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Abstract

The Atlantic Forest has very high levels of biodiversity and is
considered one of the most important and threatened biomes
in the world. Balfourodendron riedelianum is one of the forest’s
characteristic tree species that is currently under considered
endangered due to timber extraction and forest fragmentati-
on. With the goal of generating information that may contribu-
te to the genetic conservation of B. riedelianum, genetic para-
meters are estimated for quantitative traits important for
silviculture in a provenance and progeny test located in the
Experimental Station of Luiz Antonio, Sdo Paulo State, Brazil.
The test was established in 1986 and consists of three prove-
nances, from which open-pollinated seeds from 19 seed trees
were collected. The following traits were evaluated at 32 years
of age: diameter at breast height (DBH), total height (H), stem
height (SH), stem straightness (SS), and forking (FOR). The esti-
mates were carried out using the REML/BLUP method. Signifi-
cant genetic variation among progenies was detected for all
traits (except SH) and between provenances for DBH. The coef-
ficient of individual genetic variation (V) range;:i from 2.5 to
9.5 %. The mean heritability among progeny (hf ) was subs-
tantial for DBH (0.44) and FOR (0.36), enabling the selection of
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families with the highest DBH and lowest FOR for population
improvement. Genotypic and phenotypic correlations among
traits were also found. We conclude that there is genetic varia-
bility in the population that can be exploited in future bree-
ding programs and for the genetic conservation of the species.

Keywords: : Genetic variation, genetic enhancement, pau-mar-
fim, provenance and progeny test, tree improvement

Introduction

Natural forests around the world have been devastated exten-
sively due to the expansion of agriculture, livestock, and urban
development (Lander et al., 2010). Combined with the current
pattern of consumption, this has resulted in increasing pressu-
re on natural resources and severe alterations to ecosystems
(Kareiva et al., 2007). Consequently, the native forest cover in
most tropical regions has become highly fragmented (Ribeiro
etal, 2009).

Fragmentation isolates populations spatially and repro-
ductively due to changes in the breeding system resulting
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from the alteration of individual tree density and pollinator
behaviour (Aguilar et al., 2008). This process results in a loss of
alleles, reduced heterozygosity and gene flow, and increased
inbreeding and genetic differentiation among populations
(Tambarussi et al., 2017). The main consequence of inbreeding
is the phenomenon known as inbreeding depression, which
occurs due to the expression of deleterious recessive alleles,
which leads to reduced productivity, fertility, and seed viability,
subjecting fragmented populations to even greater risk of
extinction (Tambarussi et al., 2015). In this sense, ex situ conser-
vation programs are of increasing importance as recent studies
on tropical tree species have found signs of declining genetic
diversity and increased inbreeding in fragmented populations;
however, such changes may take generations to manifest as
remaining adult individuals still represent the pre-fragmentati-
on population (Manoel et al., 2012; Tambarussi et al., 2015).

The ex situ conservation of species carried out in the form
of provenance and progeny tests serve as a source of genetic
material (e.g., seedling seed orchards) for forest restoration,
while also enabling the assessment of genetic parameters for
quantitative traits, the effectiveness of the sampling strategy
used, and the maintenance of genetic variability levels (Seb-
benn et al,, 2007). In addition, they provide relevant informati-
on on the silvicultural behaviour of tree species. Thus, it is pos-
sible to conserve representative samples of populations that,
after being assessed and multiplied, can be used in research on
genetic improvement, conservation, and species management
(Hayward and Hamilton, 1997).

The demand for seeds of native forest species has increa-
sed in recent years (Carmo et al., 2017). An effective alternative
to supply improved seeds for grow traits and that are geneti-
cally variable is the transformation of provenance and progeny
tests into seed orchards (Rocha et al., 2009; Canuto et al., 2016).
This can be done through the thinning of undesirable individu-
als (Rocha et al., 2009). When compared to other types of seed
sources, seed orchards present greater genetic gains in shorter
periods of time and improved large-scale seed production
(Selvik and Topagoglu, 2015).

It is important to emphasize that ex situ conservation is
not sufficient to conserve species, as natural disasters can
result in the loss of gene banks. Therefore, it is fundamental to
reconfigure this conservation strategy and expand it through
reforestation (Sebbenn et al,, 2007). In addition, it is essential to
provide subsidies for the sustainable use and management of
timber and non-timber resources of these species.

