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Abstract

Understanding genotype x environment interactions (G x E) is essential for selection of
stable and productive clones in poplar breeding. However, the performance of hybrid
poplar clones often varies unpredictably across sites, hindering efficient regional deploy-
ment. In this study, we evaluated the growth performance of 21 hybrid Populus section
Aigeiros clones under five contrasting environmental conditions (YI, SHAN, SHEN, FEI,
and JUAN). At the end of the growing season, we measured tree height (H), diameter at
breast height (DBH), and individual tree volume (V). Both parametric and non-parametric
stability statistics were used to assess individual V and fitted a mixed linear model in
ASRemlI-R to generate best linear unbiased prediction (BLUP) values for subsequent geno-
type plus genotype-by-environment (GGE) biplot analysis. All measured traits exhibited
substantial phenotypic variation, with coefficients of variation ranging from 17% to 43%.
Genotype, environment, and G X E interaction effects were all highly significant (p < 0.01).
The GGE biplot explained 89.88% of the total variation in individual V across test envi-
ronments. Clones 1617 and 1618 exhibited high productivity, broad stability and strong
adaptability across sites. Site discrimination and representativeness analyses revealed
that SHAN, SHEN, FEI and JUAN were more informative, whereas YI showed weaker
genotype differentiation. Clones 1617 and 1618 were particularly well adapted to FEI and
JUAN, while clones 81, 1618, 13-22, 1607, I-107 and 1617 performed favourably in the
other mega-environment. Our results indicate that integrating BLUP with GGE biplot
analysis provides a robust framework for dissecting G x E and guiding clone selection in
multi-environment poplar trials. The study provides valuable insights for refining poplar
deployment strategies under diverse environmental conditions.

Keywords: Populus section Aigeiros; genotype x environment interaction; BLUP; GGE
biplot; clone selection; regional adaptation

1. Introduction

Poplar represents a key tree genus in temperate regions, characterized by rapid growth,
early maturity and high wood yield [1,2], and is among the most extensively cultivated
and productive fast-growing timber species in global mid-latitude plains [3,4]. Poplar
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plantations effectively alleviate exploitation pressure on natural forests while providing
essential ecological functions—including climate regulation—and sustainable industrial
wood supplies [5,6]. Within the genus, P. section Aigeiros, particularly P. deltoides and
its interspecific hybrids such as P. x euramericana, dominates global commercial poplar
production [7,8]. These clones are prized for their vigorous growth, high productivity,
and resistance to trunk-boring pests [9-11]. Notably, P. x euramericana ‘74/76" (hereafter
referred to as poplar I-107) is a superior cultivar widely planted across northern China and
Huanghuai Plain. In poplar breeding, the ideotype concept, which defines an ideal plant
morphological architecture, has been established to guide clonal selection. For P. section
Aigeiros, the optimal ideotype features a single straight stem with strong apical dominance,
moderate branch thickness and branch angles, and a high leaf area index; these traits are
genetically correlated with improved timber and volume productivity [7,8].

In China, poplar forests underpin national timber and ecological security, with their
development explicitly prioritized in key national strategic frameworks, including the National
Reserve Forest Construction Plan (2018-2035) and the Main Forest Tree Breeding Science and
Technology Innovation Plan (2016-2025). Poplars also serve as an essential component of
shelterbelt ecosystems and the wood-processing industry [9,10]. Nowadays, substantial efforts
have been dedicated to the breeding and introduction of superior Aigeiros clones, with inter-
and intraspecific hybridization widely applied to broaden genetic diversity and develop fast-
growth, straight-stemmed and environmentally adaptable genotypes [7]. Systematic seedling
assessments and multi-site field trials have facilitated the development of elite varieties,
including ‘Bofeng 1’, ‘Bofeng 2’, and “Huaxiong 4’ [12,13]. Such breeding and introduction
programmes have substantially enriched poplar genetic resources reservoirs [14-16]. Despite
these advances, further improvement in plantation productivity and commercial value is still
needed, and the precise matching of elite clones to suitable planting environments remains a
critical prerequisite for optimized poplar cultivation.

Multi-environment trials (METs) are routinely implemented to evaluate the adapt-
ability and phenotypic stability of tree clones across heterogeneous sites [17-19]. Huehn
and Thennarasu [20] categorized two primary analytical frameworks for investigating
GEL The first is the parametric approach (51, 52, S3, S6 et al.), which relies on statistical
distributional assumptions and quantifies genotypic performance across environments.
The second is the non-parametric approach (N1, N2, N3, and N4), which characterizes
phenotype—environment associations and integrates both biological and abiotic influencing
factors. Collectively, these two approaches quantify genotypic environmental stability
by assessing clonal sensitivity to varying environmental conditions [21]. Mixed linear
models coupled with best linear unbiased prediction (BLUP) are well-suited for forestry
trial analyses, as they effectively account for block effects, unbalanced experimental data
and random genetic effects. Complementarily, genotype plus genotype-by-environment
(GGE) biplot analysis serves as a powerful visualization tool to characterize genotypic
performance, stability, as well as quantify the discrimination and representativeness of trial
sites. The integrated application of BLUP and GGE biplots can therefore provide a robust
theoretical basis for clonal selection and optimal test site screening in forestry METs [22].
Notably, existing studies on poplar clonal stability and adaptability have rarely integrated
parametric and non-parametric statistics with a BLUP-adjusted GGE biplot framework,
leaving a methodological gap in multi-environment poplar evaluation.

