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Abstract: This study evaluated the efficacy of early selection in a second-
generation Eucalyptus urophylla progeny trial by comparing three selection 
strategies: mass selection, combined selection (among and within families), and 
within-family selection. A randomized complete block design was used, compris-
ing 23 progenies with 30 single-tree plot replicates. Diameter at breast height 
(DBH) and total height were measured annually from one to five years after 
planting. Early selection efficiency was tested for DBH at a selection intensity 
of 11.9% to compare the percentage of selected individuals across ages. The 
performance evaluated by the consistency of selected individuals across ages 
varied greatly. From the third year onward, the estimated proportion of consist-
ently selected individuals reached 75%, indicating reliability of early selection for 
seed orchard establishment. Among the strategies, combined selection (among 
and within families) proved most effective at five years, yielding an estimated 
genetic gain of 6.3%.
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INTRODUCTION

Forest plantations have evolved considerably in recent decades (Lodh et al. 
2025) and Eucalyptus spp. cultivation has achieved substantial genetic advances, 
particularly for cellulose production. Eucalyptus urophylla is a leading species 
in Brazil, due to its high productivity, adaptability and significant progress in 
breeding programs (Silva et al. 2019, Rocha et al. 2025). Selection strategies 
are critical for optimizing breeding decisions, enhancing the use of data from 
various approaches to predict genetic gains, which are influenced by the number 
of selected individuals (Engel et al. 2016, He et al. 2023). 

Several selection methods have been applied to Eucalyptus spp., notably 
individual (mass) selection and combined selection among and within progenies 
(Silva et al. 2024). Mass selection identifies superior individuals based on ranking 
for a specific trait, regardless of the number of individuals contributed by each 
progeny (Martins et al. 2005). Selection among families chooses the progenies 
with the best performance, considering all individuals and eliminating inferior 
progenies. On the other hand, within-family selection maintains all progenies, 
selecting an equal number of superior individuals from each to ensure balanced 
representation. In the selection strategy among and within progenies, the best 
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progenies are selected and then the best individuals within them. In this way, the same number of individuals in each 
progeny is maintained (Araujo et al. 2021).

Although forest breeding programs have contributed to the expansion of Eucalyptus spp. cultivation, they require 
long-term assessments while their success relies on effective short-term strategies (Castro et al. 2021, Wang et al. 2024). 
Consequently, methods that shorten the selection cycle while ensuring high-quality seeds are critical for further progress 
in Eucalyptus spp. cultivation (Moura-Queiroz et al. 2019). Early selection is a key time-saving approach (Tambarussi et 
al. 2017), demonstrating promising results for establishing seed orchards in both clonal and seedling trials. This method 
involves evaluating traits in the juvenile stage, within the first few years after planting, and correlating them with adult-
stage traits to enhance selection efficiency (Oliveira et al. 2020). This study aimed to correlate commercially important 
traits between juvenile and adult phases in a second-generation E. urophylla progeny trial, simulating early selection 
and applying different selection strategies to predict genetic gains for the next generation.

MATERIAL AND METHODS

Experimental design and data collection
The study was carried out in a second-generation open-pollinated E. urophylla progeny test (PT2), at the Farm for 

Teaching, Research and Extension, of the Faculty of Engineering of Ilha Solteira (FEPE/FEIS/UNESP) in Selvíria, State of 
Mato Grosso do Sul, Brazil. Established in October 2016, PT2 comprised 21 families derived from a second-generation 
seed orchard (SO2) at the same location, which included 298 trees from 55 families, with 1 to 18 individuals per family 
(Pupin et al. 2019). For comparative analysis of family performance, seedlings of the widely planted AEC144 E. urophylla 
clone from Itamarandiba, Minas Gerais, were interplanted between families in the rows in the State of Mato Grosso do 
Sul. The trial was arranged in an incomplete randomized block design, with 23 progenies (including two half-sib families 
from specific seed-trees), 30 single-tree plot replicates, at a spacing of 3 × 1.5 m. The study area recorded an average 
annual temperature of 24.5 °C and annual precipitation of 1,300 mm (Santos and Hernandes 2013). The climate is 
Aw, according to the Köppen classification; the terrain is moderately flat to undulating, and the soil is a typical clayey 
Red Dystrophic Latosol, moderately acidic, hypodystrophic, alic, kaolinitic, ferric, compacted and very deep (Santos et 
al. 2018). Over the first five years, diameter at breast height (DBH, cm) and total tree height (H, m) were measured 
annually. DBH was measured with a caliper positioned perpendicular to the trunk, at 1.30 m above ground. Height was 
measured with a telescopic ruler for trees up to 8.0 m tall and with the Forestor Vertex hypsometer for taller trees. The 
mean annual increment (MAI) for DBH and H was estimated by dividing the average values by tree age. Total survival 
was determined as the ratio of surviving individuals to the total number of trees planted.