Experiments based on progenies from different provenan-
ces enable a better understanding of the genetic variability of
populations of a species, and promote the selection of genoty-
pes that are better adapted to the environmental conditions of
a reforestation site (Menegatti et al., 2016). Meanwhile, the
information obtained complements future breeding programs
and ex situ genetic conservation of the species.

Balfourodendron riedelianum (Engl.) Engl. (Rutaceae) is an
endangered species (IUCN, 2015). The species is a late secon-
dary, deciduous, hermaphrodite tree, with zoophilic pollinati-
on (Carvalho, 2004). The samara-type fruits are dispersed via
anemochory. The tree can reach 35 m in height and 1 m in

diameter at breast height (DBH); it has a straight and cylindrical
trunk with a shaft height of up to 15 m. Its wood is dense (0.84
g cm?, Lorenzi, 2008), poorly resistant, and subject to decay
due to the attack of xylophages, most of which belong to the
Brentidae family (Carvalho, 2004). The wood has high economic
value and is used in civil construction and carpentry (Lorenzi,
2008).

The aim of this study was to quantify the genetic variation and
genetic control of quantitative and qualitative traits in a B. rie-
delianum provenance and progeny test, to make a thinning
and to convert the already established field trial into a seedling
seed orchard. This information will also be useful for the
management of the population in the plantation and for frag-
mented natural populations of the species, contributing to
breeding and genetic conservation programs for environmen-
tal recovery.

Materials and Methods

Study site and sampling

The study was developed using a B. riedelianum provenance
and progeny test established in 1986 at the Luiz Antonio Expe-
rimental Station of the Instituto Florestal de Sdo Paulo, Brazil
(21°40°S, 47° 49' W). The trial was established with open-polli-
nated seeds collected from 19 seed trees in each of three pro-
venances: Alvorada do Sul, Parand State (22° 46’ 49" S, 51° 13’
52" W); Galia (22° 20" 0“ S, 49° 40' 0“ W) and Bauru (22° 19" 0" S,
490 04' 0" W), Sdo Paulo State. A compact family block design
(Wright 1978) was used to establish the trial, with provenances
allocated in plots and progeny within provenance in sub-plots,
using six block replicates, five plants per sub-plot spaced 3 x 3
m, and a double row surrounding the experiment. The total
area of the trial is 1.86 ha. Originally, the trial consisted of 1710
planted individuals (Sebbenn et al., 2007), but due to mortality
(16.8 %), the test has a final total of 1422 individuals. The fol-
lowing traits were measured at 32 years of age: diameter at
breast height (DBH); total height (H); stem height (SH); stem
straightness (SS); and forking (FOR). The traits H and SH were
measured with the aid of a Hypsometer (Hdglof, Hypometer
Vertex Ill). DBH was estimated by measuring the circumference
at breast height with a tape measure. Stem straightness and
forking were categorized following Sant’Ana et al. (2013),
based on a scale of grades, varying from 1 to 5. For SS, the scale
of grades was: 1- strong tortuosity along the whole trunk; 2-
tortuosity below DBH; 3- tortuosity above DBH; 4- weak tortu-
osity along the whole trunk; 5- rectilinear trunk. Grading scale
for forking was determined in relation to the main trunk, with
values ranging from 1 to 5: 1- forking with diameter similar to
main trunk and below the DBH; 2- forking with diameter simi-
lar to main trunk and above the DBH; 3- forking with diameter
lower than main trunk and below the DBH; 4- forking with dia-
meter lower to main trunk and above the DBH; 5- without for-
king.



Estimates of genetic parameters

To verify the significant differences among provenances and
progenies for the traits studied the deviance analysis was used.
The data were analyzed using the Ime4 package (Bates et al.,
2015) in the R statistical environment (R Core Team 2017),
which uses the Restricted Maximum Likelihood procedure
(REML) based on the mixed model v = Xb+Up + Zt + Wbt +e