Therefore, this study assessed growth traits of 21 P. section Aigeiros clones across five
contrasting field sites. We performed clonal stability analysis using combined parametric
and non-parametric statistics, fitted mixed linear models in ASReml-R to generate BLUP
values for individual V at six years of age, and constructed GGE biplots to comprehensively
evaluate clonal growth performance, phenotypic stability, and test-site representativeness.
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The objectives of this study were to: (1) quantify genotypic and environmental variation
in tree height (H), diameter at breast height (DBH) and individual tree volume across
the 21 hybrid clones; (2) compare clonal productivity and stability via parametric and
non-parametric stability metrics; (3) estimate BLUP values for individual tree volume
using mixed linear modelling; and (4) screen superior stable clones and characterize
informative test sites through GGE biplot analysis. The findings provide empirical evidence
to support the early-stage selection of high-yielding, stable poplar clones and optimize
clonal deployment strategies for regional plantation systems.

2. Materials and Methods
2.1. Experimental Design

In March 2018, clonal field trials were established at five state-owned forest farms
in Shandong Province (Table 1) using two-year-old root one-year-old poles. At each site,
a randomized complete block design (RCBD) was used with four blocks (replications).
Afforestation spacing varied across sites to accommodate differences in local terrain and
plot area. The 21 P. section Aigeiros clones were randomly arranged within each block,
with four trees planted per clone per block. Two peripheral guard rows, consisting of
identical clones and matching planting spacing, were established around each experimental
plot to eliminate edge effects. All five sites were managed under uniform cultivation
practices throughout the experimental period. Irrigation was implemented 3—4 times
per year, and fertilization was conducted twice annually from May to July during the
second growing season after planting. Routine weeding was conducted during the early
plantation establishment stage, and standardized pruning was carried out during winter
dormancy. For trees exceeding 10 m in height, all branches below one-third of the total
height were removed to maintain a consistent crown-to-height ratio of approximately 2:3.
No severe pest or disease outbreaks occurred during the trial, and the overall tree survival
rate remained consistently above 90%.

Table 1. Environmental characteristics of the MET.

Environmental Factors JUAN SHEN SHAN FEI YI
Longitude (E) 115°19 115°20 116°24’ 117°36’ 118°13’
Latitude (N) 35°22 35°46 34°56 35°1 35°36'
Mean annual temperature (°C) 16 13 14 13 14
Minimum temperature (°C) —14 —-10 —153 —18.3 —249
Maximum temperature (°C) 39 30 37 43 39
Mean am‘(‘igeapltahon 589.2 501.9 737.1 900 784.8
Soil type Loamy alluvial soil ~Loamy alluvial soil =~ Sandyloam  Loamy alluvial soil =~ Sandy loam
Spacing 4m x 6m 4m x 6m 4m x 6m 4m x 6m 4m x5m
Afforestation year 2018 2018 2018 2018 2018
Area (m?) 21,333 28,000 21,680 24,352 26,666

The maternal and paternal parents of all tested clones are summarized in Table 2. The
maternal parents, including P. deltoides clones D2, D3, D4, D5, D6, D7, D8, and D28, and
others, and the paternal parents D20, D21, D22, D23, D24, etc., were all introduced from
Tennessee, USA. These clones exhibit rapid growth, straight well-formed stems, tolerance to
waterlogging, resistance to pests and diseases, and robust fecundity. By contrast, paternal
P. nigra clones N1, N2, and N4 were sourced from Altay City, China, and display superior
characteristics including fast growth, straight stem morphology, cold resistance and strong
rooting ability. Among them, the I-107 used in the production and widely applied was set
as the control clone.
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Table 2. Genetic background of test genotypes.

No. Genotype  Female Parents Male Parents No. Genotype  Female Parents Male Parents
1 1270 P. deltoides ‘D8’ P. deltoides ‘D20’ 12 1615 P. deltoides ‘D5’ P. nigra ‘N4’
2 13-22 P. deltoides ‘D4’ P. deltoides ‘D22’ 13 1616 P. deltoides ‘D7’ P. nigra ‘N1’
3 13-26 P. deltoides ‘D4’ P. deltoides ‘D22’ 14 1617 P. deltoides 'D7’ P. nigra ‘N1’
4 1601 P. deltoides ‘D5’ P. nigra ‘N4’ 15 1618 P. deltoides ‘D7’ P. nigra ‘N1’
5 1602 P. deltoides ‘D5’ P. nigra ‘N4’ 16 1619 P. deltoides ‘D7’ P. nigra ‘N1’
6 1606 P. deltoides ‘D5’ P. nigra ‘N4’ 17 1624 P. deltoides 'D7’ P. nigra ‘N1’
7 1607 P. deltoides ‘D5’ P. nigra ‘N4’ 18 2025 P. deltoides P. deltoides
8 1608 P. deltoides ‘D5’ P. nigra ‘N4’ 19 2215 P. deltoides "'D3’ P. deltoides ‘D24’
9 1610 P. deltoides ‘D5’ P. nigra ‘N4’ 20 81 P. deltoides ‘D2’ P. deltoides ‘D23’
10 1611 P. deltoides ‘D5’ P. nigra ‘N4’ 21 1-107 P. deltoides P. nigra
11 1613 P. deltoides ‘D5’ P. nigra ‘N4’