Microsatellite analysis
All individuals from the second-generation seed orchard (SO2, n = 298) and the progeny trial (PT2, n = 605, including 

replanted trees) were genotyped with 12 microsatellite loci: EMBRA2, EMBRA3, EMBRA10, EMBRA11, EMBRA12, 
EMBRA28, EMBRA38, EMBRA63, EMBRA128, EMBRA157, EMBRA204, and EMBRA210 (Brondani et al. 1998). Details of 
DNA extraction and microsatellite marker application were described by Pupin et al. (2017). Paternity analysis, conducted 
by Pupin et al. (2019), previously assessed the mating system in the reproductive event of the parental population (SO2) 
that generated the 23 families of PT2. Paternal parents for all 605 trees in PT2 were identified, revealing that 92.6% of 
the individuals originated from outcrossing and 7.4% from selfing. Of the outcrossed individuals, 6.6% resulted from 
biparental inbreeding. Additionally, 13.7% of individuals within families were full-siblings (sharing the same paternal 
parent) and the mean coancestry coefficient within families (Θxy) was estimated at 0.152 (Pupin et al. 2019).

Estimation of genetic parameters
Genetic parameters and variance components were estimated using restricted maximum likelihood and best linear 

unbiased prediction (REML/BLUP) with software SELEGEN-REML/BLUP (Resende 2016). Analysis of variance was conducted 
using the additive model: y = Xr + Za + e, where y, r, a, and e represent the data vector; fixed effect of repetitions; 
random additive genetic effects; and random error effects, respectively; and X and Z are incidence matrices for r and a, 
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respectively. The analysis estimated variance components, including genetic variance among families (σ2
f ), environmental 

variance (σ2
e ), and phenotypic variance whitin families (σ2

w). Additive genetic variance (σ2
a) was calculated as σ2

a = σ2
f /2 Θxy , 

where Θxy (0.152) is the mean coancestry coefficient within families from PT2 (Pupin et al. 2019). Estimated parameters 
included: individual additive heritability in the strict sense (h2

i = σ2
a /(σ2

f + σ2
e)), family mean heritability (h2

m = (1/4) σ2
a /[σ2

f 
+ (σ2

e /n)], where n is the number of plants per family and r the number of replications; within-family-heritability (h2
w = 

(3/4)σ2
a / σ2

w ); accuracy of progeny selection (ra = h2
m); coefficient of individual additive genetic variation CVgi% = 100(

σ2
a /m), where m is the trait mean; coefficient of environmental variance CVe% = 100( σ2

e /m) and coefficient of relative 
variation (CVr = CVgi%/CVe%). Genetic correlations (rg) between diameter at breast height (DBH) and total height (H) of 
one to five years-old trees were also estimated using SELEGEN-REML/BLUP.

To evaluate the feasibility of early selection, DBH was selected as the target trait due to its ease of measurement 
and genetic correlation with H (Henriques et al. 2018). Three selection strategies for DBH were simulated for one to five 
years-old plants, considering a selection intensity of 11.9% (46) and 386 surviving trees at age five. The three strategies 
consisted of: i) S1- mass selection of the 46 best individuals based on DBH; ii) S2- Combined selection among and within 
families. Selection of 46 individuals, with approximately three individuals (kf ≈ 3), from each of the 15 best-performing 
families; iii) S3- Within-family selection. Selection of two individuals (kf = 2) per family.  

