnitude of G x E can be
examined by genetic correlations among environments as ob-
tained from a mixed-model analysis of multi-environment for-
est genetic trials (MET thereof; e.g., Dungey et al. 2000; Costa
e Silva et al. 2005; Cappa et al. 2012).

Competition is defined as the negative impact on plant
growth or fitness caused by the presence and interplay with
its neighbors, usually by reducing the availability of resources.
In trees, it may be mediated by the genotypic composition and
spatial arrangement of a tree’s neighbors (Hinson and Hanson
1962). Furthermore, it can be divided into genetic and envi-
ronmental sources (Magnussen 1989). Under competition, the
superiority of best genotypes tend to be overestimated due to
greater use of available resources at a cost of the worst geno-
types which exhibit greater sensitivity to competition
(Resende et al. 2005). Considering the long rotation periods
of forest trees, competition is likely to be an important factor
to consider in genetics analysis (Costa e Silva and Kerr 2013).
Recent studies in forest tree breeding have used a univariate
single-environment competition mixed model to investigate
direct and indirect genetic relationships among trees (Cappa
and Cantet 2008; Costa e Silva et al. 2013; Costa e Silva and
Kerr 2013; Cappa et al. 2015, 2016). Also using a single-
environment approach, Costa e Silva et al. (2017) and
Hernandez et al. (2019) fitted a multivariate competition
mixed model to address the direct and indirect genetic corre-
lations among traits.

These studies have shown that ignoring genetic and/or en-
vironmental competition effects tended to underestimate the
additive genetic effects and overestimate the residual estimat-
ed variances (e.g., Cappa and Cantet 2008; Costa e Silva and
Kerr 2013), hence biasing predictions. The same approach
could be extended to multi-environment analyses where
across site estimates could also be affected by inter-tree com-
petition. Moreover, as tree improvement involves often

2 s INRA

selections across many environments, it is important to con-
sider also the impact on covariances among trials for direct
and competition genetic effects to better understand to what
extent the inter-tree competition affects the within- as well as
the across-sites selection accuracies. Consequently, tree
breeders could be interested in determining to what extent
multi-environment ranking might be affected by ignoring
inter-tree competition. Therefore, the multi-environment stan-
dard mixed model must be adapted to be used with genetic
and environmental competition effects, which can be referred
to as “competition MET analysis.” The use of a multi-
environment competition individual-tree mixed model has
not been reported in forest breeding programs.

The current study extends the standard MET individual-
tree mixed model to a competition setting. Developments are
illustrated for growth and stem straightness traits from two
full-sib progeny tests of Pinus elliottii var. elliottii Engelm x
Pinus caribaea var. hondurensis (Senecl) Barrett and Golfari
F, hybrid pine assessed at age 10. The resulting parameter
estimates (including across-site additive and dominance ge-
netic correlations) for the proposed multi-environment com-
petition individual-tree mixed model are compared with cor-
responding estimates from the multi-environment standard
individual-tree mixed model without competition effects.
We also investigated for each trait the variance and across-
site correlation of total breeding values (i.e., additive direct
plus additive competition), and the influence of inter-tree
competition on the additive and dominance genetic correla-
tions among environments (G x E). The rankings of selection
candidates calculated for the multi-environment standard
mixed model and multi-environment competition mixed mod-
el were also compared to determine the importance of ac-
counting for competition in multi-environment analyses.

2 Materials and methods

2.1 Genetic material, description of trials,
and quantitative traits

The Pinus elliottii var. elliottii Engelm (PEE) X Pinus
caribaea var. hondurensis (Senecl) Barrett and Golfari
(PCH) F; hybrid data set used in the present study was obtain-
ed from the tree improvement program initiated by the
National Institute of Agricultural Technology (INTA,
Argentina) in 2004. The program currently comprises 17 trials
of F| hybrid progenies, where two of the oldest were chosen
here for the competition MET analysis. Both trials were
established in 2007 in Puerto Laharrague and Colonia
Delicia (Misiones, Argentina), and for the present study they
were identified as sites 1 and 2, respectively (INTA 2020).
The full-sib families used in these trials were originated by
crossing 13 PEE mothers from INTA Clonal Seed Orchard
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(CSO) with 8 PCH fathers to form a factorial array. However,
given that not all crosses produced enough seeds, only 66 full-
sib families out of possible 104 were included in these trials.
The number of common parents between both trials was 20
(i.e., only one mother was not represented at trial 1) and the
number of common full-sib hybrid families was 37 (out of a
total of 66). All PCH parents were plus-trees situated in
Misiones Province, four of which were selected from two
provenance trials planted by INTA, while the remaining four
parents corresponded to selections from commercial planta-
tions belonging to PINDO S.A. of unknown provenances of
origin. In addition, the two trials used here included five check
lots of unknown parentage which represented about 10% of
the total of phenotypic data: (1) PEE from the CSO of INTA
(San Antonio, Misiones), (2) PEE from CSO of INTA (Cerro
Azul, Misiones), (3) PCH from Brazil, (4) PEE x PCH F,
hybrid from the Queensland Forestry Research Institute
(QFRI, Australia), and (5) Pinus taeda Marion from CSO of
Arauco Argentina S.A. (Puerto Libertad, Misiones).

The F, hybrid trees were planted in a randomized complete
block design with five and six replicates, respectively, for
trials 1 and 2, involving five-tree row plots per full-sib family,
and with an initial spacing of 3.0 x 3.0 m between trees. All
surviving trees at both trails were measured at age 10 for
diameter at breast height in centimeters (DBH, 1.3 m above
ground), total tree height (TH) in meters, and stem straightness
(STR) in a 6-point subjective scale with 1 indicating the most
crooked trees and 6 indicating the straightest trees. The
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categorical traits (STR) were transformed into normal scores
(NS; Gianola and Norton 1981) to meet the requirements for
normal distributions and renamed as NSTR. Table 1 provides
general information about the two trials. A detailed descrip-
tion of the genetic materials and trials used in the present study
can be found in Belaber et al. (2018).