2.2. Data Collection and Analysis

Microsoft Excel 2020 was used for raw experimental data sorting, organization and
the visualization of growth trait box pots. Statistical analyses were conducted in R (v 4.0.1).
The survival and survminer packages were utilized for parametric and non-parametric
stability analyses, whereas the GGEBiplotGUI package was applied to generate GGE biplots.
Biplot parameter settings were standardized as follows: unscaled data (Scaled = 0) with
centred genotype and genotype-by-environment interaction effects (Centred = G + GE),
and singular value partitioning was set to 1 or 2 corresponding to different biplot categories.
Least significant difference (LSD) post hoc multiple comparison tests were performed to
detect significant differences in phenotypic traits.

At the end of the sixth growing season, tree height (H) and diameter at breast height
(DBH) were measured. In this study, ‘yield’ refers to the individual tree volume (V)
calculated from DBH and height, serving as an indicator of timber productivity. Individual
tree volume (V) was calculated using the following formulas:

V =0.19328321 x DBH? x H + 0.007734354 x DBH x H + 0.82141915 x DBH? (1)

A mixed linear model with heterogeneous variances was fitted using ASReml-R, and
best linear unbiased prediction (BLUP) values were extracted using the ‘predict()’ function:

Yijkl =U+ Si + B] (S,) + Gk + Si X Gk + Cijk (2)

where Yy, is the observed value of genotype k at the i-th site in the j block, i the mean of
all observed values, S; the effect of site, B; (S;) the effect of block, G; the effect of genotype,
Si x G; the interaction effect of genotype and site, and ¢;j; the random error. Among them,
the site was a fixed effect, while genotype, block and genotype X site interaction were
treated as random effects. Heterogeneous residual variances across sites were modelled
and justified through LRT (95% confidence interval, p < 0.05). The model was used to obtain
BLUP values for clone performance.
The formula for calculating the repeatability of traits [23] was:

2
oc

R= — ~

2 2
2 Tsc e
o + 5+ 35

)

where R represents the repeatability, and ¢ is the variance components of clone, 02 is the
variance components interaction effect of genotype and site, ¢ is the variance components
of error, i is the number of site, and 7 is the number of individuals within the site.

https://doi.org/10.3390/£17070850


https://doi.org/10.3390/f17070850

Forests 2026, 17, 850 5o0f 14

3. Results
3.1. Variation in Growth Traits

Uniformly sized P. section Aigeiros seedlings were planted in five experimental forest
sites in 2018 to establish clonal trial plantations. The growth conditions of 21 assessed clones
during 2022 and 2023 are shown in Figure 1. The H, DBH and V of all clones exhibited
consistent year-on-year increase across all trial sites. However, individual clones displayed
divergent growth responses at different locations, with pronounced clonal growth variation
across sites driven largely by heterogeneous environmental conditions. Specifically, the
SHEN site, which features high annual precipitation (900 mm) and fertile loamy alluvial
soil, supported the most robust clonal growth overall. In contrast, the YI site, characterized
by sandy loam soil, showed the lowest growth performance. All measured growth traits
exhibited interannual variation, with the magnitude of phenotypic differences varying
substantially across sites.
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Figure 1. The growth status of 21 clones at different sites in different years. Black represent the
YI Forest; red represent the FEI Forest; green represent the JUAN Forest; blue represent the SHAN
Forest; purple represent the SHEN Forest. (a) Tree height of 21 clones at different sites in different
years; (b) diameter at breast height of 21 clones at different sites in different years; (c) tree volume of
21 clones at different sites in different years.

The 21 clone varieties are shown in Table 3. At SHEN, clone 81 showed significantly
(p <0.05) higher H and V than the control I-107, exceeding it by 9.7% and 23.5%, respectively.
At Y], the H values of clones 1601, 81 and 1607 were significantly different (p < 0.05) from
the control I-107, exceeding the control I-107 by 22.9%, 17.6% and 16.2%. At SHAN, the H,
DBH and V of 81 differed significantly (p < 0.05) from those of control I-107. At JUAN, clone
2215 showed a significant (p < 0.05) increase in H relative to the control I-107, exceeding it
by 14.8%. At FEI, the H, DBH and V of clone 81 differed significantly (p < 0.05) from those
of control I-107. On the whole, the growth of clones 81, 1615, 1607, 1601, 1618, 1617, 2215
and 13-22 consistently outperformed the site-average across all five sites.

