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Abstract The estimation of quantitative genetic

parameters in breeding programs is important to

ensure efficient selection. In this context, knowledge

of the mating system is critical, as it underpins

assumptions about inter-relatedness on which variance

component estimation depends. However, proper

account of the breeding system is not always taken,

either because it is unknown and/or because it is

ignored. That eucalypts have a mixed-mating system

is well-established, however many breeders use mod-

els that assume outcrossed mating with an infinite

number of male parents (i.e. allogamous mating), from

which genetic parameter estimates are then used to

predict genetic gains. First-generation, open-polli-

nated progeny tests of Corymbia citriodora subsp.

citriodora and C. citriodora subsp. variegata, being

managed for seed production, were used to investigate

the likely bias, resulting in overestimation of genetic

parameters under the assumption of allogamous

mating. When we assumed allogamous mating, we

observed inflated predictions of additive variance and

narrow-sense heritability (ĥ2a) of diameter at breast

height and height. The overestimate of ĥ2a was

approximately 32% for C. citriodora subsp. citriodora

and 21% for C. citriodora subsp. variegata. Inappro-

priate modelling of relatedness in eucalypts that

assumes panmictic outcrossing when in fact these

species have a mixed-mating system results in over-

estimates of the population genetic gain with

selection.
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Introduction

Evaluation of breeding programs based on predictions

of genetic and phenotypic parameters obtained by

studies in quantitative genetics is important both for

conservation and to assure efficient selection, espe-

cially for perennial plants (Pires and Resende 2011;

Bernardo 2010). Studies on many species have been

carried out assuming that they have either a predom-

inantly autogamous reproductive system, whose

outcrossing rate (t) ranges from 0.00 to 0.05, or an

allogamous one, with 0:95� t\1:00 (Fuchs et al.

2015). However, rates of t in eucalypt species

(Eucalyptus and Corymbia) range widely, for example

Eldridge et al. (1993) document rates between 0.45

and 0.96. The assumption that the eucalypt reproduc-

tive system is predominantly allogamous is therefore

inappropriate.

Species with a mixed-mating system are problem-

atic for geneticists and plant breeders, as modelling

relationships within breeding populations and making

selections is complicated (Namkoong 1966; Vencov-

sky et al. 2001). Considering species as either

completely autogamous or allogamous when they in

fact have a mixed-mating system will lead to errors in

prediction of breeding values, and consequently, in the

selection of superior genotypes.

To avoid overestimation of genetic parameters such

as heritability, genetic variances (i.e. r2A = additive

variance, r2D = dominance variance) and genetic gains

in breeding programs, the genetic variance of progeny

(r2p) or covariance of any two relatives (1XY ) based on a

test of open-pollinated families should be estimated

(Cockerham and Weir 1984) as:

r̂2p ¼ 2hXYr
2
A þ 2ðD €Xþ €Y � d €X €YÞr2D þ 2ðc €XY þ cX €YÞD1

þ d €X €YD
�
2 þ ðD €X� €Y � FXFYÞH�

þ ð ~DXY � FXFYÞðH2 � H� ð1Þ

where FX , FY , hXY , D €Xþ €Y , D €X� €Y , d €X €Y , c €XY , cX €Y

measures the identity for a locus for individual

X with alleles x1 and x2, and individual Y with alleles

y1 and y2 (see Cockerham and Weir 1984), D1 is the

covariance between the additive effects and homozy-

gous dominance effects, D�
2 is the total variance of

homozygous dominance effects, ~DXY is the probability

for two individuals X and Y that two genes at the ith

locus of one and the same two genes at the jth locus of

the other are identical by descent, and H–H� are the

correlation of inbreeding at different loci within

individuals.

