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Abstract
Aims: Maximizing tree growth potential and effectively integrating with the growth environment are vital
strategies for enhancing phenotypic plasticity. These approaches enable tree species to adapt to
dynamic environmental conditions by leveraging the effects of the environment, genotype, and genotype-
by-environment (G×E) interactions.

Methods: In this study, 25 improved Cunninghamia lanceolata varieties, developed through multiple
generations of breeding, were transplanted into four artificial forest soils. We analyzed genotype,
environment, and G×E interactions contributing to variations in growth, biomass, and root traits,
identifying key factors driving phenotypic plasticity.

Results: The results show that soil environmental effects and G×E interactions are the dominant factors
influencing trait variation, explaining 55.89% to 93.94% of the observed variation, while the varietal effect
is relatively minor. Pronounced phenotypic plasticity drives divergent selection in aboveground and
belowground growth strategies. Root average diameter (RAD), total root volume (TRV), and root-to-shoot
ratio (R/S) are critical traits influencing root dry weight (RDW). Although RDW does not directly impact
plant height, it significantly affects aboveground dry weight (ADW).

Conclusions: The above results emphasize that the changes in the aboveground-belowground growth
strategies of Chinese fir during the seedling stage are related to the plasticity of root functional traits.
For multi-generational genetically improved varieties, we explored how leveraging genetic effects (G),
environmental effects (E), and genotype-by-environment interactions (G×E) in the selection of
aboveground growth and root functional traits influences the driving processes of biomass
accumulation. Our results provide actionable insights for selecting soil-specific genotypes in subtropical
plantations, reducing dependency on chemical fertilizers.

1 Introduction
The availability of forest soil resources is gradually decreasing, while frequent extreme weather events—
such as prolonged warming, droughts, and heavy rainfall—exacerbate nutrient depletion, severe soil
erosion, and soil acidification. These factors create significant challenges in meeting the nutrient
demands required for high-quality and high-yield timber production (Grierson et al., 2011; Wang et al.,
2021). In the selection and promotion of afforestation species, the focus should be on harnessing their
growth potential (genotype) and effectively integrating it with environmental factors (e.g., soil resources
and climatic conditions), rather than relying heavily on excessive fertilization to boost productivity (Chen
et al., 2023; Jie et al., 2024; Su et al., 2024). Consequently, identifying superior genotypes with strong
growth potential and high phenotypic plasticity to enhance the productivity of artificial forests has
emerged as a key research priority in the development of artificial forestry (Grierson et al., 2011).

Studies have demonstrated that plants adapt to variations in soil nutrient availability through biomass
allocation and adjustments in functional traits, thereby altering their utilization of limited resources. The
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growth potential of trees is determined by the genotypic response to variable growth environments,
which leads to substantial phenotypic variation. This phenotypic variation, when sustained, provides a
crucial foundation for selecting superior genotypes and evaluating their adaptability (Hendrik et al., 2012;
Daniela. et al., 2014). Phenotypic evaluation trials involving multiple genotypes across diverse
environments are a key step in identifying superior genetic materials in plant breeding (Miloš et al.,
2015). Phenotypic traits are influenced not only by genotype but also by favorable environmental
conditions, which can significantly shape an organism's phenotype. The impact of the environment on
quantitative traits is considerably greater than on qualitative traits. Consequently, most genetic studies
on quantitative traits must be grounded in phenotypic assessments conducted across multiple
environments (Kramer-Walter et al., 2016; Boye et al., 2024; Guo et al., 2024).

Research has found that plant growth exhibits diverse responses to limited soil nutrients, with root
systems, as vital resource-acquisition organs, determining the amount of water and nutrients absorbed
for photosynthesis and growth (Bardgett et al., 2014; Chen, 2021; Zhao et al., 2024; Lu et al., 2024, Jin et
al., 2024). The absorption function of roots is characterized by a series of traits, revealing the
dimensions of root trait variation as a key step in understanding how roots and plants adapt to
heterogeneous environments. The variation in root traits is extensive, with interspecific variation in
absorption root diameter exceeding 100-fold and intraspecific variation exceeding 10-fold (Zhang et al.,
2023). Therefore, understanding the range of root trait variation is crucial for comprehending root
systems and plant adaptation to heterogeneity. However, many important root functions have been
largely overlooked in modern plant breeding; thus, root functional traits should be a long-term focus for
breeders (Chen et al., 2021; Han et al., 2022).