Direct and indirect genetic gains, along with the standardized selection index (i) of each trait were estimated following 
Falconer and Makay (1996). The standardized selection indices were: S1, i= 1.667; S2: among families, i= 0.5705, 
within families, i= 1.159; S3, i= 1.4. Direct genetic gain (PGg%) was calculated as PGg% = 100[(ih2σp)/xp], where σp is the 
standard deviation of phenotypic variance and xp the population mean for the trait. Indirect genetic gain (IPGg%) for 
trait y (e.g., DBH5), under direct selection for trait x (e.g., DBH3) was estimated as: IPGg% = [(ih(x)h(y)rgσp(y))/xp(y)], where i 
is the standardized selection index for trait x; h(x) and h(y) are the standard deviations of the mean heritabilities for traits 
x and y, respectively; rg is the genetic correlation between traits x and y; σp(y) is the standard deviation of the phenotypic 
variance in the population for trait y; and xp(y) is the population mean for trait y.

The genetic correlation (rg) between DBH and H across ages was estimated as: rg = COVg(x,y)/  σ2
g(x)σ

2
g(y) , where 

COVg(x,y) is the genetic covariance between traits x (DBH) and y (H), and σ2
g(x) and σ2

g(y) are the genetic variances for traits 
x and y, respectively. The statistical significance of rg was assessed by a t-test with n-2 degrees of freedom, calculated 
as: t =    (rg/ (1 ‒ r2

g)/(n ‒2)), where n is the number of families (Cruz and Regazzi 1997). 

The effective population size (Ne) was estimated for all surviving trees in the progeny tests and for each of the 
three selection strategies by Ne = 0.5/Θ (Lindgren at al. 1996), where Θ is the group coancestry, calculated by 
Θ = (0.5n + Σni

i=1 Σ
nj

j≠1 Θij)n2, where n is the sample size and Θij the pairwise coancestry coefficients between individuals, 
calculated based on microsatellite loci, using software SPAGEDI 1.5a (Hardy and Vekemans 2002). To evaluate the 
impact of selection, the total number of alleles (K), observed heterozygosity (Ho), and inbreeding coefficient (F) were 
estimated for all surviving trees in the progeny test and for trees selected by three selection strategies, using software 
FSTAT 2.9.3.2 (Goudet 2002). 

RESULTS AND DISCUSSION

Survival, growth and genetic parameters
Significant differences in survival were detected among families in 2, 3, 4, and 5 years-old trees, with survival rates 

decreasing from 80% at age one to 64% at age five (Table 1). Despite this decline, establishment and adaptation to 
local edaphoclimatic conditions were satisfactory, particularly when compared to clone AEC144, with a markedly lower 
survival rate (32%). This low survival of clone AEC144 may be attributed to several factors, e.g., difficulty in controlling 
leaf-cutting ants in the surroundings of the experimental site, which is adjacent to a riparian forest; the lack of seedling 
hardening, as the seedlings were sent directly from a tree nursery in Itamarandiba-MG; and the interplanted arrangement 
of the trial. Leaf-cutting ants, recognized as significant forest pests, cause substantial damage to plantations (Chile et 
al. 2021). Their attacks, which can occur at any growth stage, may cause mortality of even mature trees and increase 
susceptibility to secondary insect attacks or pathogen infections (Buratto et al. 2012). In the early years of the trial, 
frequent leaf-cutting ant attacks, particularly on clone AEC144, resulted in significant losses without stand replacement, 
leading to numerous forest gaps.
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Significant differences among families were detected for DBH and H across all evaluation years (Table 1), indicating 
potential for breeding using family-based selection. Heritability decreased from age one to five for both DBH and H. 
Heritability values were classified as low (h2

i < 0.15), moderate (0.15–0.5), high (0.51–0.8), and very high (> 0.81), and 
these thresholds were applied to h2

m and h2
w (Resende 2015). Thus, h2

i for DBH decreased from moderate at one to three 
years (0.33–0.16) to low at four and five years (0.13), while for H, values remained moderate (0.32–0.2) across all years. 
h2

m declined from very high at one (0.82) to high at five years (0.62) for both traits. h2
w decreased for DBH and H from 