The assumption that r2p ¼ 1=4r2A, which is used in

the case of true half-sib seedling families (t ¼ 1) is a

misleading over-simplification. The traditional

approach to dealing with the mixed-mating system in

open-pollinated progeny tests of forest trees has been

to modify estimates of additive genetic variance by

assuming a coefficient of relationship (q) of less than
1=4 (e.g. Squillace 1974). The coefficient of relation-

ship is a measure of the proportion of genes that two

individuals have inherited directly from a common

ancestor (Wright 1922). This is to account for an

assumed proportion of selfed and other inbred indi-

viduals. The coefficient of relationship between two

individuals is given by:

qXY ¼ 2hXY
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ FXÞð1þ FYÞ
p ð2Þ

where FX and FY are their inbreeding coefficients and

hXY is their coefficient of co-ancestry.

The coefficient of relationship can then be used to

appropriately scale the estimate of additive variance

(r2A) in the calculation of narrow sense heritability ĥ2a
thus:

ĥ
2

a ¼
ð1=qÞr̂2A

r̂2P
ð3Þ

where r2P is the estimated phenotypic variance com-

ponent. Eldridge et al. (1993), reiterated by Bush et al.

(2011), recommended a value of q = 1/2.5 as appro-

priate for eucalypts, though values between 1/4 and

1/1.85 have been used in various eucalypt studies

(Hodge et al. 1996). However, a recent trend has seen

several eucalypt studies published that simply assume

that q = 1/4 (e.g. Apiolaza et al. 2011; Cane-Reta-

males et al. 2011; Denis et al. 2013; Henson et al.

2008; Mora et al. 2009; Pelletier et al. 2008; Raymond

et al. 2008; Rojas et al. 2017; Vargas-Reeve et al.

2013), noting that some of these studies have

acknowledged that their heritability estimates may
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be upwardly biased as a result. A possible justification

for setting q = 1/4, even when a mixed-mating system

is likely or known to be in operation, is that actual the

degree of inbreeding is unknown.

In the case of the (1XY or r
2
p) expression proposed by

Cockerham and Weir (1984) the level of kinship

(FX;FY ; hXY ;D €Xþ €Y ; d €X €Y ; c €XY ; cX €Y ;D €X €Y ;
~DXY and d €X €Y

) is

increased by the mixture of different genetic consti-

tutions of individuals. However, the dominance com-

ponents, in particular, cannot be predicted in open-

pollinated progeny tests. Thus, to simplify the expres-

sion we have: r̂2p ¼ 2 1
4
ð1þ F̂Þr̂2A þ V̂ ¼ ð1þF̂Þr̂2

A

2
þ V̂ ,

we would have an approximate estimate of r2A where V̂
is a bias [showed in Eq. (1)], that is not easily

estimated in tree species. Thus, the effect of selection

(genetic gain) is complex in this type of population.

The use of molecular markers to provide informa-

tion on forest-tree breeding systems is now becoming

more prevalent, and the opportunity to provide

a better-informed estimate of the degree of selfing

for a breeding population is now possible. In the case

of Corymbia species, a number of marker-based

determinations of outcrossing have beenmade. Selfing

rates for Corymbia citriodora subsp. citriodora are

estimated as s ¼ 0:15 based on an isozyme markers

(Yeh et al. 1983), and for C. citriodora subsp.

variegata as s = 0.10 using microsatellite markers

(Bacles et al. 2009).

Commercial eucalypt plantations are important

around the world, however only a few species and

their hybrids are widely planted, especially species

that belong to the genus Eucalyptus L’Hér. Within

Eucalyptus the subgenus Symphyomyrtus Schauer in

J.G.C. Lehmann contributes the most widely-planted

species (Harwood 2011; Potts and Dungey 2004).

However, Corymbia K.D. Hill & L.A.S. Johnson

species, particularly C. citriodora (Hook.) K.D. Hill &

L.A.S. Johnson and hybrids with C. torelliana (F.

Muell.) K.D. Hill & L.A.S. Johnson, have shown

promise in tropical and subtropical regions (Lee 2007;

Lee et al. 2009).