Within tree species, significant variations in root morphology and architecture exist among different
genotypes. These differences are primarily reflected in the plasticity of traits such as root branching
intensity, fine root length, root surface area, and root volume (Wang et al., 2006; Kong et al., 2014;
Valverde-Barrantes., 2022). Plant roots have evolved various strategies for nutrient acquisition (e.g.,
phosphorus), including elongating and thinning to increase surface area and developing complex
branching structures to explore larger soil volumes (Zemunik et al., 2015; McCormack et al., 2018; Wen
et al., 2019; Messier et al., 2024). In adverse environments, plants may adapt by increasing root-to-shoot
ratios or total root length, reducing root diameter and tissue density to lower construction costs, and
expanding absorption areas to meet environmental challenges (Bennett et al., 2019; Kotula L et al., 2021;
Franziska et al., 2024). The variations in plant responses to resource stress gradients are influenced by
multiple factors, including genetic differences and ecological physiological adaptations (Valladares et
al., 2007; Shipley et al., 2016; Freschet et al., 2019).

From a genetic perspective, leveraging the extent of genetic variation among individual genotypes can
facilitate the selection of suitable genetic materials during plant adaptation to environmental conditions.
From an ecological standpoint, phenotypic plasticity represents coordinated trait responses that occur
across multiple environments. Under resource stress, any trait response can alter a plant’s perception of
resource limitations, reflecting substantial variability in root plasticity (Zhu et al., 2010; Freschet et al.,
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2013; Guo et al., 2024). Furthermore, the high variation in specific root traits among genotypes is critical
for developing nutrient foraging strategies. The joint variation of root morphological and functional traits
provides valuable insights into the underground nutrient acquisition strategies of plants (Wen et al.,
2020). For instance, plants with finer roots often rely more on morphological adaptations, such as
increased specific root length, to expand soil exploration and enhance nutrient uptake, exemplifying a
resource-acquisition strategy. In general, genotypes employing resource-conserving strategies are
expected to exhibit stronger correlations among various root traits compared to those employing
resource-acquisition strategies (Wen et al., 2019).

In practice, it is often observed that some genotypes are highly sensitive to environmental changes,
while others exhibit a relatively sluggish response. Moreover, certain genotypes that perform well in
specific environments may demonstrate poor phenotypes in other settings, whereas genotypes with
suboptimal performance under one set of conditions may excel in others. This phenomenon is primarily
driven by genotype-environment interaction effects (G×E) (Liu et al., 2021; Poupon et al., 2023). When
analyzing the relationship between genotype and environment, the focus is typically on how an
organism's genetic makeup interacts with external environmental factors to influence phenotype
(Bennett et al., 2019; Franziska et al., 2024). However, most biological traits that directly affect tree
growth are complex traits, controlled by numerous unknown genes and regulated through intricate
signaling pathways. These traits often exhibit an "extended phenotype," which reflects underlying
regulatory and physiological mechanisms guided by G×E interactions, serving as the direct mechanism
maintaining such "hidden" variation (Lopez et al., 2023; Qin et al., 2024). The direct mechanism
maintaining such "hidden" variability is the genotype-environment (G×E) interaction effect (Johnson et
al., 2007; Michael et al., 2023; Li et al., 2017). Research on G×E effects has been conducted for numerous
commercially important tree species worldwide, including Pinus elliottii, Pinus taeda, Picea abies, Pinus
radiata, and Larix kaempferi (Braga et al., 2020; Rayssa et al., 2020; Poupon et al., 2023; Ling et al., 2021;
Yuan et al., 2020). Most studies indicate that G×E effects are widespread in forestry, highlighting the
importance of understanding the patterns and scales of these effects for accurate genetic gain
assessments of tree traits. Leveraging genotype effects, G×E effects, and environmental effects to
identify superior lines has proven effective in enhancing yields (Freschet et al., 2021). However, these
studies predominantly focus on evaluating growth rates and wood properties using genetic population
materials. There is limited research addressing the genetic effects, soil effects, and G×E effects on both
aboveground growth potential and root development in trees. This gap in evaluation carries significant
implications for the selection of superior genotypes and the quantitative assessment of soil resource
utilization in forestry management.