Descriptive statistics for key growth traits of 5- and 6-year-old poplar clones are summa-
rized in Table 4. For 5-year-old trees, H and DBH showed moderate phenotypic variation, with
mean values of 14.2 m and 17.1 cm and coefficients of variation (CV) of 18.75% and 19.72%,
respectively. By comparison, V exhibited substantially higher variability (CV = 51.79%), re-
flecting marked differences in biomass accumulation across the tested clones. At age six, the
CVs of all traits declined, although V still retained a considerably higher CV (41.76%) than
H and DBH. Overall, growth traits, especially V, showed substantial phenotypic variation,
indicating considerable potential for clonal selection. Accordingly, V alone was selected as the
core indicator for subsequent analytical procedures.
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Table 3. The growth traits of selected clone in different sites. Different lowercase letters in the figure represent significant differences among different clones.

SHEN YI JUAN FEI SHAN
NO. Clone H DBH v H DBH % H DBH v H DBH v H DBH v
1 81 203a 2584 03601a  136abc  182a  0.1398a  19.1abc 218a 0.2511 158a 234a 02481a  200a  295a 04535 a
2> 2215  193ab  236bcde  02988bed  130abc  162b  01064bc  207a 21.0 abe 02562a  143abc  18.1 bede (léjfl; 172b  206de 02062 cde
3 1607  190bc 253ab  03294abc  112ef  159b  0.095bc  181bcd  202abcde  0.2075abed  146abc  187bcde  0.1564 cde %fcg 209cde 02106 cde
4 1617  189bcd  233bedef  02817cde  135abc  17.3ab 0';1334 19abed  208abed  02285abc  142abc  189bed 2’0112?; 169bc  212cde 02186 cde
5 1618  188bcde  244bc  03049bed  129abc  161b  01118bc 192 abe 21 abe 02398ab  148abc  197b  0169bed  168bc  21.8cde 02236 cd
6 1322 188bcde  257a  0339abc  123abc  161b  0lbc  194ab 21.6 ab 025562 152ab  198b  01742bc % 199efg gggf
7 1613  187bcde  242bed  0299bed  12bedef  158b  0.0966bc  17.8bed 184 bedef %gg? 144abc  19bc  01550cdef  17.1b  218cde  02318cd
8 1601 18.6 bede 21.9 defgh 0.2501 efg 143 a 17.3 ab 0.1293 ab 17.2 def 16 hi 0.132 ef 13.6 bed 16.5 cdef 0.1123 efgh 17.2b 19.8 efg 0.2010 cdef
9 1107 185bcde  240bede  02915bed  116bed  158b  00929c  I8bede  194abede  poo  14labe  185bede ‘léggz 172b  236bed 02657 be
10 1615 184bcde  262a 03412ab  127abc  167ab  0.1169bc  17.6bed  19.9 abede ggfgg 145abc  195b  0.1636cd %fcj 239bc 02645 be
11 1616 181bede  208gh  02244fgh  121abc  17ab  01087bc  168efg  164ghi  01336ef  142abc  18.1bede iég?; 139f5  166h  0.123hi
12 2025 181bcde 225cdefg  02546efg  11.6bed  148c  0083%6c  163fg  168fghi  0.1405def  117gh  100h 00600j  168bc  20.6de  0.2016 cdef
13 1610  181bcde  230bedef  02647def  125abc  169ab  0.1107bc  18bede  19.2 abede gﬁfgﬁ 119fgh  163def  0.109%fgh 131g  165h 0.11081
173 0.1263 165
14 1619 18.0 cdef ~ 21.9 defgh 0.2445 efg 12.7 abc 153b  0.0948 bc 17.1 efg 179 cdefg ~ 0.1633 cdef ~ 13.9 abc bedef defgh bed 20.2 ef 0.1927 defg
17.2

15 1270 17.7 defg 24.3 bed 0.295 bede 11.3 def 144 c 0.0849 ¢ 18.5 bed 20.7 abed 0.2228 abc 13 cdefg 0.1171efgh  16bcde 173 fgh  0.1385 fghi

bedef

16 1608 17.6 efgh 20.6 gh 0.2132 gh 11.9 bed 15.7b 0.0927 ¢ 17.6 bed 17.7 defghi ~ 0.1642 cdef 11.8 fgh 16.3 ef 0.1012 hi 127 g 16.8 gh 0.1121 hi