The Corymbia genus includes the spotted gum

complex of species that is distributed naturally on the

east coast of Australia. The complex has a distribution

from tropical north Queensland (C. citriodora subsp.

citriodora) through subtropical latitudes in southern

Queensland and northern NSW (C. citriodora subsp.

variegata and C. henryi) to temperate Victoria in

south-east Australia (C. maculata). In Brazil, Corym-

bia taxa are of interest for planting in regions that may

become unsuitable for Eucalyptus species in future

due to abiotic and biotic stress driven by climate

change. In addition, pest and disease incidences are

also expected to increase, due to the expansion of large

areas of genetically- and silviculturally-homogeneous

forest plantations (Wingfield et al. 2008). The Corym-

bia spp. have shown differences in resistance and

tolerance to heat, water stress and pest and disease

resistance relative to Eucalyptus species (Brawner

et al. 2011; Dianese et al. 1986). These differences

may be used to advantage when Corymbia species and

hybrids are planted as components of a more-diverse

mix of plantation species.

The area planted to spotted gums has recently

expanded in many countries of the world, especially

sub-tropical and tropical plantation regions, due to

their edaphic and climatic adaptation, potential for fast

growth and useful wood properties (e.g. Lee 2007;

Gardner et al. 2007; Morais et al. 2010; Brawner et al.

2012; Lin et al. 2017). Pure-species breeding programs

of C. citriodora are not being progressed in Brazil,

though interest in Corymbia hybridization for envi-

ronmental-stress-resilient commercial plantations

(Lee et al. 2009) with improved wood quality and

resistance to pests and diseases (Segura and Silva Jr.

2016) is now emerging. Brazil is also one of the largest

producers of C. citriodora essential oil in the world

(Reis et al. 2013), and this may provide further

impetus for renewed interest in genetic improvement.

This study aimed to answer the follow questions

regarding two Corymbia spp.: (1) is there enough

genetic variability in silvicultural traits in open-

pollinated families, evaluated at ages 18 and

36 months, to provide a sufficiently broad base

populations?; (2) how does the marker-based estimate

of inbreeding (s) influence the estimated genetic

parameters at these ages?

Materials and methods

Experimental location and design

In August 2013, two seedling-based Corymbia spp.

progeny trials were established using open-pollinated,

seed-orchard seedlots. For C. citriodora subsp.
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citriodora (CCC), family seedlots were sourced from

plus trees located at Ouricangas, Bahia State, (ex

Zimbabwe), while C. citriodora subsp. variegata

(CCV) originated from Anhembi, São Paulo State

(based on wild families from Woondum and Won-

dai—CSIRO seedlots 14426 and 14434). The com-

mercial controls (checks) used in the trials were

seedlots from Anhembi (ex Lat 15�000S to 17�000S),
Barra Bonita (ex. Rio Claro) and Bauru (ex Rio Claro).

The trials were established in the ‘‘Estação Experi-

mental de Ciências Florestais’’ owned by Escola

Superior de Agricultura ‘‘Luiz de Queiroz’’, Univer-

sidade de São Paulo (ESALQ/USP), located in Itatinga

Municipality, São Paulo State, (23�030S, 48�220W) at

840 m altitude and with climate classified as Cwa

under the Koeppen Climate Classification (CEPAGRI

2018). The experimental designs were randomized

complete block with 48 and 32 families of CCC and

CCV, respectively, with three-tree linear plots and 8 or

10 replicates per trial (Table 1).

Measurement and mating system assumptions

In July 2016, 36 months after planting, diameter at

breast height (DBH) and height (H) of the individual

trees were evaluated. The estimates of genetic param-

eters were obtained using different selfing rates (s),

given by s ¼ 1� t, first considering s ¼ 0, then

considering s ¼ 0:15 for CCC based on an isozyme

marker estimate (Yeh et al. 1983) and s ¼ 0:10 for

CCV based on a microsatellite marker estimate

(Bacles et al. 2009).