To investigate how multi-generational, selected tree varieties sustain growth potential under changing
soil environmental conditions, we focus on Cunninghamia lanceolata (Chinese fir), the most extensively
planted tree species in China, widely distributed across southern provinces and primarily used for timber
and construction materials (Liao et al., 2023). In this study, we transplanted 25 varieties, selected
through three breeding generations, into four distinct artificial forest soils and measured their growth
and root functional traits. The objectives were to: (1) elucidate the phenotypic basis underlying the
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aboveground and belowground growth strategies of different Cunninghamia lanceolata varieties; (2)
assess the relative contributions of genotype, environment, and their interactions to phenotypic variation
in growth, biomass, and root functional traits; and (3) quantify the primary factors driving phenotypic
plasticity. By examining the integrated phenotypic responses of Cunninghamia lanceolata varieties to
soil environmental changes, this research aims to reveal how these varieties maintain high productivity
while adapting to variable soil conditions. The findings provide valuable insights into the adaptation
strategies of Cunninghamia lanceolata and offer a reference framework for its promotion and cultivation
across diverse soil environments.

2 Materials and Methods

2.1 Experimental materials and design
The materials included 25 fir genotypes, which were derived from zygotic family lines (produced by free
pollination) in the 3rd generation seed orchard, corresponding to parents with different genetic
backgrounds, and were breeding materials selected by rotation (Supplementary Table 1). These lines
were selected through rotational breeding for traits such as growth rate, wood density, and stress
tolerance. Each genotype reflects unique combinations of alleles accumulated over three generations of
selection, ensuring a broad genetic spectrum for evaluating plasticity. In November 2021, seeds were
collected, and then uniformly sown and nursed in seedbeds to produce 1-year old seedlings, with
seedling heights and diameters in the range of 21.15 ± 1.22 cm and 2.53 ± 0.19 mm, respectively. The
container used for the controlled potting experiment was a non-woven bag with a height of 30 cm and a
diameter of 20 cm.

The soils used for potting were obtained from a pure Cunninghamia lanceolata plantation (SS), a pure
Pinus massoniana plantation (MS), a pure Schima superba plantation (KS), and a common red soil (RS)
from an unplanted stand. The selection of these soils was based on the silvicultural needs of fir trees in
production. The soils collected from plantation forests were 20–40 cm thick, and were sieved through a
5 mm sieve after removing debris such as plant residues, apoptosis, and gravel. The physicochemical
properties of the soil from different plantation forests showed variability (Fig. 1). 2022 Seedlings of
close plant size were selected in October, and the plants were transferred into pots, one plant per pot. A
completely randomized block design was used, with three replicates set up for each treatment in each
family line and 10 plants in each replicate, for a total of 3000 seedlings. Seedlings were watered
thoroughly after transplanting and placed in a semi-controlled nursery with consistent management
conditions such as temperature, light, moisture and humidity.

2.2 Growth Survey, Sample Harvesting and Indicator
Measurement

2.2.1Growth index survey
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Seedling plant height (H) was measured regularly every month starting from April 1, 2023 with an
accuracy of 0.01 cm. the last seedling plant height measurement was conducted on November 1, 2023.
The growth curve of seedling plant height was obtained by using the fitting of plant height and planting
days, and the optimized Logistic equation was as follows: , where t is the growth time, y is

the growth of seedling height, k is the theoretical limit value of the upper limit value of the growth, and a
and b are the coefficients to be determined, and the start and end time of the rapid growth period were
calculated after deriving the fitted equation with the following formulas: the start time of the rapid
growth period ,t1 = (lna-1.317) /b, end of rapid growth period, t2 = (lna+1.317) /b (Ge et al., 2020).