2.2 Statistical analysis

Preliminary analyses of the two F; hybrid pine trials indicated
that the most competitive trait (or the one most sensitive to
competition) was DBH, with competition effects being found
at both non-genetic (i.e., residual) and genetic levels, especial-
ly at site 2. By contrast, TH showed moderate to strong com-
petition at the residual and genetic levels only at site 2, and
NSTR revealed competition at the residual level at both sites
and strong competition at the genetic level only at site 2. A
detailed diagnosis of competition effects for each trait—site
combination is given in the Annex (see Diagnosis of
competition effects and Fig. 1).

The three traits assessed (DBH, TH, and NSTR) were an-
alyzed independently using the following multi-environment
standard and competition individual-tree mixed models:

1. Multi-environment standard individual-tree mixed model
(MSM)

]+l 21+ 1% 2]

where y; and y, are the vectors of individual tree observation
for the same trait at sites 1 and 2, respectively. The matrices
X\ ®Xo, Zy, ®Zy,, Zp ®Z),, Zy®Z,), Z0,®Zy, and Zy, @
Z 4, relate the observations to the fixed effects of overall site
means in [3] |3} ], the random effects of block in [b{ 7], of
plot in [pT|pl], of check lot in [s]|s]], of additive genetic
(breeding value) effects in [alT \azT ], and of the dominance
genetic effects in [d]|d] |. The vector [e] |e]] is the residual
vector. The symbols @ and ” indicate the direct sum of matri-
ces and the transpose operation, respectively. The vector of
block effects was assumed distributed as

b 0 0,2)1 0
(o] [ Jer

where 0,2)1 and aiz are the block effect variances of sites 1 and

2, respectively, and 7 is the identity matrix. The vector of plot
effects was assumed distributed as

2
V4 ~ 0 JPI 0
R e

where 0,2,1 and af,z are the plot effect variances of'sites 1 and 2,

respectively. The vector of check lot effects was assumed
distributed as

|:sl :| N |: 0 :| U; Oy,
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Table 1 Location, design
information, survival, and means
(standard errors in brackets) for
diameter at breast height (DBH),
total tree height (TH), and stem
straightness (STR), measured at
age 10 across the two Pinus
elliottii var. elliottii * Pinus
caribaea var. hondurensis F;
hybrid progeny trials

Fig. 1 Isotropic empirical
semivariograms of residuals after
fitting a multi-environment
individual-tree mixed model with
fixed effect of overall mean,
random check lot effects, random
additive (breeding values) and
dominance genetic effects, and
random errors, for diameter at
breast height (DBH), total tree
height (TH), and normal score of
stem straightness (NSTR) at age
10 for sites 1 and 2

2 s INRA

Description Site 1 Site 2
Latitude (south) 26°33'13" 26°09'70"
Longitude (west) 54°40'30" 54°26'99"
Altitude (m a.s.L) 174 241

Number of trees with records 911 1,653
Number of hybrid family 37 66

Number of checks 5 5

Number of replicates 5 6

Plot Five-tree row Five-tree row
Spacing (m) 3x3 3x3
Survival (%) 87 77

Mean DBH (cm) 25.29 (10.35) 25.46 (11.42)
Mean TH (m) 19.54 (7.52) 18.98 (8.08)
Mean STR (seven-point subjective score) 2.75(1.45) 2.80 (1.52)
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where O’%l and sz are the check lot effect variances of sites 1
and 2, respectively, and oy, , is the check lot covariance be-
tween sites 1 and 2. The vector of individual breeding values
was assumed distributed as

®A>

a) ~N 0 0'3,1 Oa,
’ 2
L) 0 002.1 Uaz

where 02a1 and oﬁz are the additive genetic variances of sites 1

and 2, respectively, o,,, is the additive genetic covariance
between sites 1 and 2, and A is the average numerator rela-
tionship matrix (Henderson 1984). The vector of dominance
genetic effects was assumed distributed as

d; 0 U; Od
~N , ! “ D
|:d2:| ([O] [sz,l 0—512

where 0} and o7, are the dominance genetic variances of sites

1 and 2, respectively, oy, , is the dominance genetic covari-
ance between sites 1 and 2, and D is the dominance relation-
ship matrix (Mrode 2014). Finally, the residual vector is dis-

tributed as
e 0 Oﬁl 0
(8] 5 e
are the residual variances of sites 1 and 2,

2
e

where o and o
respectively.

2. Multi-environment competition individual-tree mixed
model (MCM)

The MSM (Eq. (1) was extended to include the direct and
competition additive genetic effects as well as environmental
competition effects, as follows:

MR AR
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where the matrices X; ® X5, Zj, ®Z,, Z, ®Z,,, Z; ®Z,,,
Z,,®Z,;,, and the vectors [yI[pI], [B]185]. [b7|b%],

pT1pY]. [sTIs2]. [d]|d}]. and [el|el] are specified as

described above. In Eq. (2), the matrices Z,, ©Z,,,, and Z,,,
®Z a, related the observations to the individual additive direct

dy ?

genetic breeding values in [agl |“§J , and the additive compe-
tition genetic breeding values of the neighboring trees in
{a?} |a§2] The i" row of matrices Z,, and Z,_ has all cle-

ments equal to zero except in the position corresponding to the
m; neighbors of the tree i, with positive values interpreted as
the intensity of competition (IC, f;, j = 1, ..., m;,) that each
neighbor exerts over the phenotype of the i tree. A detailed
explanation of these IC values can be found in Cappa and
Cantet (2008). The stacked vector of breeding values for the
MCM (Eq. 2) is distributed as