. 0.1205 . 17.9 0.1322 0.1522
17 1611 17.4 fghi 21.1 fgh 0.216 gh 12.7abc  17.6 ab abe 17.4 cde 17.2 efghi 0.1494 def 13.7 bed bedef cdefg 148ef  18.8efgh cfghi
18 13-26 17.4 fghi 23.6 bedef 0.2667 def 11.5 cdef 15.8b 0.0963 bc 16.5 fg 18.6 abcde 0.1644 cdef 10.5h 135¢g 0.0647 ij 15 def 18.9 efgh Oeflg5;4§3
19 1602 17.3 ghi 21.2 efgh 0.2171 gh 12.7 abc 16.7b 0.1085 bc 16.7 efg 16.2 ghi 0.1305 ef 12 efgh 159 £ 0.0985 hi 14.7 ef 17 gh 0.1288 ghi
20 1606 17.0 hi 18.81i 0.1733 i 12 bedef 16.4b 0.1036 bc 17.3 cde 17 efghi 0.1479 def 12.5defg  16.5 cdef 0.1073 ghi 14 fg 172 gh 0.1251 hi
21 1624 16.21i 199h 0.1856 h 10.7 £ 14.8 c 0.0775d 157 ¢g 15.01 0.1093 £ 10.5h 135¢g 0.0643 jj 127 g 16.5h 0.10711i
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Table 4. Descriptive statistics of growth traits. > The subscript of 5 and 6 after trait means 5- and
6-year-old. Number of observations: 1345.

Trait Mean £+ SE SD CV (%)
Hsg 1 14.2 + 0.07 2.66 18.75
DBHs 17.1 £ 0.09 3.37 19.72
Vs 0.18 4+ 0.01 0.07 51.79
Hg 2 15.6 = 0.08 2.70 17.34
DBHg 19.3 +0.10 3.59 18.59
Vg 0.18 £ 0.01 0.08 41.76

3.2. Parametric and Non-Parametric Statistics

Across all sites, clones 81, 1615, 13-22, 1618, 1607, 1617 and 2215 exhibited superior V
performance, with the control clone I-107 ranking 8th. By contrast, clones 1624, 1606, 2025,
1608 and 1602 showed relatively low volumetric growth (Table 5). Stability evaluations
based on parametric and non-parametric statistics yielded highly consistent outcomes. The
ASV values of clones 1617, 1619, 13-26, 1618, 1607, 2215 and 1601 as having stable volume
performance, whereas clones 81, 1610, I-107, 1270 and 1608 were showed poor stability.
Notably, clone 2025 achieved the lowest CV, indicating the most phenotypically stable
genotype. Parametric stability metrics (51-56) further verified 1617, 1618, 1619, 13-26,
1613, 2215, 81 and 1615 as highly stable clones. Thennarasu’s non-parametric stability
statistics (N1-N4), which quantify stability based on adjusted mean volume rankings
(lower values indicate greater stability), revealed minor discrepancies in the ranking of top-
performing genotypes but consistently classified 1617, 1618, 1619, 13-26, 1624 and 1608 as
stable across multiple evaluation indices. Collectively, clones 81, 1615, 1618, 1617 and
2215 integrated high volumetric productivity with excellent phenotypic stability, making
them elite candidates for large-scale regional plantation deployment.

3.3. G x E Test and Repeatability

The mixed-model ANOVA results for the three growth traits are presented in Table 6.
Significant variance components (p < 0.001) were detected for genotype, site, and genotype
x site interaction across all traits, indicating substantial genetic differentiation among
clones, strong environmental contrasts among sites, and notable G x E effects. For tree
height, genotype variance was moderate (0.858), while site effects contributed the largest
proportion of variation (variance = 6.498). DBH and individual tree volume showed high
genotypic control, with repeatability estimates of 0.84 and 0.86, respectively, demonstrating
strong potential for genetic improvement. Genotype X site interaction effects were also
significant for all traits, emphasizing that clone performance varied considerably among
environments. The relatively small G x E variance components indicate that interaction
effects, while significant, contributed less to total variation than main effects. Model diag-
nostics supported the adequacy of the mixed-model specification for variance partitioning.

3.4. GGE-Biplot Evaluation Based on BLUP Values

The GGE biplot effectively explained 89.88% of the total phenotypic variation in in-
dividual tree volume, with the first two principal components (PC1 and PC2) accounting
for 82.39% and 7.49% of the total variation, respectively (Figure 2). All pairwise angles
between environmental vectors were acute, indicating positive phenotypic correlations
across the five trial sites. The YI, SHEN and FEI sites exhibited strong inter-site correlation.
Among all test environments, SHAN, SHEN, FEI and JUAN displayed strong discrimi-
natory ability and high representativeness. Notably, the SHAN and JUAN sites showed
nearly independent vector relationships with minimal correlation. In contrast, the YI site
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showed weak discriminatory capacity and limited ability to resolve genotypic phenotypic
differences. These spatial variation patterns confirm sufficient environmental heterogeneity
across trial sites to induce biologically meaningful G x E interactions, particularly within
the highly discriminatory environments.

Table 5. Major parametric and non-parametric stability statistics for individual tree volume (V) of
tested cultivars. ASV = AMMI stability value; CV = coefficient of variation; S1, S2, S3, S6, Nassar and
Huehn’s non-parametric stability statistics; N1, N2, N3, N4, Thennarasu’s non-parametric stability
statistics. The ranking of indicators is shown in parentheses.