Linear model and genetic parameter estimation

For this analysis, we used a linear mixed model of the

form:

y¼ XrþZaþWbþ e ð4Þ

where y is the phenotypic data vector for a trait; X is

the incidence matrix of fixed effects; r is the fixed

effects vector (general mean and complete-block

replicate effects); Z is the incidence matrix of genetic

random effects; a is the vector of family genetic

random effects; W is the incidence matrix of plot

effects; b is the vector of plot effects (random) and e is

the vector of residuals (random).

We fitted a univariate normal plot function that uses

both the numerical Shapiro–Wilks test and graphical

methods to test for normality of residuals, using R

statistical language (R Core Team 2018).

We used the Restricted Maximum Likelihood

procedure (REML) to estimate the variance compo-

nents from Eq. (1): genetic variance among families

(r̂2p), environmental variance among plots (r2plot) and

residual variance (r̂2e). Phenotypic individual variance
(r̂2P) is given as

r̂2P ¼ r̂2p þ r̂2plot þ r̂2e ð5Þ

We estimated narrow-sense heritability (ĥ2a), the

determination coefficient of plot effects (ĉ2plot) and

selection accuracy (Acprog). Narrow-sense heritability

was estimated using Eq. (3) with q = 1/4 correspond-

ing to true half-sib relationships among open-polli-

nated family members.

We estimated the coefficient of experimental

variation (ĈVexpð%Þ) and the genetic variation coef-

ficient (ĈVg%), using the expressions ĈVexpð%Þ ¼
ffiffiffiffiffi

r̂2e
p

�

m
� �

� 100 and ĈVgð%Þ ¼
ffiffiffiffiffi

r̂2p
q

.

m
� �

� 100,

wherem is the general mean of the original population.

For all these estimates we considered the species as

perfectly allogamous (s ¼ 0).

To examine the effects of mixed mating on

heritability estimates, h2a was again estimated with

values of q updated to reflect the published marker-

Table 1 Number of families, replicates and total trees evaluated per species in the experimental trials at Ouricangas, Bahia State

Brazil

Species Total number of genetic entries a Number of families Number of blocks Total trees

Corymbia citriodora subsp. citriodora 50 48 8 1152

Corymbia citriodora subsp. variegata 34 32 10 930

aSum of families and control treatments
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based selfing rates for CCC and CCV. From Resende

et al. (1995), the coefficient used to correct the value of

variance among families considering the mixed-mat-

ing system was

ð1þ ŝÞ2

2ð2� ŝÞ ð6Þ

that is derived following Wright and Cockerham

(1986). Thus, for a selfing rate of s = 0.1 applicable to

CCV this corresponds to q = 1/3.3; and for a selfing

rate of s = 0.15, applicable to CCC, this corresponds

to q = 1/3.0. It also corresponds to Squillace (1974)

correction for heritability, that is given in this situation

by ĥ2a ¼
r̂2p

rOO�r̂2
P

when parents are uncorrelated (artifi-

cial stands), and considering the proportion of effec-

tive natural selfing and correlation among the families

(rOO). In our case, for s = 0.10 and s = 0.15, the

correlations among families were rOO = 0.30 and

rOO = 0.33, respectively and correspond to the q
values previously stated.

All computations were implemented with model

110 of the SELEGEN-REML/BLUP Software (Re-

sende 2007). This model has in-built functionality that

allows the user to apply various estimates of s and

automatically applies Eq. (6).

The significance of the family variance component

(r̂2p) was tested by comparison with a separate model,

where the term had been omitted, using the likelihood

ratio test (see for example Resende 2007; Gilmour

et al. 2009) implemented using SELEGEN-REML/

BLUP Software Model 5 (Resende 2007).

Results and discussion

Genetic parameter estimates

The residuals were normally distributed, and we found

significant family effects (r̂2p) for all traits (Table 2),

indicating genetic variability among the families

studied, making selection and breeding for growth a

viable option (Namkoong 1966; Zimback et al. 2011).