moderate (0.23) at age one to low (0.08) at age five for both DBH and H. Selective accuracy (rg) was high (> 70%) for 
DBH and H across all years, indicating a strong correlation between predicted and true genetic values (Resende and 
Alves 2022). Consequently, selection based on family means is likely to be more efficient than individual tree (mass) 
selection or within-family selection, at the same selection intensity. The coefficient of individual additive genetic 
variation (CVgi) was high across years for both DBH and H (12.4–21.1%). High CVgi values are critical for breeding 
programs, since low genetic variation in quantitative traits can cause inbreeding issues and result in the end of a 
breeding program after a few selection cycles (Cheung 2020). The coefficient of relative variation (CVr) was moderate 
for both traits (0.26–0.4), decreasing from age one to five, confirming the potential for achieving genetic gains through 
selection for DBH and H.

Genetic correlation between traits and ages 
Genetic correlations (rg) for the same traits across ages were high (> 0.7), with stronger correlations between closer 

ages than more distant ones for both H (0.78–0.96) and DBH (0.75–0.99) (Table 2), Notably, correlations for trees aged 
three to five years exceeded 0.9. At the same age, rg between H and DBH ranged from 0.88 to 0.92, higher than or 
comparable to correlations across different ages (0.63–0.89). These findings support the feasibility of early selection 
for both traits (correlated selection), particularly at age three. In addition, direct selection on one trait can yield indirect 
gains for the other. The strong correlation between H and DBH, already reported in literature for Eucalyptus spp., may 
result from pleiotropy in genetic control or gene linkage among loci (Oliveira et al. 2020). 

Genetic gains for different selection strategies
At five years of age, the mass selection (S1) strategy produced the highest genetic gain estimate (Gs = 6.9%) 

followed by combined selection among and within families (S2, 6.3%) and within-family selection (S3, 3.9%) 

Table 1. Survival, mean growth, mean annual increment (MAI), and genetic parameters for diameter at breast height (DBH) and 
height (H) at ages one to five years

1 year 2 years 3 years 4 years 5 years
Survival mean (%) 80.2 76.4** 70.1* 63.8** 63.6**
DBH mean (cm) 5.7** 9.2** 11.2** 12.5* 13.6*
Mean annual increment: MAI (cm) 5.7 4.6 3.7 3.1 2.7
Individual narrow-sense heritability: h2

i 0.33 0.21 0.16 0.13 0.13
Family-mean heritability: h2

m 0.82 0.73 0.67 0.64 0.62
Selective accuracy: ra 0.9 0.85 0.82 0.8 0.78
Within-family heritability: h2

w 0.23 0.13 0.1 0.08 0.08
Coefficient of genotypic variation: CVgi % 19.9 18.9 16.6 15.0 15.2
Coefficient of relative variation: CVr 0.4 0.3 0.26 0.24 0.23
Height mean (m) 6.6** - 14.5** 15.6** 18.1**
Mean annual increment: MAI (m) 6.6 - 4.8 3.9 3.6
Individual narrow-sense heritability: h2

i 0.32 - 0.22 0.16 0.2
Family-mean heritability: h2

m 0.81 - 0.74 0.68 0.73
Selective accuracy: ra 0.9 - 0.86 0.82 0.85
Within-family heritability: h2

w 0.22 - 0.14 0.1 0.13
Coefficient of genotypic variation: CVgi% 21.1 - 15.1 12.4 14.7
Coefficient of relative variation: CVr 0.4 - 0.31 0.26 0.3

*P< 0.05, **P< 0.01.
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(Table 3). These results are in line with findings by Azevedo et al. (2015) and Engel et al. (2016), where mass 
selection of best individuals outperformed S2. Nevertheless, although S1 maximizes genetic gains, S2 can be 
a practical alternative to balance genetic gains with maintenance of the genetic diversity of the evaluated 
population (Almeida et al. 2025). 

Simulations of selection from ages two to five showed that early selection at younger ages did not compromise 
expected gains in subsequent years (Figure 1), indicating the viability of early selection during juvenile stages. Direct 
genetic gains (Gs%) exceeded indirect gains across all 
strategies and evaluation years (Table 4). Both direct and 
most indirect Gs% values decreased with age. For S1, direct 
selection at age four resulted in the highest indirect Gs% 
at age five. For S2, direct selection at age three maximized 
indirect Gs% at age five, while for S3, direct selection at 
ages one and three produced the highest indirect Gs% at 
age five. In an evaluation of Eucalyptus macarthuri, Engel 
et al. (2016) similarly found that early selection from age 
two onward was viable without compromising future gains, 
ensuring high selection reliability.