2

ay 0 Oadl Taq,, Oayiey  Tagye
1 2
g, g,
0 Oaq O Adye, Adyc
aq, ~N s 21 @ 2 ®A
ZC 1 g Oacay  Oacya, Uﬂq Ta,,,
. g“f'zdl J“f'zdz O-acz | Oiz
where ogd and crfld are the additive direct genetic variance for
1 2

sites 1 and 2, respectively; Uﬁq and 0362 are the additive com-
petition genetic variance for sites 1 and 2, respectively; oq, |,
and o, are the covariance between direct breeding values of
sites 1 and 2; o, , and oy, ~are the covariance between the
competition breeding values of sites 1 and 2; o, , and og,,,,
are the covariance between the additive direct and competition
breeding values within sites 1 and 2, respectively; and o, .

and o, are the covariance between the direct breeding

values of site 1 and competition breeding values of site 2
and between direct breeding values of site 2 and competition
breeding values of site 1, respectively. The vector of domi-
nance genetic effects was specified as described above.
Finally, Eq. (2) included the matrices Z P, (V4 Pes related to

the environmental competition effects (or permanent
environmental competition effects; Cappa and Cantet 2008)

in [chl 28 ] and is distributed as
®1>

are environmental competition variances

2
(L
pq 0] 0 Ulzhz

where 0127

2
and o
) Pey

of sites 1 and 2, respectively.

2.3 Parameter estimation and model comparison
Restricted maximum likelihood (REML, Patterson and
Thompson 1971) was used to estimate variance components

for models (1) and (2), which were obtained using the
Expectation Maximization algorithm in R with the R (R

INRAD & sorne
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Core Team 2015) with the function remlIf90 from the package
breedR (Mufioz and Sanchez 2019), followed by one round
with Average Information (Al) algorithm to compute the stan-
dard errors of the variance components and heritabilities (as in
Chateigner et al. 2020).

The total heritable (direct and competition) effect of an
individual’s genes on trait values in a population, or total tree
breeding value of tree i (TBV,), from the MCM model (2) was
calculated following Costa e Silva et al. (2013; Eq. 5), i.e.,

TBV; = ay, + (ﬁJ,jR +7cf e+ ﬁDﬁjD) a., where T,
nic, and 71p denote the average numbers of their neighbors,
and g, fc» and [, are the average IC values in the row
(R), column (C), and diagonal (D) directions, respectively.

The values of the expression (ﬁRf,-jR +acf e + ﬁDﬁjD)

were 1.99 for site 1 and 1.79 for site 2. The total heritable
variances of traits DBH, TH, and NSTR were also estimated
for each site following accordingly Costa e Silva et al. (2013);

Eq. 6. i, Gy =52, +2(fyu + AT yo + o o ) Gus

+ <ﬁR7,»jR +7acf e+ ﬁDﬁjD) 282[. Finally, the across-site
additive genetic correlation of the TBV (i.e., additive
direct plus competition breeding values) was estimated
using the eight immediate neighbors of a focal tree fol-
lowing Costa ¢ Silva et al. (2017; Supplementary Note S7, Eq.
S 9and S 10).

An important aspect for breeding selection is to examine the
impact on the ranking of candidates across a multi-environmental
setting in the presence of competition effects. In that sense,
Spearman rank correlations were calculated for the top 5% (111
trees) and for each trait to assess the extent by which the ranking
of predicted breeding values for individuals (offspring) from the
MSM differed from the additive direct breeding values predicted
from the MCM model. In addition, we plotted the ranking of 111
trees from the two models and the three studied traits.

The single-site individual narrow- and broad-sense herita-

~2 2
bility from the MSM (4, and H ;, respectively) and from the

~2 ~2
MCM (h, and H ,, respectively) were estimated as

~ =2 ~ =~

2 o .5 o,to0y
) ~2 -~ s T~ ~2 ~
o, +o,;+0; o, +o,;+0;

~2 ) ~ |~ |~

~2 Oqy T 04, ~2 O, T 04, T 0y

= JH, =
cT =S T~ NS R S ) S )
Ogy T 0a +05+ %, +o0; O, T 0, o5+ o, + o3

where 57, is the estimated additive genetic variance, 7, is the
>

dc

estimated additive direct genetic variance, o= is the estimated

additive competition genetic variance, 55 is the estimated
dominance genetic variance, 8; is the estimated environmen-

tal competition variance, and 5> is the estimated residual
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genetic variance. Note that for the MCM model, the additive
variance was replaced with the estimated total additive genetic
variance, 52+ 0, (Cappa etal. 2017). In addition, for MCM
the denominator of the above expression also included the
estimated variance of the environmental competition effects,
o,

The across-site additive genetic correlation (7,,, ) and
across-site dominance genetic correlations (7, , ) from models

(1) and (2) were calculated as

~ Oa, o~ 0d, ,
Fay, = 5 5 s Tdps > >
Uﬂl X Uaz Udl X Ud2

In addition, the across-site additive direct—direct (7, i, )
and competition—competition (?am ) genetic correlations, and
the across-site additive direct-competition (7., and 7y, )
genetic correlations from model (2) were calculated as

g,
7 o ad 5 7 ey o
ad 5 5 = % 5 =
g g g g
adl tldz a"l aL.2
~ ~
~ dyey ~ iye,
aq > dq.
1©2 5 = be1 5 =~
(% [0} (% o
ag ac, ag ac,

The Akaike Information Criterion (AIC, Akaike 1974) was
used to compare models (1) and (2) and assess which one
yielded the best fit to the data. A smaller AIC value indicates
a better trade-off between goodness-of-fit and parsimony. In
addition, to determine the statistical significance, we applied
the one-tailed likelihood-ratio tests with nine degrees of free-
dom that represented the number of additional parameters in
model MCM versus model MSM (LRT; Stram and Lee 1994).
The significances from zero of the across-site genetic correla-
tions for additive and dominance effects, and genetic additive
correlations for direct—direct, competition—competition, and
direct-competition effects, were evaluated by the two-tailed
likelihood LRT with one degree of freedom.