Other authors have also observed significant variabil-

ity for growth and silvicultural traits inC. citriodora at

ages between 13 months and 25 years (Morais et al.

2010; Brawner et al. 2011).

The high ĈVexpð%Þ values that we observed may be

due to within-trial environmental variance not

accounted for by the experimental design (Pimentel-

Gomes and Garcia 2002), which is reflected by the

large proportion of r̂2e to r̂2P (Table 3), greater than

76% for all traits. The ĈVexpð%Þ values were classified
as high (ranging from 24.2 to 30.2%) for DBH and as

high (ranging from 16.8 to 21.2%) to very-high

([ 21.2%) (Mora and Arriagada 2016). However,

ĈVexpð%Þ with high values are not unusual in progeny
testing of eucalypt species (Moraes et al. 2007; Berti

et al. 2011; Costa et al. 2015).

In contrast to the ĈVexpð%Þ classification, the

estimated determination coefficient of plot effects

(ĉ2plot) was considered low (Table 3), as gauged by the

relation c2plot

.

h2a � 1=3, which indicates relatively

little environmental variation among plots, within

blocks, and low environmental correlation among

observations within plots (Resende and Sturion 2003).

These results mean that we had high experimental

precision and low environmental variability within

plots, contributing to good accuracy of genetic

parameters estimates (Resende 2002; Pagliarini et al.

2016).

The ĈVgð%Þ estimates were much higher than what

has been reported in the literature for open-pollinated

families of other eucalypt species including Eucalyp-

tus tereticornis Sm. at age 25 years (Macedo et al.

2013), Corymbia maculata (Hook.) K.D. Hill &

L.A.S. Johnson at age 4 years (Sato et al. 2010) and

E. camaldulensis at age 19 years (Moraes et al. 2007),

which ranged between 2.8 and 5.39% for DBH and H,

whereas we observed values between 6.79 and

11.92%. We observed high values of Acprog for DBH

and H at both ages (0:70�Acprog\0:90) (Resende

and Duarte 2007). These results allowed us to infer

high precision in genetic variation of observed phe-

notypic traits. Indeed, Acprog refers to the correlation

between predicted genetic values and the true genetic

values for each tree (Resende 2002; Moraes et al.

2007; Costa et al. 2015).

The ĥ2a estimates, related to the component of

inheritance that is effectively transmitted to the next

generation (Falconer and Mackay 1996; Bernardo

2010), were classified as moderate (0:15\ĥ2a � 0:50)

to high (0:50\ĥ2a) (Resende 2002) for all the traits
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evaluated (Table 3) with estimates for CCV higher

than those for CCC. Hung et al. (2016) observed

estimates of ĥ2a for CCV at age 3 years of 0.34 ± 0.03

and 0.42 ± 0.04 for DBH and H, respectively, which

was similar to what we found in CCC and lower than

what we observed for the same species. Though Hung

et al. (2016) postulated that their results may be biased

due to the use of one-third rather than 1/2.5 for the

coefficient of relationship among families and the

heavy thinning in some trials, their assumption is

similar to our assumption of 1/3.3. Moreover, is

probable that our own estimates of additive variance

are inflated, due to (1) confounding of genotype-by-

environment interaction (GxE) variance with additive

variance, due to the single-site trials that do not allow

estimation of GxE and (2) lack of pedigree

Table 2 Deviance analysis and likelihood ratio tests for families (LRTProg), and control seedlots (LRTGM) for each trait at ages 18

and 36 months

Species Devianceb Traitsa

DBH18 H18 DBH36 H36

C. citriodora subsp. citriodora LRTProg 35.68** 73.02** 47.36** 33.81**

LRTGM 0.08ns 3.47ns 0.01ns 0.34ns

C. citriodora subsp. variegata LRTProg 46.10** 67.16** 73.51** 73.77**

LRTGM 0.22ns 2.91ns 0.02ns 0.14ns

aDBH18 = diameter at breast height at 18 months old (cm); H18 = height at 18 months old (m); DBH36 = diameter at breast height at