Mass selection results showed that 39.1% of individuals 
and 68.8% of families selected at age one remained in the 
selection at age five (Table 5). These percentages increased 
over time, with 69.9 and 88.4% of individuals, and 87.5 
and 93.8% of families, selected at ages three and four, 
respectively, remaining in the selection up to age five. This 

Table 2. Genetic correlation (rg) between H and DBH from ages one to five years 

H3 H4 H5 DBH1 DBH2 DBH3 DBH4 DBH5
H1 0.85** 0.79** 0.78** 0.89** 0.86** 0.88** 0.8** 0.78**
H3 0.93** 0.91** 0.73** 0.84** 0.92** 0.85** 0.84**
H4 0.96** 0.63** 0.73** 0.86** 0.88** 0.88**
H5 0.68** 0.74** 0.88** 0.89** 0.9**
DBH1 0.89** 0.84** 0.75** 0.75**
DBH2 0.94** 0.84** 0.81**
DBH3 0.95** 0.94**
DBH4 0.99**
**P< 0.01

Table 3. Selection strategies (S1, S2, S3) for the best individuals based on diameter at breast height (DBH) at age five years

Parameter Est S1 RD% S2 RD% S3 RD%
Number of selected individuals: n - 46 46 46
Number of selected family: Nf 23 16 15 23
Mean number of trees per family: kf̅ - 2.9 3.07 2
Total number of alleles: K 149 118 <20.8 118 <20.8 121 <18.8
Observed heterozygosity: Ho 0.686 0.716 >4.2 0.713 >3.8 0.714 >3.9
Inbreeding: F 0.123* 0.089* <27.6 0.09* <26.8 0.087* <29.3
Group coancestry: Θ 0.0229 0.0192 <16.2 0.0165 <27.9 0.0144 <37.1
Effective population size: Ne 21.8 16.3 <25.2 17.8 <18.3 19.3 <11.5
Mean DBH (cm) 13.6 16.4 14.97 14.72
Genetic gain: Gs % - 6.9 6.3 3.9

*P< 0.05, determined using Monte Carlo permutation of alleles between individuals; Est= established population; RD% = percentage difference relative to the established 
population.

Figure 1. Estimates of direct predicted genetic gains (GS%) for 
different selection strategies over five years. S1: mass selection 
of 46 individuals; S2: selection of 46 individuals among and within 
families (15 families: selection of 3 individuals from 14 families 
and 4 individuals from one family): S3: selection of 46 individuals 
within 23 families (2 trees per family).
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Table 5. Percentage (%) of the 46 selected individuals (upper diagonal) and families (lower diagonal) retained across ages 1 to 5 years

Age 1 2 3 4 5
1 60.9 45.7 39.1 39.1
2 78.6 69.6 65.2 60.9
3 78.6 100 76.1 69.6
4 66.7 86.7 86.7 84.8
5 68.8 87.5 87.5 93.8

trend suggests that early selections were initially influenced by maternal effects, which diminished from age three onward, 
indicating age three as a suitable time for selection. Similar results were described by Dias et al. (2016) and Almeida et al. 
(2025), who noted stronger correlations in years three and four. These results confirm the potential of early selection for 
establishing seedling seed orchards, as high correlations between individual and family performance across assessment 
years indicate promising prospects for early selection from age three onward. Previous studies also demonstrated the 
efficiency of early selection for growth and wood density traits in E. urophylla clones with strong correlations between 
traits measured at ages three and six, ensuring high selection coincidence across ages (Pinto et al. 2014).