3 Results
3.1 Model comparison

When comparing the AIC values from the multi-
environment standard individual-tree mixed model without
(MSM) and with competition being included (MCM), we
found an improvement (better fit) for the MCM analysis for
DBH and TH (Table 2). By contrast, for NSTR the simpler
MSM model had a better fit. MCM showed best fit for traits
with strong to moderate genetic inter-tree competition ef-
fects (Table 3), DBH and TH, where the average of 7,
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across both sites was — 0.43, and — 0.19, respectively.
Contrarily, the trait for which MSM had the best fit, straight-
ness (NSTR), showed to be less sensitive to genetic compe-
tition effects with average of 7, across both sites being
equal to 0.08. Since the AIC statistic is composed of a mea-
sure of total goodness of fitand a penalty on the complexity of
the model, the MSM had a smaller AIC than MCM for NSTR.
When considering only the measure of the goodness of fit
(i.e., LRT), the MCM improved the fit significantly for traits
DBH (p = 0.0089) and TH (p = 0.0000). However, NSTR
showed that there were no differences between the two
models (logl. = — 3992), suggesting that the MCM did not
differ significantly from the MSM.

3.2 Variance components and heritabilities
from the MSM and MCM

In general, ignoring competition’s genetic and environmental
effects by fitting a MSM resulted in lower additive genetic
variances, compared with the results of MCM. These differ-
ences were more noticeable for DBH, especially at site 2,
where the additive variance was 45.3% larger in MCM than
in MSM (Table 2). The exceptions were TH at site 2, where
the additive genetic variance was 1.9% smaller with MCM
than MSM, and for NSTR at site 2, where additive genetic
variances were the same with MSM and MCM. The standard
errors of additive genetic variances were in general lower than
half of the magnitude of parameters estimated from both
models, having the MCM in general lower standard errors
than MSM. Regarding the residual variance estimates (52),
the MCM model resulted in lower 52 at both sites for DBH
(an average drop 0 9.9%) and for TH (average drop of 18.1%)
compared to MSM. For NSTR, the 5 decreased slightly with
MCM compared with MSM at both sites (average of 1.6%).
The standard errors were always less than a quarter of the
residual variance estimates for the two models.

Regarding the dominance genetic variance (55 ), the MCM
estimated lower values than MSM (from 6.7 to 14.3%), except
for DBH and TH at site 1, where the 57 increased slightly (<
4.5%) from MSM to MCM (Table 2), but differences were
minor in all cases. In general, the standard errors were about
half of the estimated dominance genetic variance, except for
TH at site 1, where they were very high for MSM and MCM.
This result, along with the lower values of additive genetic
variances from MSM than from MCM mentioned above,
caused the ratio of 52/5% to be always smaller for MSM
(average = 1.61) than (7, /7 ) for MCM (average = 1.95).
On the other hand, for both models, the 75 was lower than 854
for all traits and sites (0.27 >3 /5, < 0.88), except for DBH
atsite 1, where the ratio of 57 /52 was equal to 1.52 and 1.42
for MSM and MCM, respectively.

In addition to the competition’s genetic effects, the proposed
multi-environment competition mixed model also considered a
permanent competition’s environmental effect (p., and p,, ),
fitted as an additional random term to model (2). For growth
traits, site 1 showed a greater variance of p,. than site 2, while for
NSTR the variance of p. was similar at both sites (Table 2).
However, in all cases, the standard errors of permanent
competition environmental effects were very high.

In general, the MCM model resulted in greater individual
narrow- and broad-sense heritability values than the MSM
model for the three traits evaluated (Table 2). Narrow-sense
heritability values ranged from 0.15 to 0.28 for the MSM
model, and from 0.14 to 0.40 for the MCM model. On the
other hand, broad-sense heritability values ranged from 0.21
to 0.47 for the MSM model and from 0.21 to 0.51 for MCM
model. The greater differences between the heritabilities from
the two models were observed at site 2 for DBH trait, where
narrow-sense heritability was 0.28 for the MSM model and
0.40 for the MCM model, and broad-sense heritability was
0.40 for the MSM model and 0.51 for the MCM model. The
standard errors of heritability were in general lower than half
of the heritability estimates for both models, except for trait
TH at site 1, where they were about half.

In our study, the competition additive genetic variance (850 )
represented on average less than 10.6% of the corresponding
direct additive genetic variance (57, ) for growth traits, being
0% for NSTR. In all cases, however, the standard errors for c?i
were very high. The effect of combining together &, and o7,
was a reduction in the total heritable variance (0, ) for DBH,
with reductions at site 1 of 13.0% (i.e., 0, = 491 vs. 575, =
4.28) and 48.0% atssite 2 (i.., 5, = 10.52 vs. 575, =5.48). The
greater reduction in G2, at site 2 can be explained by
the negative sign and high absolute value of covariance
between direct additive and competition genetic effects (32( =
— 1.67), relative to the small value of additive competition
genetic variance (GZC = 0.29), which gives more weight to
the second than to the third term in the equation of total her-
itable variance (075, see Eq. 6 in “Materials and methods”
section). By contrast, for TH our result revealed that 5%,
increased at site 1 by 50% (i.e., 3, = 1.15 vs. 57, = 1.72),
due to a greater contribution of 82( (0.20) to the equation of
total heritable variance than the negative covariance (7, = —
0.06). Nevertheless, at site 2, 52, showed a slight decrease
(1%; ie., 3;, = 1.05 vs. 575, = 1.06) due to a comparable
contribution of the Eﬁc (0.04) and the negative 7, (—0.03) to
the 0%y Finally, the competition effects showed no consis-
tent trend on 5%, of NSTR, increasing by 20% at site 1 (i.e.,
02, =0.18 vs. 575, =0.22) and decreasing the 575, by 19% at

site 2 (i.e., 5, = 0.12 vs. 075, = 0.10).
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Table 2 Akaike information criterion (AIC), estimated additive genetic
variance (3§ ), additive direct genetic variance (3‘214 ), additive competition
genetic variance (85( ), dominance genetic variance (&fl ), check lot effect
variance (83, ), block effect variance (?rﬁ ), plot effect variance (3; ),