36 months old (cm); H36 = height at 36 months old (m)
bns = not significant; * = significant to 5% of error probability; ** = significant to 1% of error probability

Table 3 Estimates of variance components and variation coefficients for Corymbia spp. traits at 18 and 36 months old, assuming

open-pollinated families comprise entirely of half-sib, within-family relationships

Parameter

estimatea
Traitsb

C. citriodora subsp. citriodora C. citriodora subsp. variegata

DBH18 H18 DBH36 H36 DBH18 H18 DBH36 H36

r̂2p 0.06 0.15 0.52 0.44 0.11 0.13 0.42 0.31

r̂2plot 0.01 0.05 0.02 0.09 0.01 0.03 0.02 0.02

r̂2e 0.61 0.69 4.83 4.47 0.74 0.52 2.45 1.52

r̂2P 0.67 0.89 5.38 5.01 0.87 0.68 2.88 1.84

ĥ2aðSEÞ 0.35 (0.10) 0.68 (0.14) 0.39 (0.11) 0.35 (0.10) 0.52 (0.13) 0.74 (0.16) 0.58 (0.14) 0.67 (0.15)

ĉ2plot 0.01 0.05 0.00 0.02 0.01 0.05 0.01 0.01

Acprog 0.83 0.90 0.85 0.83 0.90 0.93 0.91 0.92

ĈVgð%Þ 7.93 9.49 9.67 6.79 10.27 8.43 11.92 7.99

ĈVexpð%Þ 25.48 20.19 29.49 21.65 26.43 17.12 28.86 17.65

�yp 3.05 4.12 7.46 9.77 3.26 4.20 5.42 6.98

ar̂2p: genetic variance among families; r̂2plot: environmental variance among plots; r̂2e : residual variance (environmental ? not

additive); r̂2P: phenotypic individual variance; ĥ
2
aðSEÞ: heritability in the narrow sense (standard errors of heritability estimates); ĉ2plot:

determination coefficient of plot effects; Acprog: selective accuracy; ĈVgð%Þ: coefficient of genetic variation; ĈVexpð%Þ: coefficient of
experimental variation; �yp: general mean

bDBH18 = diameter at breast height at 18 months old (cm); H18 = height at 18 months old (m); DBH36 = diameter at breast height at

36 months old (cm); H36 = height at 36 months old (m)
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information including provenance of ancestral origin

information for the families. Although these trials are

based on later-generation selections, persistent prove-

nance effects (that include non-additive genetic vari-

ation) have been observed in other, later-generation

eucalypt trials (Swain et al. 2015).

Genetic gains

The importance of considering the mixed reproductive

system to obtain genetic estimates and predicting

genetic gains with the selection of the best individuals

is evidenced by the results that we observe in the

present study.

When we use t̂ ¼ 0:85 and t̂ ¼ 0:90 for CCC and

CCV, respectively, the estimates of ĥ2a at both ages

were reduced (Table 4) relative to the estimates from

the half-sib model. Open-pollinated families of plants

with mixed-mating system will comprise at least three

types of relative (selfs, half-sibs and full-sibs)

(Namkoong 1966), and more if near-relative inbreed-

ing and ancestral inbreeding are considered. This can

result in overestimates of heritabilities and, conse-

quently, inflation of predicted genetic gain if we

consider that all within-family relationships are half-

sibs, as has been done by some forest tree breeders.

Inbreeding depression and dominance effects are also

likely to be complicating factors associated with

mixed mating.

The inattention of breeders and researchers to the

importance of the reproductive system in estimates of

genetic parameters and gain by selection is easily

observed with only a few studies (e.g. Zanata et al.

2010; Berti et al. 2011; Macedo et al. 2013; Bush et al.