Genetic diversity and effective population size
At five years of age, all selection strategies resulted in a reduction in the total number of alleles (K), inbreeding 

coefficient (F) and effective population size (Ne) (Table 3). In contrast, observed heterozygosity (Ho) increased and was 
comparable across all selection strategies. Selection strategy S3 presented the lowest loss of alleles, while S1 and S2 
showed greater reductions, attributed to S3 retaining all families, whereas S1 and S2 reduced the number of families 
from 23 to 16 and 15, respectively. The progeny trial initially had an inbreeding coefficient of 0.123, due to the fact that 
the progenies included a substantial number of inbred individuals (14%) from selfing (7.4%) and biparental inbreeding 
(6.6%) (Pupin et al. 2019). Mortality, together with selection at age five, reduced inbreeding to 26.8% for S2 and 29.3% 
for S3, though some selected trees remained inbred. Notably, inbreeding did not result in inbreeding depression for 
DBH, as inbred trees showed comparable DBH growth to trees originated from outcrossing among unrelated trees. The 
largest reduction in Ne occurred in S1 (25.2%) and S2 (18.3%), driven by the reduction in family numbers. The greater 

Table 4. Direct (diagonal) and indirect (above diagonal) genetic gains (Gs%) for selection strategies (S1, S2, S3) based on the best 
individuals for DBH from ages 1 to 5 years

Direct selection Nf DBH1 DBH2 DBH3 DBH4 DBH5
Mass (S1, i=1.667)
DBH1 17 13.3 9.8 8.4 6.5 6.9
DBH2 17 11.1 7.5 5.8 5.9
DBH3 16 10.9 6.4 6.9
DBH4 16 7.1 6.6
DBH5 16 6.9
Among and within (S2, i = 0.5705)
DBH1 15 12.1 7.7 6.3 5.3 5.2
DBH2 15 10.0 6.3 5.2 5.3
DBH3 15 7.4 6.5 6.9
DBH4 15 6.1 6.8
DBH5 15 6.3
Within (S3, i =1.4)
DBH1 23 8.0 7.2 5.5 4.4 4.6
DBH2 23 6.1 4.6 3.7 3.7
DBH3 23 4.8 3.7 3.8
DBH4 23 6.4 3.6
DBH5 23 3.9

Nf = Number of selected families; i = standardized selection indices (Falconer and Makay 1996).
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reduction of Ne in S1 compared to S2 was due to the fact that despite the larger number of families selected for S1, 
the number of trees selected within families varied from 1 to 7, leading to higher group coancestry. In S2, three trees 
were selected per family (except one family with four trees), resulting in lower within-family and group coancestry and 
a higher Ne than for S1. Overall, S2 provided the best balance, with a genetic gain of 6.3%, and a moderate reduction 
in K (20.8%), and Ne (18.3%). 

Maintaining genetic gains over the long term in breeding programs requires careful planning to preserve genetic 
diversity in the base population, ensuring a sustainable selection limit across multiple generations (Resende et al. 2021, 
Porto et al. 2024). Understanding and maintaining the Ne is critical for developing strategies that balance breeding and 
conservation goals. An Ne of 30–60 unrelated individuals is considered adequate to sustain selection gains (Pereira and 
Vencovsky 1988). In the current study, Ne for all three selection strategies was relatively low, potentially limiting the 
genetic base for long-term breeding in the Selvíria region. To address ongoing inbreeding and enhance genetic diversity, 
it is recommended to establish a new second-generation progeny trial from a seed collection in the SO2 seed orchard, 
incorporating a larger number of families (e.g., 60). For instance, selecting 50% of these families (30 families) with one 
individual per family would yield an Ne of 30, sufficient to support continued breeding efforts in the region. Given the 
demonstrated feasibility of early selection at age three, combined with one year for seed collection, seedling preparation 
and trial establishment, an improved population could be developed within four years.

CONCLUSION

Significant genetic variation in DBH and H across all evaluation years confirmed the potential for breeding through 
family-based selection. Heritability estimates decreased with tree age, and h2

m was the highest across all years, indicating 
that the selection strategy S2 is more effective for achieving genetic gains. Strong rg between DBH and H both within and 
across ages showed that early direct selection for one trait can yield indirect genetic gains for the other at later ages. 
Genetic gain declined over time for all strategies. The high proportion of individuals and families selected at age three 
hat remained selected by age five indicates age three as an optimal time for early selection. Mortality and selection at 
age five reduced inbreeding in the population. Overall, the S2 strategy was the most suitable, offering the best balance 
between maximizing genetic gain and Ne.
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