Genotype  V (m®) ASV cv s1 S2 S3 S6 N1 N2 N3 N4
65.80 11.31
1270 0.17(10) 025(18) 025(19) 0.9 (12) 18) 16) 212(17)  64(20)  049(14) 059 (13)  0.07 (11)
13-22 021(3) 023(15) 023(18)  1.8(20) 8(22%0 1(11';1)7 187(13)  68(21) 227(20) 1.16(19)  0.26 (20)

13-26 0.15(14) 0.07(3) 007(20) 04(4) 312005 467(10) 129(10) 34(5) 026(3)  037()  0.03(4)

1601 016(11) 014(7) 014@8) 079 4(11'5)0 1(2'5)6 207(18)  50(13)  036(8) 049(10)  0.06(7)
1602 014(17) 019(12) 019() 12(15  37.20(8) 1(11‘86)7 233(19) 44(10) 026(4)  034(3)  0.07(9)
1606 013(20) 023(14) 023(1)  20(21) 6(9198)0 876(13) 193(14) 64(19) 040(10) 046(8)  0.12(15)
1607 0205) 011(5) 011(15) 17(19) 3650(7) 41909) 090(7)  36(6)  051(15) 073(16) 023 (19)
1608 014(18) 024(17) 024(9)  1.1(14) 4(1115)0 517(11)  183(12) 48(12)  027(5)  034(4)  0.06(6)
1610 016(12) 032(20) 032(17)  00(1) 4(2127)0 132;‘ 204(15)  44(9)  037(9  046(7)  0.00(1)
1611 015(15 08(11) 018(2)  1.6(18) 5(913)0 1(11'97)9 204(16) 58(17) 041(11) 055(12) 0.3 (16)
1613 0199 0179 017(11) 07(10) 3250(6) 344(8) 1.04(8)  42(7)  070(18) 0.65(15  0.09 (13)
1615 022(2)  023(16) 023(12) 1.4 (16) 6(11%0 168(5 055(3) 58(16) 145(19) 152(20) 030 (21)
1616 015(16) 023(13) 023(3)  1.0(13) 5(“2;)0 1(11';’)0 250(20) 54(15)  034(7)  048(9)  0.07 (10)
1617 020(6) 002(1) 002(4) 012 1180(1) 170(6) 058(4)  26(2) 043(12) 050(11)  0.02(2)
1618 021(4) 007(4) 007(6) 06(7) 1570(3) 030(2) 025(2)  24(1)  048(13) 077(17) 0.3 (17)
1619 016(13) 007(Q2) 007(7) 04() 1280(2) 153(4) 088(6)  28(3)  020Q) 024(2)  003()
1624 011(21) 016(8) 0.16(16) 14(17) 2620(4) 086(3) 171(11) 324  01501) 022(1)  007(8)
2025  014(19) 018(10) 018Q21) 04() 270 1667 33321) 52(14) 031(6) 039(6) 00305
(14) 1)
215 0207) 012(6) 012(10) 06®) 020 33317 080() 48(11) 060(17) 087(18)  0.09 (14)
(13)

81 029(1)  078(1) 078(14)  02(3) 7(625)0 016(1)  016(1)  62(18) 620(1) 560(1) 0.14(18)

107 020(8) 028(19) 028(13) 08(11) 3970(9 870(12) 127(9)  42(8)  053(16) 0.64(14)  0.09(12)

Table 6. Liner mixed-effects model results and heritability estimates. Number of observations: 1345;
genotype X site, 81; genotype, 21; site, 5.

Trait Source df Variance Star.ldafrd Significance R
Deviation
Genotype 20 0.858 0.926 0.000
Site 4 6.498 2.549 0.000
H (m) Genotype x site 80 0.572 0.756 0.000 0.69
Residual 1232 1.613 1.270 -
Genotype 20 2.786 1.669 0.000
Site 4 6.301 2,510 0.000
DBH (em) Genotype x site 80 1.403 1185 0.000 0.84
Residual 1232 5.587 2.364 -
Genotype 20 0.001 0.037 0.000
Site 4 0.004 0.062 0.000
3
Vv (m?) Genotype  site 80 0.001 0.026 0.000 0.86
Residual 1232 0.002 0.046 -
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Figure 2. Evaluation of the five test sites. In the GGE biplot, the cosine of the angle between site vectors
represents the genetic correlation among test sites. Angles smaller than 90° indicate positive correlations,
and the smaller the angle, the stronger the correlation; angles greater than 90° indicate negative correla-
tions. The length of each site’s vector from the origin reflects its discriminating ability, whereas the angle
between the site vector and the average environment axis indicates its representativeness.

Figure 3 shows that the five test sites can be divided into two mega-environments
(MEs). The SHAN formed the first ME, YI, FEI, JUAN and SHEN constituted the second
ME. Within each ME, the best-performing clones were identified as follows: clone 2215 per-
formed best in the first ME. Clone 81, 1618, 13-22 and I-107 showed higher performance in

the second ME.