2011) dealing with the effect of a mixed breeding

system on the prediction of genetic gain. In the present

research, the overestimates of ĥ2a range from 20.93 to

21.01% and 32.22 to 32.25% for CCV and CCC,

respectively (Table 4). These values are lower than

those estimated (ĥ2a = 46.5%) for DBH and H in

Eucalyptus pellita (F. Muell.) families at age 23 years

(Zanata et al. 2010). These authors used a mean t̂ ¼
0:557 obtained from three populations of E. pellita

(House and Bell 1996). Similarly, Berti et al. (2011)

obtained overestimates of ĥ2a between 40.38 and

64.31% for 24-year-old Eucalyptus cloeziana (F.

Muell.), using a mean t̂ ¼ 0:754 obtained from 18

species of Eucalyptus.

The predicted genetic gain by selection, in percent-

age, is given byGs% ¼ ð�ys � �ypÞ � ĥ2a
� 	�

�yp

 �

� 100,

where �ys is the selected families average and �yp is the

families general average. Then, the lower estimates of

ĥ2a when we consider the mixed reproductive system

leads to lower values of genetic gain (Gs%), and these

underestimates will be greater than the observed to ĥ2a,

since the mean of the selected population tends to be

reduced too. Goodwillie et al. (2005) presented

updated evidence suggesting that mixed reproductive

systems are more frequent than previously thought,

showing the importance of studying the evolutionary

and biometric scope for these species.

Table 4 Estimates of narrow-sense heritability (ĥ2a) considering different outcrossing rates (t) for Corymbia spp. traits at ages 18 and

36 months

Parameter estimatea Traitsb

C. citriodora subsp. citriodora C. citriodora subsp. variegata

DBH18 H18 DBH36 H36 DBH18 H18 DBH36 H36

ĥ2aðSEÞ (HS) 0.35 (0.10) 0.68 (0.14) 0.39 (0.11) 0.35 (0.10) 0.52 (0.13) 0.74 (0.16) 0.58 (0.14) 0.67 (0.15)

ĥ2aðSEÞ (MMS) 0.26 (0.08) 0.52 (0.11) 0.29 (0.08) 0.27 (0.08) 0.43 (0.11) 0.61 (0.13) 0.48 (0.11) 0.56 (0.12)

Overestimate (%) 32.25 32.24 32.24 32.22 20.93 21.01 21.01 21.01

aĥ2aðSEÞ: heritability in the narrow sense (standard errors of heritability estimates); HS = estimates considering half-sibs;

MMS = estimates considering mixed-mating system
bDBH18 = diameter at breast height at age 18 months (cm); H18 = height at age 18 months (m); DBH36 = diameter at breast height at

age 36 months (cm); H36 = height at age 36 months (m)
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Though we have used molecular marker-based

estimates of outcrossing to better estimate the coeffi-

cient of relationship in this study, there are a number of

complicating factors in connection with the eucalypt

mixed-mating system that should also be considered.

Firstly, the estimation of outcrossing rates from

seedling populations may lead to an overestimation

of s in the adult population of trees. Selection against

inbred individuals is normally very high in eucalypts,

such that in some species, very few inbred individuals

survive to reproductive maturity (e.g. Costa e Silva

et al. 2010; Griffin and Cotterill 1988; Hardner and

Potts 1997), though this does not appear to be the case

for all eucalypt populations (Bush and Thumma 2013).

A further, often-overlooked complication is the like-

lihood of full-sib progeny within families (i.e. indi-

viduals that share a common pollen parent). The

assumption of panmixia in eucalypt seed orchards is

unrealistic, especially in the quite-common case that a

few, unrelated individuals flower synchronously with

each other but not with the majority of other genotypes

in the stand. As full-sibs are more-closely related than

are half-sibs, but are not inbred, they are likely to

survive to reproductive maturity. Their presence is a

reason to choose a coefficient of relationship reflecting

slightly greater average relatedness than would be

chosen on the basis of correcting for inbreeding alone.