. . . 2 . . ~2
environmental competition effects variance Gp ), residual variance (0, ),

and single-site individual narrow- (5. and /. ) and broad-sense (- and fI° )
heritability for diameter at breast height (DBH), total tree height (TH), and
normal score of stem straightness (NSTR) from the multi-environment
standard (MSM) and competition (MCM) individual-tree mixed models of
sites 1 and 2 (the lowest AIC are highlighted in bold)

Models Site Parameters DBH TH NSTR
MSM AIC 16,515 13,086 8,015
1 C 4.46 (2.09) 1.05 (0.54) 0.17 (0.05)
en 6.78 (3.23) 0.44 (0.77) 0.15 (0.06)
b\fl 46.38 (29.97) 6.69 (4.65) 0.07 (0.07)
31271 0.27 (0.28) 0.96 (0.72) 0.00 (0.00)
312,1 0.70 (0.65) 0.82 (0.27) 0.03 (0.02)
?; 12.45 (2.60) 5.47 (0.67) 0.55 (0.06)
h 0.19 (0.08) 0.15 (0.08) 0.20 (0.06)
ﬁsl 0.47 (0.12) 0.21 (0.11) 0.37 (0.06)
2 G, 7.24 (2.15) 1.07 (0.36) 0.12 (0.04)
&, 3.19 (1.55) 0.71 (0.36) 0.07 (0.03)
33,2 49.87 (35.79) 7.44 (4.93) 0.19 (0.16)
3%2 0.20 (0.18) 0.21 (0.14) 0.00 (0.00)
312,2 0.06 (0.48) 0.01 (0.11) 0.00 (0.00)
§§Z 15.34 (1.78) 3.89 (0.37) 0.69 (0.04)
hs’ 0.28 (0.07) 0.19 (0.06) 0.14 (0.04)
Ai 0.40 (0.08) 0.31 (0.07) 0.22 (0.05)
MCM AIC 16,511 13,056 8,033
1 32‘“ 491 (2.09) 1.15 (0.50) 0.18 (0.07)
32(“ 0.13 (0.80) 0.20 (0.55) 0.00 (0.00)
331 6.99 (3.28) 0.46 (0.63) 0.14 (0.08)
3_?1 50.02 (32.96) 5.70 (4.01) 0.07 (0.06)
3%1 0.33(0.33) 0.73 (0.58) 0.00 (0.01)
G 0.57 (0.66) 0.12 (0.22) 0.03 (0.02)
8;“ 0.24 (5.33) 1.81 (1.80) 0.01 (0.02)
G 11.77 (2.66) 4,02 (0.60) 0.54 (0.08)
Zf 0.21 (0.10) 0.18 (0.10) 0.21 (0.08)
Ai 0.50 (0.17) 0.24 (0.13) 0.37 (0.10)
2 G 10.52 (2.41) 1.05 (0.35) 0.12 (0.04)
33(‘2 0.29 (0.87) 0.04 (0.24) 0.00 (0.00)
332 2.89 (1.44) 0.66 (0.36) 0.06 (0.04)
&\i 43.25 (28.64) 7.72 (5.11) 0.19 (0.15)
3%2 0.20 (0.18) 0.20 (0.14) 0.00 (0.00)
312,2 0.05 (0.49) 0.01 (0.13) 0.00 (0.00)
3[2,(‘2 0.13 (3.60) 0.43 (0.89) 0.01 (0.01)
3;,2 13.15 (1.84) 3.51(0.37) 0.68 (0.05)
ZCZ 0.40 (0.09) 0.19 (0.07) 0.14 (0.05)
0 0.51 (0.10) 0.31 (0.09) 0.21 (0.06)

Subscripts represent sites 1 and 2

3.3 Across-site genetic correlations from the MSM
and MCM

Estimates of across-site additive genetic correlations from
MSM (7,,,) and additive direct genetic correlations from
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MCM (7,,,,) were strong for TH and NSTR (> 0.89 for both
models) and moderate for DBH (0.77 for MSM and 0.79 for
MCM), and all significantly greater than zero (Table 3). When
we compared these estimates across models, for growth traits,
slightly higher7,,,, values were obtained from the MCM model
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compared with the MSM model (a 2.6% drop), while for NSTR
Pay, the MCM yielded lower correlations than from MSM (a
drop of 5.1%). In contrast to 7,,,,, estimates of the across-site
dominance genetic correlation (7,,,) for growth traits were low-
er (< 0.55 for both models) than for the NSTR trait (> 0.88).

The estimates across-site correlations between additive
competition—competition genetic effects were small and,
in general, not significantly different from zero for the
three traits studied (7,,, < 0.24, Table 3). The across-
site correlations between additive direct-competition ge-
netic effects (7, and 7,,,) were small and, in general,
negative for all the studied traits, except for DBH where
the 7,,,, was moderate (— 0.66) and statistically signifi-
cant (Table 3).

We also estimated a single across-site additive direct
and competition genetic correlation from MCM by com-
puting the correlation between the TBV for sites 1 and 2
(Frgv,,). The Frpy,, values were positive and moderate to
high for the three studied traits (i.e., 7rgy,, = 0.83 for
DBH, /’;TBVlz = 0.57 for TH, and /’;TBVIZ = 1.00 for
NSTR). For DBH and NSTR, 77gy,, values were close
to the 7,,,, equivalents (Table 3), while for TH the differ-
ences between the two correlations were much larger. The
TBV correlation depends on how strong the across-site
covariance between direct—direct, direct—competition,
and competition—competition genetic effects are, plus on
the magnitude of the intensity competition factor and total
heritable variance (G7,,) between sites 1 and 2. In this
sense, the low values of 7rpy,, observed for TH was main-
ly associated to the negative direct—competition covari-
ance (0q,,, = — 0.11) which reduced the covariance of

TBV, plus the increment of 3273V (1.72) with respect to
G, (1.15) at site 1.
Finally, the Spearman rank correlations between offspring

predicted additive breeding values (BVs) from the MSM model
and additive direct breeding values predicted from the MCM

Table3  Across-site genetic correlations for additive (7,,, ), dominance
(Fay, )» additive direct—direct (fadlz ), additive competition—competition

model were positive and very high (> 0.93) for TH and NSTR
(Fig. 2), indicating that similar selection for both traits will
result from both models. However, for the trait most affected
by competition, DBH, the Spearman correlation was only mod-
erate (0.71), suggesting that different selection decisions would
be made following either model.