2.2.2 Determination of functional traits of root system
At the end of the survey, whole plant sampling was performed on the experimental seedlings using the
destructive sampling method, and the root system was collected to ensure that it was intact and brought
back to the laboratory. The underground part was cut from the root base, the root system was rinsed
with deionized water and the surface water was dried, and the length, surface area and root volume data
of the root system at each diameter level were determined using the image analysis software WinRHIZO
Pro STD1600+ (Regent Instruments, Canada), and the diameter levels were in the order of the 1st
diameter level (D1, 0 to 0.5 mm), the 2nd diameter level (D2, 0.5 to 1.0 mm), 3rd (D3, 1.0 to 1.5 mm), 4th
(D4, 1.5 to 2.0 mm) and 5th (D5, > 2.0 mm). Parameters such as total root length (RL, cm), total root
surface area (SA, cm2 ), total root volume (RV, cm3 ), mean root diameter (RAD, mm), number of
bifurcations (RBN), and root conformation grading were obtained, which were then converted to obtain
the specific root length (SRL, cm/g), specific root area (SRA, cm2/g ), and branching strength (RBS)

according to the following equation: SRL (cm/g) = RL/RDW, SRA (cm2/g ) = SA/RDW, and RBS = RBN/RL.
In addition, the root system with a diameter class ≤ 2.0 mm was referred to as fine roots, and the fine
root length (TRL, cm), fine root surface area (TRA, cm2 ), and fine root volume (TRV, cm3 ) were
calculated.

The aboveground part was divided into leaves, stems and branches, which were put into a constant
temperature oven at 105°C for about 30 min, followed by baking at 80°C until constant weight, to obtain
the leaf dry biomass (LDW, g), stem dry biomass (SDW, g), branch dry biomass (BDW, g), above-ground
dry biomass (ADW, g), and root dry biomass (RDW, g), based on which the root-crown ratio was
calculated (R/S) = RDW/ADW.

2.3 Data Statistics and Analysis
The GLM (Generalized Linear Model) procedure in SAS 9.4 software was employed to test the
significance of Chinese fir's plant height and root functional traits among families, among soil
environments, as well as the interaction effects between families and environments. The least
significant difference multiple comparison method was used to analyze the difference levels (with a
significance level of α = 0.05). The TYPE1 method in the PROC VARCOMP program was adopted to
calculate the variance components of each factor for the measured traits, and then the environment

y =
k

1+ae−bt
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variation coefficient (CVe), genetic variation coefficient (CVg), genetic correlation coefficient (CCg) and

family heritability ( ) were calculated. For the estimation methods, please refer to the literature (Yuan

et al., 2020). The breeding value prediction was based on the best linear unbiased prediction (BLUP) of
the linear mixed-effects model. The analysis of GGE (Genotype main effects plus Genotype-by-
Environment interaction) biplots was implemented using the R software package GGE - Biplot GUI. The

biplot model equation is as follows: , where  represents

the genetic value of genotype i combined with trait i and j, µ is the average value of all combinations of
trait j, is the main effect of trait j,  and  are the eigenvectors of genotype i on principal
component PC1 and PC2 respectively,  and  are the eigenvectors of trait j on principal component
PC1 and PC2 respectively, is the phenotypic standard deviation, and is the model residual
resulting from the combination of genotype i and trait j.

To investigate the effects of genotype and environment on seedling growth, an initial structural equation
model was developed based on regression analysis. Genotype and environment were used as
exogenous variables, plant growth traits and biomass allocation as endogenous variables, and ADW and
RDW as response variables. By running the “piecewiseSEM” package in R software, correlated variables
with no significant path (p > 0.05) and high covariance were eliminated, and an information criterion
(AIC) chi-square test p > 0.05, RMSEA < 0.05) and goodness-of-fit index (GFI) > 0.95 were obtained for the
Model.

3 Result and analysis

3.1 Variation analysis
The genetic coefficient of variation (CVg) for plant height and biomass of each organ ranged from 3.58–
13.92%, while the environmental coefficient of variation (CVe) ranged from 9.10–40.78%. The genetic
variation coefficient for root phenotypic traits varied between 0.91% and 7.20%, with the environmental
variation coefficient ranging from 15.50–25.87%. These findings indicate that the observed phenotypic
trait variations are influenced by soil environmental effects, genotype effects, and G×E interactions
(Table 1; Fig. 2).

h2

f

= λ 1gi1e1j + λ 2gi2e2j + ϵ ij

Yij−μ −β j

dj
Yij

β j gi1 gi2
e1j e2j

dj ϵ ij
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Table 1
ANOVA tests for growth and root traits of Cunninghamia lanceolata seedlings.