In addition to these considerations, the issue of non-

homogenous rates of inbreeding and relatedness

among families and provenances can be significant

(Bush et al. 2015), especially where breeding popu-

lations contain a mix of wild (first generation), land-

race and later-generation materials.

In addition, breeders of these species may be

misrepresenting the number of trees (m) required to

retain a suitable effective population size (Ne). If

breeders do not properly model the relationship

between progeny within a species with a mixed-

mating system, they neglect the intraclass correlation

that will exist between these individuals. Indeed,

mixed-mating populations differ from allogamous and

autogamous ones because they are likely to be

composed of a mixture of individuals with different

degrees of inbreeding. Inbreeding influences individ-

ual phenotypic values and genetic variances. As an

example, if we consider an open-pollinated population

of a species without intraclass correlation and that the

species reproduces by panmictic outcrossing, the

value of coancestry (hxy) will be 0.125, inbreeding

(f) will be 0 and m can be estimated in a straightfor-

ward manner. However, if there is 10% selfing, one in

ten trees will have a self-half-sib relationship with the

other nine, and on average, each family will have a

higher intraclass correlation than expected in a

panmictic, allogamous population. To retain the same

effective population size, the breeder needs to main-

tain a larger number of trees, in a sample (n) taken

from a large population in equilibrium

Ne ¼ n
1þF

¼ nð1� 0:5sÞ, where n is the number of

generations and F is the fixation index (inbreeding

coefficient).

Concluding remarks and future considerations

for eucalypt breeding

The study populations exhibited moderate genetic

variability, with potential to become breeding base

populations. Estimation of variance components and

prediction of genetic gain under the assumption of

complete outcrossing in a species which has a mixed-

mating system results in overprediction of genetic

gain, leading to significant errors in the selection of

superior trees and/or families.

Our results show that when we model eucalypt

species with complete allogamy there is some upward

bias in additive genetic variance estimates and there-

fore of genetic parameters that depend on this

quantity. Thus, seeds for this species can be produced

with deviations from random mating, with open-

pollinated seedling families presenting various levels

of relatedness.

With the recent emergence of next-generation

molecular techniques, studying the breeding system

and making estimates of relatedness among individual

trees has become faster and cheaper. This allows a

much more accurate characterisation of a species’

mating system, in which case there is no justification

for using an approximation that leads to error in

selection of superior genotypes, as illustrated by our

results. Though not routinely carried out, a number of

studies of eucalypt genetic parameters informed by

marker-based estimates of relatedness and population

structure have been made in recent years, either based

on marker data taken directly from the breeding

populations (e.g. Bush et al. 2015; Cappa et al. 2016;

Klápšte et al. 2017), or like in the present study,

making use of previously determined marker-based
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estimates of outcrossing (Varghese et al. 2017). The

advent of high-density markers that can be obtained

through genotyping-by-sequencing or ‘‘SNP-chip’’

technologies has opened the door for detailed estima-

tion of inter-tree relatedness. In some cases, it may

even be possible to estimate dominance variance in

populations where sufficient full-sib relationships

exist (e.g. Doerksen and Herbinger 2010; Klápšte

et al. 2017), opening the door for significantly more-

realistic estimation of quantitative genetic parameters

in species with mixed-mating systems.
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progênies de Eucalyptus tereticornis aos 25 anos de idade

em Batatais-SP. Sci For 41(100):533–540

Mora F, Arriagada O (2016) A classification proposal for

coefficients of variation in Eucalyptus experiments

involving survival, growth and wood quality variables.

Bragantia 75:263–267

Mora F, Gleadow R, Perret S, Scapim CA (2009) Genetic

variation for early flowering, survival and growth in sugar

gum (Eucalyptus cladocalyx F. Muell) in southern Ata-

cama Desert. Euphytica 169:335–344

Moraes MA, Zanatto ACS, Moraes E, Sebbenn AM, Freitas
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Genética e melhoramento de populações mistas. In: Nass

LL, Valois ACC, Melo IS, Valadares-Inglis MC (eds)
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