SHAN
*

PC2 (7.49%)
o
=)

—0.24

T
—0.2 0.0 02 0.4
PC1 (82.39%)

Figure 3. Best-performing clones and grouping of test sites. The outermost genotypes are connected
to form a polygon. Perpendicular lines drawn from the origin to each side of the polygon divide the
test sites into environmental groups. The genotypes located at the vertices of the polygon represent
the best-performing clones within their respective groups.
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Figure 4 visualizes the mean volumetric performance and phenotypic adaptability of
the 21 tested clones, revealing distinct genotypic differences. Clone 81 exhibited the highest
individual tree volume and was positioned furthest right of the grand mean, followed by
clones 1615, 1618, 1322, 1607, I-107, 2215, 1617, 1613 and 1270. Clones 81, 1618, 13-22, 1607,
I-107 and 1617 combined high productivity and satisfactory broad adaptability, making them
suitable for cultivation across the YI, SHEN, and SHAN sites. Meanwhile, clones 1618 and
1617 showed superior growth performance and adaptability specifically for the FEI and JUAN.
By comparison, clone 1624 had the lowest mean volumetric productivity and was located
furthest left of the grand mean. In terms of yield and adaptability, phenotypic stability and
cross-site adaptability, clones 1617 and 1618 stood out as the most elite genotypes, exhibiting
comprehensive performance advantages across diverse trial conditions.

0.1

2(%25 1601

1619"
6;: :

1624 T —13

et
N

1606:
1608

PC2 (7.49%)
=3
=3
I

g 1 —
, 12707 116223518
1610 JUAN

—0.14

0.1 0.0 0.1 0.2
PCI1 (8239%)

Figure 4. Growth performance and adaptability of the clones. The vertical dashed lines along
the average environment axis represent the mean adaptability of each clone across all test sites;
shorter dashed segments indicate higher adaptability. The solid line perpendicular to the average
environment axis represents the overall trait mean. Clones located to the right of this line have
above-average growing stock, with greater distance indicating higher values, whereas clones on the
left have below-average growing stock, with greater distance reflecting lower performance.

4. Discussion

By comparing multi-year growth traits of 21 poplar clones across five contrasting
trial sites, this study demonstrated pronounced genotypic and spatiotemporal variation in
growth performance. Specifically, clones 81, 1617, 1618, 2215 and 1615 consistently exhib-
ited above-average H, DBH and V across all experimental environments. Abundant genetic
variation within and among Populus species and clonal genotypes underpins the selection
and improvement of superior cultivars [24,25]. Characterizing environment-dependent
genetic variation is therefore critical for screening elite, adaptable genotypes for targeted
forestry deployment. In this study, phenotypic CV for six-year-old growth traits ranged
from 17% to 43%, with V presenting the highest variability (43%), consistent with prior
poplar genetic evaluation studies [26]. The substantial phenotypic differentiation observed
among the tested clones likely stems from the diverse genetic backgrounds of their parental
germplasm, which generates broad genotypic diversity and pronounced phenotypic plas-
ticity [27]. Such rich phenotypic variation provides robust selective potential for clonal
improvement and screening. Collectively, these results indicate that V as a sensitive and
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representative indicator for evaluating clonal growth performance, stability and cross-site
adaptability in multi-environment poplar trials.

Poplar plantation areas cover extensive and environmentally heterogeneous regions,
presenting substantial challenges for the screening and deployment of high-yielding, phe-
notypically stable cultivars. Here, we integrated parametric and non-parametric statistical
approaches to comprehensively evaluate clonal stability, identifying clones 81, 1615, 1618,
1617 and 2215 as superior genotypes with both robust volumetric productivity and stable
cross-environment performance. Disentangling the independent and interactive effects of
genetic regulation and environmental variables on clonal phenotypic variation is therefore
critical to guide precision clonal deployment. Significant site-specific differences in growth
traits confirmed pronounced environmental heterogeneity across trial locations. Variation
in soil type, annual precipitation, mean annual temperature and planting density across
the five experimental sites substantially modulated the growth performance of P. section
Aigeiros clones. The highly significant G x E interaction observed in this study [28,29]
demonstrates divergent genotypic plastic responses to environmental fluctuation, em-
phasizing the necessity of tailored, site-specific clonal selection strategies. Furthermore,
repeatability values exceeding 0.84 for DBH and V indicate strong genetic regulation of
these key growth traits, with considerable potential for stable genetic inheritance of superior
phenotypic characteristics in future breeding programmes [19,30,31].