where: y is the data vector; b is the fixed effect associated with
block; p is the random effect associated with provenances; t is
the random effect associated with progenies; bt is the random
effect associated with the interaction between block and pro-
geny (sub-plot); and e is the residual error. Capital letters repre-
sent the incidence matrices for these effects. From analysis of
variance, the following variance components were estimated:
variance associated with the effect of provenance ( O'; ); gene-
tic variance among progenies (O'2 ); variance associated with
the interaction between block and progeny ( o, ) phenotypic
variance within plots (O vzv)’ and total phenotyplc variance
(O'2 —0'2 +0.+02). The additive genetic variance
(0' = 0' ./ p ,where p=20 ,and p and ® are the coef-
ficients of relatedness and coancestry within progeny, respec-
tively) was estimated assuming open-pollinated progenies as
half-sibs originating from either random mating (O =0.125)
or from non-random mating ( (O =0.138; Aguiar 2018). Herita-
bility in the |nd|V|duaI narrow sense (h , mean herltablllty
among progenies (h -) and heritability Wlthln progeny (h ),
were estimated respectively by:
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where b is the number of blocks and n is the mean number of
trees within sub-plots. We also calculated the coefficients of
genetic variation among progenies (CV,=100(\/c>,/x),
individual addictive genetic variation (CV, =100(/c’/x),
environmental variation (C¥V, =100(y/o, /x) and variation
among provenances ( C¥, =100( /o /x) , where is the mean
of the traits. The coefficient of relative variation was estimated
as CV, =CV,/CV, (Vencovsky and Barriga, 1992). The effecti-
ve population size (N ) was estimated for DBH according to the
expression proposed by Resende (2002):

AN k
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where N, is the number of selected progenies; kf is the ave-
rage number of individuals selected within progenies; and
O'sz is the variance of the number of individuals selected
within progenies.
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Results

The likelihood ratio test (LRT) detected significant differences
among provenances for diameter at breast height (DBH) and
among progeny for all traits except stem height (SH). These
results suggest the presence of genetic variability that can be
exploited through selection (Table 1).

Table 1

Likelihood ratio test (LRT) for provenance and progeny as
the source of variation and mean (x) for the traits diameter at
breast height (DBH), total height (H), stem height (SH), stem
straightness (SS), and forking (FOR).

Source of

o DBH H SH SN FOR
variation
Provenance  4.38° 0.03 0 1.31 0.10
Progeny 34.61" 9.46" 330 13767 8.09”
Mean: x 16.01 cm 15.99 m 752m 405 3.13

"P<0.05; "P<0.01.

Assuming progenies as half-sibs (HS), the estlmates of indivi-
dual narrow sense (hl. ) and within progeny (h ) heritability
decreased 9.4 and 12.6 %, respectively, when corrected using
the within progeny coancestry coefficient (NR) estimated from
the mating system index (Table 2). The corrected values
indicate Iow levels of genetic control for all tralts at the indivi-
dual (h: 0.030-0.133) and family levels (/. : 0. 024-0.112).
However, the mean heritability among progeny (h showed
higher genetic control for the studied traits ( h O 14-0.44),
especially for DBH and FOR. The coefficient ofgenetlc variation
among progenies (CV ) was low for traits (1.3-5 %), and lower
than the individual additive genetic variation (CV,:(2.5-9.5 %).
The coefficient of provenance variation was low (CVp: 1.3-44
%) and was lower than the v, for DBH, SH and FOR, higher for
H and similar for SS. The coefficient of environmental variation
(CV) ranged from low (12 %) to moderate (48.2 %), consistent
with the low v, The coefficient of relative variation (CV) was
low for traits (0.10-0.20), indicating low potential to obtain
genetic gains by selection.

The selection of the best individuals was simulated for
DBH and based on the effective population size (N ). The effec-
tive size of the total population (57 progenies) was 200.6. When
selecting for a smaller N, the number of remaining individuals
is decreased and as expected, the gains with selection increase
(Table 3).

The coefficient of phenotypic correlation (r ;) was signifi-
cantly higher than zero for DBH vs H, H vs SH, H vs SS,SHvs SS,
SH vs FOR, and SS vs FOR and significantly lower than zero for
DBH vs FOR (Table 4). The coefficient of genotypic correlation
(r) was significantly higher than zero between DBH vs H, DBH
vs SH, H vs SS, and SH vs FOR.



Table 2
Estimates of genetic parameters for diameter at breast height

(DBH), total height (H), stem height (SH), stem straightness
(SS), and forking (FOR) assuming progenies originated from
either random mating (HS) or non-random mating (NR).