4 Discussion

This research presents an extension of the multi-environment
standard individual-tree mixed model to account for competition
in multi-environment forest genetic trials. This model provides a
formal genetic and environmental structure to study the genetic
additive direct and competition effects by environment interac-
tions (G X E) by estimating across-site direct and competition
genetic correlations. In the present research, the (co)variance
components and their functions (including across-site
additive and dominance genetic correlations), and the
variances (and across-site correlations) of total breeding
values were estimated using the proposed model for
growth and stem straightness traits in two full-sib ge-
netic trials of Pinus elliottii var. elliottii x Pinus
caribaea var. hondurensis F; assessed at age 10.

4.1 Variance components and heritabilities
from the MSM and MCM

In general, the analysis reported here showed that the MCM
increased the estimated additive variance and reduced the re-
sidual variance compared with results from the MSM. These
results are in agreement with those reported by Cappa and
Cantet (2008) and Cappa et al. (2015) for DBH in Pinus taeda.
For instance, Cappa et al. (2015) observed that the inclusion of
competition effects in the mixed model increased the additive
variance by 40% and reduced the residual variance by 34%.
The same tendency was reported by Costa e Silva and Kerr

diameter at breast height (DBH), total tree height (TH), and normal
score of stem straightness (NSTR) from the multi-environment standard

(Fa,,, )» and additive direct-competition (7, and 7,,, ) effects for ~ (MSM) and competition (MCM) individual-tree mixed models

Models Parameter DBH TH NSTR

MSM Fans 0.77%% 0.89%* 098+
N 0.54* 0.33"8 0.88%*

MCM Fass 0.79%+ 0.90%* 0.93%+
Pacrs 0.24 0.17N8 -0.08™
Fanes — 0.66%* —0.12N8 —0.17"
P —0.19%* - 025N 0.33*
T 0.55% 021N 0.93

Subscripts represent sites 1 and 2. Significance of correlations from zero are noted as not statistically significant (NS; p > 0.05), *statistically significant

(0.01 < p < 0.05), and **statistically highly significant (p < 0.01)
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Fig. 2 Ranking for the top 111 DBH
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(2013), who indicated that with a medium relatedness level
(i.e., full-sib mating design and multi-tree row plots), the
single-trait models that ignored competition either at genetic
or residual levels tended to bias downwardly the additive
variance and upwardly the residual variance. Cappa et al.
(2016) observed the same trend on additive and residual var-
iances for DBH and TH in Douglas fir when comparing a
single-environment competition-spatial mixed model to a
standard mixed model. As pointed out by Cappa and Cantet
(2008), the differences in the size of the additive and residual
variances estimated based on the standard and competi-
tion models depend on the sign and the magnitude of
the within-site additive direct—competition correlation
(7a,.), compared with the magnitude of the within-site

additive competition genetic variance (82‘). In our

2 s INRA

MSM

study, for DBH, the values of within-site correlation
from MCM were 7, = — 0.36 (and G, = 0.13) and — 0.95

(0.29) at sites 1 and 2, respectively, where the ratio of 7, /c?i
was — 2.8 at site 1 and — 3.3 at site 2, generating a greater
increase in additive variance and reduction in residual vari-
ance at site 2 than at site 1.

On the other hand, the greater proportion of additive vari-
ance compared with dominance variance observed in the pres-
ent study is in agreement with the results of univariate standard
analyses using the same hybrid reported in the present study
(PEE x PCH; Belaber et al. 2018) and other Pinus hybrids
(Dieters et al. 1997; Gwaze et al. 2000; Dungey et al. 2000;
Brawner et al. 2005; Mutete et al. 2015). For instance, Dieters
et al. (1997) reported a ratio between additive variance and
dominance variance for DBH between 1.0 and 1.9 in hybrids
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between Pinus oocarpa Schiede and Pinus tecunumanii

(Schw.) Eguiluz and Perry at age 5. The high proportion of

85[/ compared to 8(21 in this population of F; pine hybrid sug-

gests that breeding strategies that maximize the use of additive
genetic variance could be efficient. However, the cArf, was not
negligible, representing more than 50% of the aﬁd in the 66.7%
of studied trait-site combinations. This would open up oppor-
tunities for exploiting the best specific combining abilities to
deploy a family forestry via vegetative multiplication.

We have not found reports of competition models that in-
clude dominance effects. However, in a preliminary analysis to
the present study, we evaluated the interplay between domi-
nance and competition by comparing the variance components
from the proposed MCM model with those obtained from the
same model without dominance effects. Leaving dominance
out of the MCM model mainly increased plot and residual
variances but did not change the additive competition genetic
variance (results not shown), indicating that there is no interac-
tion between dominance and competition genetics effects.