Given the large scale of plantation trials and unavoidable block effects [27], forestry
experiments—predominantly multi-environment trials-benefit from analytical frameworks
that can effectively remove non-genetic noise and improve selection accuracy [24,25,27].
In this study, a linear mixed model was constructed using ASReml-R with site as a fixed
effect and clone x site as random effects. The GGE biplot indicates high reliability of the
analysis [24,32]. The mean performance stability analysis identified clones 81, 1618, 13-22,
1607, I-107 and 1617 as high-yielding genotypes with favourable adaptability across the
YL, SHEN and SHAN sites. Clone 81 achieved the greatest mean individual tree volume
but exhibited limited cross-site adaptability. By contrast, clones 1617 and 1618 delivered
an optimal balance of productivity, phenotypic stability and environmental adaptability,
despite their slightly lower mean volume relative to clone 81. This finding reveals a notable
productivity—stability trade-off in P. section Aigeiros germplasm, a key consideration for
targeted clonal deployment. For homogeneous, intensively managed industrial planta-
tions, high-yielding yet environmentally sensitive clones such as 81 can be prioritized to
maximize short-term timber yields. Conversely, broadly adaptable, phenotypically stable
genotypes including 1617 and 1618 are better suited for heterogeneous or climatically
variable environments, enabling sustained long-term plantation productivity and yield
resilience. Under heterogeneous or climatically uncertain environments, clones exhibiting
broad adaptability and low variance (1617 and 1618) are preferable to safeguard long-term
productivity. Environmental heterogeneity among trial sites underpinned the observed
mega-environment (ME) grouping patterns. The SHAN, FEI, and YI sites received higher
precipitation than JUAN and SHEN, while JUAN, SHEN, and FEI possessed soils with
greater fertility and water-holding capacity relative to SHAN and YI. Additionally, the YI
differed in planting density from the remaining four trial locations. These multidimensional
environmental disparities structured the ME differentiation and drove divergent clonal
growth responses across sites. The magnitude of G X E interactions detected in this study
aligns well with previous multi-environment trial findings for hybrid poplars, confirming
that the growth performance of P. section Aigeiros clones is strongly environment-dependent,
even within a single provincial region such as Shandong. Importantly, this study advances
current understanding by demonstrating unequal contributions of individual trial sites
to overall G x E variation. For instance, the YI site exhibited weak genotypic discrimi-
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natory power, illustrating that although G x E effects were statistically significant at the
global level, their magnitude varied substantially across individual environments. This
nuanced spatial variability has been largely overlooked in prior poplar MET studies, which
typically treat site effects as uniform and homogeneous [22,27]. Such findings highlight
the critical importance of rigorous, representative trial site screening, as previously ad-
vocated, to avoid biassed clonal performance rankings and ensure robust breeding and
deployment recommendations [28].

In terms of V, the SHAN, SHEN, FEI and JUAN sited presented strong genotypic
discriminating capacity and high environmental representativeness, whereas the YI ex-
hibited limited discriminatory performance. Genotypes optimized for each ME closely
matched local environmental conditions: clone 2215 yielded the best in the SHAN site,
whereas clones 81, 1618, 13-22 and 1-107 showed superior growth at FEI, YI, JUAN and
SHEN, respectively. These observations are consistent with a previous multi-site poplar
study, which identified pronounced environmental heterogeneity across trial locations
and confirmed high representativeness of experimental sites in northern China [24]. Col-
lectively, these results verify that the northern China climatic and edaphic framework
provides robust discriminatory power and representative trial conditions for screening
high-yielding, phenotypically stable P. section Aigeiros clones.

The BLUP-based GGE biplot approach adopted in this study provides a robust theoret-
ical framework for quantifying G x E interactions in hybrid Aigeiros clones. Nevertheless,
present conclusions are limited to the early growth performance of poplars under short-
rotation cultivation systems. Long-term, multi-year regional trials with continuous growth
monitoring are therefore necessary to validate the generalizability and stability of our
findings. While our results offer credible guidance for the early-stage screening of superior
poplar clones, further validation through long-term observations and multi-region field
assessments is essential prior to large-scale clonal deployment and industrial application.

5. Conclusions

This study revealed significant genotypic variation and pronounced genotype-by-
environment interaction effects for key growth traits among 21 hybrid P. section Aigeiros
clones across five heterogeneous field sites. Integrating volumetric productivity, phenotypic
stability and cross-site adaptability, clones 1617 and 1618 were identified as elite genotypes
with high yield potential, superior stability and broad environmental adaptability. Site-
specific clonal deployment strategies were further established based on six-year-old growth
performance: clone 2215 was optimal for the SHAN site, while clones 81, 1618, 1322 and
I-107 were best adapted to SHEN, YI, JUAN and FEI, respectively. Collectively, these
findings furnish practical, site-tailored guidance for the rational deployment and efficient
utilization of hybrid Aigeiros poplar clones and provide empirical insights to support future
poplar breeding and cultivar selection in environmentally heterogeneous northern China
plantation regions. However, all phenotypic evaluations here depend on early growth
data of 6-year-old poplar plantations under consistent short-rotation regimes, lacking long-
term growth patterns over full rotation cycles. Moreover, this study only addresses clonal
growth performance and stability, with no exploration of molecular genetic mechanisms or
physiological pathways shaping environmental adaptability. Future multi-year, wide-range
regional trials across distinct ecotypes should combine wood property and stress resistance
assessments with systematic genetic analyses. Such follow-up work will verify and expand
current results, offering more solid, integrated theoretical guidance for poplar clone genetic
improvement and industrial promotion.
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