Parameter ~ DBH (cm) H (m) SH(m) SS FOR
i (HS) 0.146 0.050 0.034  0.041 0.083
i (NR) 0.133 0.045 0.030  0.037 0.075
Overestimate 9.4%

y (HS) 0.128 0.042 0.027  0.038 0.066
by (NR) 0.112 0.037 0.024 0033 0.058
Overestimate 12.6%

; 044 021 017 014 036
cr, (%) 5.0 29 46 13 50
v, (%) 9.5 56 8.6 25 93
cr, (%) 41 44 13 13 20
v, (%) 245 248 482 120 333

o, 0.20 0.12 010 011 0I5

I is the individual narrow sense heritability; &’ is the heritability within
progeny; h; is the mean heritability among progeny; €V, is the genetic
variation coefficient among progeny; CV, is the individual genetic variation
coefficient; V' is the provenance variation coefficient; CV, is the
experimental variation coefficient; Cv. is the coefficient of relative variation
(cv=cr icv).

Table 3

Estimates of effective population size (N ), absolute genetic
gain (GG), and mean diameter at breast high (DBH) for num-
ber of remaining progenies (MSP).

N, N, MSP 66 66 %
57(Total) 2006 1601 cm

54 150 1837em  035em 22
3l 50 229em  093cm 58

N, is the number of remaining progenies; GG % is the percentage of genetic gain.

Table 4

Matrix of phenotypic (upper diagonal) and genotypic (lower
diagonal) correlations for diameter at breast height (DBH),
height (H), stem height (SH), stem straightness (SS), and

forking (FOR).

DBH H SH sS FOR
DBH - 0547 008 004 023"
H 074" - 026" 015" 0.04
SH 0257 0.2 - 030" 070"
SS 0.0 028" 0.08 - 022"

FOR 0.2 -008 098" -0.06 -

"P<0.05;: " P<0.01.
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Discussion

Our results show that there is significant genetic variability,
both among and within provenances for DBH, and among pro-
genies for H, SS, and FOR, that can be exploited through selec-
tion. Thus, the provenances do not contribute much for selec-
tion to change the mean trait values and pool out all progenies
of the three provenances and to continue without the effect of
provenance is the best selection strategy for improvement.
Similarly, previous analysis on this trial at 21 years of age detec-
ted genetic variability among provenances for DBH and SS and
among progenies for DBH (Sebbenn et al., 2007). Kubota et al.
(2015) studied quantitative traits for the same B. riedelianum
provenances and progenies in a trial established at Pederneiras
Forest, Sdo Paulo State, Brazil, at age 27 and detected signifi-
cant differences between provenances for DBH, H, and SS;
however, no differences were observed among progenies for
any of the evaluated traits. Considering that provenances are
composed of only 19 progenies and only DBH showed signifi-
cant differences among provenances, we suggest maintaining
all provenances and undertaking selection among progenies
irrespective of provenance.

In our study, ignoring the mating system (HS) does not
have significant impacts on the results, since B. riedelianum has
a mixed mating system, the value of the mean coancestry coef-
ficient is very similar to half-sibs. By assuming that the proge-
nies originated from random mating and relatedness within
progeny was half-sibs (HS), both coefficients of individual nar-
row sense ( hl. ) and within progeny ( hfv ) heritability were ove-
restimated (9.4 and 12.6 %, respectively), in relation to estima-
tes based on the coancestry coefficient ( = 0.138), which were
calculated from mating system analysis and using microsatelli-
te markers. Progenies are mainly composed of half-sibs (89-93
%), but some self-sibs, self-half-sibs, and full-sibs also occur
(Aguiar 2018). As open-pollinated progenies are always com-
posed of mixtures of different levels of relatedness (Degen and
Sebbenn, 2014), it is important to consider the mating system
in genetic parameter estimates in studies on the genetic con-
trol of traits (Tambarussi et al., 2018). Thus, the following dis-
cussion will be based on the results of the NR analysis.

The mean heritability among progeny (h;) was always
higher than the individual narrow sense (/,") and within pro-
geny (hvzv) heritability for all evaluated traits, indicating high
levels of genetic control at the progeny level. This value indica-
tes that mass selection within progenies can result in limited
changes in mean population traits. However, the h; showed
moderate genetic control for the studied traits, especially DBH
and FOR (0.36-0.44), indicating that selection among proge-
nies is likely to obtain better genetic gains in the present popu-
lation. However, our estimates of /1, and /1, were low and
h; was moderate for DBH at 32 years of age. In provenance
and progeny tests, the mortality results in inter-tree competiti-
on, affecting the growth of traits as DBH (Magnuseen and Yeat-
man, 1987; Leonardecz-Neto et al., 2003; Pavan et al., 2011) and
decreasing the estimates of genetic parameters as heritability
(Leonardecz-Neto et al., 2003; Pavan et al.,, 2011). As the DBH is