Regarding the permanent competition’s environmental ef-
fect, Cappa and Cantet (2008) reported that leaving these envi-
ronmental effects out of the competition model may bias up-
wardly the 831[1 and downwardly the aﬁ. However, a preliminary
analysis with present data that used a single-environment com-
petition model showed that the omission of competition envi-
ronmental term caused only a slight increment in the Eid (mean
= 5.2%) and a reduction in the Eg (mean = 4.5%) across all the
trait-site combinations, except for TH at site 1, where the 8;
decreased (14.9%). These differences could be related to lower
survival of the two trails analyzed in the present study (mean =
82.0%) than that analyzed by Cappa and Cantet (2008)
(95.7%). Therefore, as concluded by Cappa and Cantet
(2008), the presence of dead trees promotes a less stressful
environment for the surrounding plants, which may bias the
prediction of direct breeding values, if environmental competi-
tion effects are not accounted for in the model.

Our results showed that ignoring a strong inter-tree com-
petition may downwardly the estimation of narrow- and
broad-sense heritabilities. A similar tendency was observed
by Cappa et al. (2017) in Eucalyptus grandis (Hill ex
Maiden) for the trait DBH, and by Hernandez et al. (2019)
in Corymbia citriodora subsp. variegata (F.Muell.) for DBH,
TH, and wood density traits, when they compared narrow-
sense individual heritability estimated from single-site sin-
gle-trait individual-tree standard and competition mixed
models. In short, we observed that the MCM model
displayed a consistent increase in the estimated additive
genetic variance and a reduction in the residual variance,
with a consequent increase of the heritability with respect of
MSM model. On the other hand, for the same traits and trials
evaluated in the present study, but at age 7, Belaber et al.

(2018) observed, in general, lower narrow- and broad-sense
heritability values from a standard individual-tree mixed mod-
el than the values reported here from the MSM model, with
the exception of the trait NSTR. We could suggest that the
MCM model reveals the highest heritability values whenever
the trait shows strong to moderate genetic inter-tree competi-
tion effects, which is often the case in older trials.

The heritable component is not only the result of the focal
individual’s own genes but also from the effects of genes carried
by its neighboring conspecifics (Bijma 2011). In other words,
each individual’s breeding value include the gene’s direct addi-
tive effects but also the genetic component of the susceptibility to
neighboring conspecifics (viz. a heritable “social” effect). Even
though the indirect genetic variance is often considerably smaller
than the direct genetic variance, such tree genetic interactions
may substantially alter a population’s ability to respond to selec-
tion (Costa e Silva et al. 2013). In our study, the inter-tree genetic
competition decreased the 57, in respect to the 324 of DBH at
site 1 and 2. The drop in heritable variance due to competition
effects is in agreement with single-site analyses in Eucalyptus
globulus by Costa e Silva et al. (2013), who found that inter-
tree genetic competition decreased the 5%, for DBH by 75%
and 85% at ages 2 and 4, respectively. However, unlike in Costa

e Silva et al. (2013), our results found that the Eid contribute
more to the G7,, of DBH than 82[. Nevertheless, this reduction

in 57, observed in the current study for DBH, due to inter-tree
genetic competition, limits the potential for response to selection.
In other words, the genotype growing rapidly in DBH will have
(on average) a substantial negative heritable effect on the DBH
growth from its neighbors’ competition. On the other hand, for
TH, the increase and slight decrease in 8§BV at sites 1 and 2,
respectively, means that faster TH genotypes will have (on aver-
age) favorable (site 1) or null effects (site 2) on the TH of its
neighbors. Finally, the increase in EZTBV at site 1 was associated
with the small positive contribution of Ei_ (0.003) plus the pos-
itive additive-competition covariance (o, = 0.01). By contrast,
the negative contribution of competition genetic effect to the
GZTBV at site 2 was due to a slightly negative additive-
competition covariance (7,, =— 0.01) compared with the small
and positive value of 8‘2{( (0.002) (Table 2). We have not found
reports on the effects of inter-tree genetic competition for stem
straightness, which added to our uncertain results, suggesting the
need for new studies to investigate this issue.

4.2 Across-site genetic correlations from the MSM
and MCM

An evaluation of the importance and consequences of geno-
type by environment interaction (G x E) in a breeding pro-
gram is essential for decision-making about testing,
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deployment, and selection strategies (Zas et al. 2004).
Previous studies on forest trees highlighted the potential of
multi-environment individual-tree mixed models to investi-
gate the genetic basis of G x E (e.g., Dungey et al. 2000;
Costa e Silva et al. 2005; Cappa et al. 2012). However, despite
the relevance of this issue, we have not found any reports on
forest tree improvement that account for genetic competition
in the estimation of across-site genetic correlation. Therefore,
this is the first study to our knowledge reporting estimates of
across-site genetic correlations from a MCM and comparing
across-site additive and dominance genetic correlations from
the MCM with those obtained from the simple MSM without
genetic and environmental competition effects.

When we compared the across-site genetic correlations
estimates from the two models, our results showed that
slightly higher (growth traits) and lower (NSTR trait)
Tay, Were obtained from the MCM model compared with
the MSM model. These results suggest that ignoring com-
petition effects is not likely to change the magnitude of
the across-site additive genetic correlation estimates for
growth and stem straightness. In contrast to 7,,,, esti-
mates of the across-site dominance genetic correlation
(F4,,) for growth traits were lower than for the NSTR trait.
This means that for growth traits, trees at site 1 do not
have the same performance at the dominance genetic level
as trees at site 2. On the contrary, the dominance effects
do not change the stem straightness performance of the
genotypes across the two sites evaluated. When we com-
pared the 7,4, across models, the DBH and NSTR traits
showed slightly higher values for the MCM model with
respect to the MSM model (1.9% for DBH and 5.7% for
NSTR), while TH trait showed lower value for the MCM
model than the MSM model (36.4%). Nevertheless, the
conclusion of 7;,, must be taken with caution since accu-
rate estimation of non-additive dominance parameters re-
quires large data files with a high proportion of full-sibs
(Misztal 1997; Toro and Varona 2010). In that sense, the
requirement of a large number of families to estimate
dominance effects may not have been fulfilled in our
study since only 37 of the 66 full-sib families evaluated
are common to both sites, and 90% of these contain a
maximum of 20 full-siblings at each site.