a sensitive trait for competition (Magnuseen and Yeatman,
1987; Leonardecz-Neto et al.,, 2003; Pavan et al., 2011), the indi-
vidual variation for competition resulted from mortality (16.8
%) can explain the estimated low heritability values. Under this
condition is hard to be efficient in the genetic selection
because DBH will reflect a large environmental effect due to
competition, which affects also the selection of genotypes,
favoring grow of trees of the best progenies for grow traits
(Pavan etal.,, 2011).

The coefficient of environmental variation (CV) was gene-
rally high for the studied traits (> 20 %). According to Pimentel-
Gomes and Garcia (2002), values of CV, ranging from 10 to 20 %
in field experiments with high competition can be classified as
low to moderate and above 20 % as relatively high (which
includes all traits in the present study except stem straight-
ness). However, this classification does not take into account
different genetic and environmental factors, and it is common
in field-level tree provenance and progeny tests to have CV,
levels higher than 20 % (Kubota et al., 2015; Lima et al.,, 2015;
Martins et al., 2018).

For all evaluated traits, the estimates of v, were higher
than v, Thus, the results suggest that there is more genetic
variability within progeny that can be exploited than among
provenances. Furthermore, the coefficient of genetic variation
among progeny (CV,) was lower than the individual additive
genotypic variation (CV)), indicating that although genetic
gains may be obtained by selection within progeny, there is
potential for greater genetic gains to be achieved through
combined selection involving selection of individuals based on
a combination of individual and progeny merit. The higher the
value of v, the more effective it will be to identify superior
individuals that will promote gains with selection (Moreira et
al., 2014).

The coefficient of relative variation (CV) indicates the
potential to obtain genetic gains by selection; values close to
unity indicate greater genetic control of the traits through
selection (Vencovsky and Barriga, 1992). Our CV values were
lower than 0.21, which can be classified as low to moderate
according to Resende (2002).

If the selection seeks the maximum immediate gains, it
must be performed considering a N, of 50; this would leave 31
progenies in the orchard and the gain would reach 5.8 %.
Resende and Bertolucci (1995) suggest restricting N, to a maxi-
mum of 50 in order to not compromise selection intensity.
However, a N, of 50 will only retain alleles with a frequency
equal to or greater than 6 % (Vencovsky and Barriga, 1992).
When considering a N, of 150 for the selection, which is a com-
mon value in the literature and is known as the reference N, a
gain of 2.2 % is obtained due to the removal of the three pro-
genies with inferior performance (maintaining 54 of 57 total
progenies). Since our main concern here is genetic conservati-
on, the most appropriate approach is to select for a higher N,
even if it means limited genetic gains. Selection based on the
reference N, (150) can ensure the retention of rare alleles that
occur with a frequency equal to or greater than 1 % (Vencovsky
and Barriga, 1992).
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The coefficient of phenotypic (r) and genotypic (r)) corre-
lation were positive and high (> 0.5) for DBH vs H and SH vs
FOR. Positive and high phenotypic and genetic correlation bet-
ween two traits indicates that they can be considered as one in
the selection process, since they do not cause damage to the
correlated traits, nor do they have a negative influence over
the other traits in the selection (Vencovsky and Barriga, 1992).
Thus, the selection of trees with higher DBH will also result in
an increase in H, and an increase in SH will result in an increase
in FOR. This facilitates selection, since selecting for one trait can
result in indirect gains for another. This strategy enables faster
progress, since it provides gains in more than one trait. The
high correlation between DBH and H can be explained by
taking into account tree growth, which also increases height.
This also means that these growth traits are largely influenced
by the same pleiotropic genes (Vencovsky and Barriga, 1992).

Conclusion

In general, the study showed that for B. riedelianum, all evalua-
ted traits have low genetic variability. Therefore, in order to
obtain significant genetic gains, selection must be directed at
the progeny level. The results suggest that for this species, the-
re is limited genetic control of stem height, stem straightness,
and forking. Ifimprovements in these traits are desired, control
at the local level should be implemented. This study also
revealed that, due to positive correlations among some traits,
indirect gains can be optimized through selection of one of the
correlated traits.
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