The multi-environment competition analysis based on
MCM also allows the study of the across-site correlations be-
tween additive competition—competition genetic effects (7,,,,)
and the across-site correlations between additive direct—
competition genetic effects (7,,,, and 7,,,,). The values of
74,,, were small and, in general, not significantly different from
zero, indicating that competition additive genetic effects at one
site would not be a good predictor of these effects at the other
site (i.e., trees that are competitive at site 1 may not have the
same performance at site 2). In general, the 7, , and 7,,,, were
low and negative for all studied traits, excepting 7,,,., for DBH
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(Table 3). This suggests that there is a high level of uncertainty
when predicting the competition breeding values in a non-
tested environment based on the additive direct breeding values
from a tested environment. Therefore, these results show that it
is not feasible to predict the additive (or competition) genetic
effects in a site based on the additive (or competition) genetic
effects evaluated elsewhere.

Inter-tree competition may affect the efficiency of multi-
environmental genetic selection. Therefore, a relevant ques-
tion for breeding purposes is whether or not the predicted tree
BVs from MSM and the predicted BVs from MCM lead to
comparable rankings. In our study, positive and very high
Spearman correlations between the BVs of both models were
obtained for TH and NSTR traits. However, the moderate
Spearman correlation observed for DBH could be indicating
that for more competitive traits, the selected trees from any of
these models could be very different. It would be difficult to
identify which of the two predictors (MSM versus MCM) is
closer to the real (unknown) values without a proper valida-
tion. However, we could assume that predicted additive direct
breeding values from MCM are supposedly less affected by
bias due to the fact of a proper account of competition, which
is ignored under MSM. Such prediction could, therefore, lead
to more accurate rankings of tree genetic merit. In that sense,
ignoring competition in multi-environment analyses may sub-
stantially compromise selection decisions and genetic prog-
ress for growth in DBH. As this is the first study to use a
multi-environment competition individual-tree mixed model
in forest genetics, no comparison with other studies is possi-
ble. However, from a single-site univariate standard and
competition-spatial mixed models, Cappa et al. (2016)
showed a similar result for the top 10% ranked individuals
for DBH. In addition, trees with the most competitive advan-
tage over its neighbors for DBH (i.e., those with the most
negative breeding values) were, in general, the best ranked
and stable trees across the two models (Fig. 2), implying that
the selection based only on the additive (or direct) breeding
value could increase the level of competitiveness in DBH
growth for the next population of improvement. As suggested
by Hernandez et al. (2019), a breeding strategy based on
selecting less competitive genotypes might reduce the number
of suppressed individuals in forests, increasing yields per unit
area of future commercial plantations.

5 Summary and conclusions

Given the likely presence of genetic competition when testing
trees across environments, we presented an extension of the
single-environment competition individual-tree mixed model
(MSM). To our knowledge, this is the first study that uses a
multi-environment competition individual-tree mixed model
(MCM) in forest tree breeding. We illustrated the use of the
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proposed model by fitting growth (DBH and TH) and stem
straightness (NSTR) data from two full-sib progeny trials of
Pinus elliottii var. elliottii x Pinus caribaea var. hondurensis
assessed at age 10. The proposed MCM gave a better fit (low-
er AIC value) than the simpler model (i.e., one without com-
petition effects or MSM). This was noticeable especially for
traits showing the highest competition genetic effects in the
study such as DBH and also to a lesser extent in TH. In gen-
eral, accounting for competition increased the estimated direct
additive variance and reduced the dominance genetic and
residual variances compared with results from the MSM.
This tendency was stronger for DBH due to its greater
susceptibility to inter-tree competition. For TH and
NSTR traits, the trend was also detectable, but weaker.
Although ignoring competition genetic effects did not re-
sult in a significant change in the magnitude of the across-
site additive genetic correlation, it led to different predic-
tions of breeding values for DBH, compared to those of
the model with competition MCM. Finally, across-site
additive competition—competition genetic correlations
were low for all traits (7,,, < 0.24), suggesting that ge-
netic component of competition among trees may depend
on environmental circumstances. In summary, when traits
are strongly affected by inter-tree competition, the use of
the multi-environment competition individual-tree mixed
model in MET analyses of forest genetic trials can im-
prove the fit of the model, which could further benefit
accuracy and bias in the prediction of breeding values.
Moreover, this kind of analyses open the door to the use
of competition in selection decisions with the aim of im-
proving global at the level of the plantation.
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Annex
Diagnosis of competition effects

The presence of competition effects for each trait—site combi-
nation was examined by using the isotropic empirical
semivariogram of residual (see Fig. 1) from a multi-
environment individual-tree mixed model with fixed effect
of overall site means, and random plot, check lot, additive
(breeding values) and dominance genetic effects, and random
residuals (see details in Eq. (1). In the presence of inter-tree
competition, the semivariogram depicts a decreasing variation
at very short range (i.¢., a sudden initial drop). For the first trial
analyzed (site 1), while DBH and NSTR exhibited a moderate
competition at the residual level, with a tendency toward a
decreasing variation at very short range and a non-general
trend at medium and large distances, TH displayed a slight
tendency toward increasing variation at close distances. Site 2
showed a strong competition at the residual level with a sud-
den initial drop of the variation for the three traits analyzed. To
identify competition effects at the genetic level, we then stud-
ied the correlation between additive direct and competition
genetic effects (7,,) for each trait within each site using a
multi-environment individual-tree competition mixed model
(see details in Eq. 2). A high and negative correlation between
both types of genetic effects (7,,, > — 0.3) suggests strong
genetic competition (e.g., Resende et al. 2005). In our study,
this correlation was negative for the three traits studied at both
sites, except for NSTR (0.41) at site 1, while it was strong for
DBH at sites 1 and 2 (— 0.36 and — 0.95, respectively) and
NSTR at site 2 (— 0.42), and moderate for TH at sites 1 and 2
(= 0.12 and — 0.17, respectively).
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