Traits Mean
value

F value   Coefficient of
variation (%)

  hf
2

G E G×E CVg CVe

H/cm 51.86 9.75** 144.99** 4.18**   3.58 9.10   0.57

ADW/g 9.57 4.79** 17.45** 1.91**   6.56 23.25   0.60

LDW/g 5.81 4.92** 13.16** 1.84**   6.91 23.61   0.63

BDW/g 0.99 5.90** 19.94** 1.66**   13.92 40.78   0.72

SDW/g 2.77 5.76** 21.77** 2.54**   6.66 22.11   0.56

RDW/g 2.47 1.27** 103.99** 2.22**   4.69 28.80   0.30

SRL/(cm/g) 1030.05 4.38** 30.54** 6.54**   5.85 23.90   0.25

SRA/(cm2/g) 179.50 5.84** 23.90** 7.54**   3.87 17.81   0.18

RAD/mm 2.53 3.69** 37.35** 6.06**   2.73 16.15   0.11

RBS 8.75 21.68** 66.12** 29.46**   7.20 15.50   0.21

TRL/cm 2338.59 3.35** 63.00** 3.30**   0.91 24.69   0.10

TRA/cm2 331.90 3.36** 80.14** 2.60**   3.60 24.86   0.23

TRV/cm3 6.04 4.07** 80.57** 2.77**   4.91 25.87   0.32

R/S 0.26 3.75** 163.74** 4.82**   3.88 21.07   0.23

H, Plant Height; ADW, Aboveground dry weight; LDW, Leaf dry weight; BDW, Branch dry weight; SDW,
Stem dry weight; RDW, Root dry weight; SRL, Specific root length; SRA, Specific root area; RAD, Root
average diameter; RBS, Root branching strength; TRL, Fine root length; TRA, Fine root surface area;
TRV, Fine root volume; R/S, Root to shoot ratio. G: Genotype; E: Environment; G×E: Genotype and
environment interactions; CVg: Genetic variation coefficient; CVe: Environment variation coefficient;
hf

2: Family heritability.

The H, RDW, TRA, TRV, and R/S are significantly influenced by soil environmental effects, contribution
rate of variance from 44.83–62.10%, branch biomass (LDW) is predominantly affected by genotype
(44.11%) and other traits are largely influenced by the genotype × environment (G×E) interaction, which
accounts for 45.23–74.69% of the variance, particularly in specific root length (SRL) and specific root
area (SRA). Average root diameter (RAD) and branch strength (RBS) are also primarily affected by the
G×E interaction, which contributes over 67.90% to their variation, indicating that genotype performance
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varies significantly across different soil types. Both the G×E interaction and environmental effects are
critical factors influencing the growth and root functional traits of fir during the seedling stage,
contributing a cumulative 55.89–93.94% of the observed variation (Fig. 2).

3.2 Plasticity analysis
We focused on three key metrics: H, ADW, and RDW. The GGE-BLUP analysis results supported the rank
effect of different genotypes among soil environments. PC1 and PC2 collectively account for 77.91% of
the G + GE effect on H, 85.5% on ADW, and 86.19% on RDW. As shown in Fig. 3, respectively represent the
adaptability of plant height, aboveground biomass and root biomass of each family. The results show
that the more diverse the soil environment, the greater the change in the G×E effect. The optimal
genotype at a location cannot It appears in four soil environments at the same time, showing greater
plasticity. Based on growth performance, genotypes with high production potential and relatively stable
were selected. According to the selection rate of 10%, the average expected gain in plant height is 4.05%,
and the average expected gain in aboveground biomass (ADW) The gain is 6.32%, and the average
expected gain of root biomass (RDW) is 4.07% (Fig. 3).

3.3 Responses of growth and biomass to the environment
The growth rhythm of plant height (with R2 > 0.99) demonstrates that diverse plantation soil conditions
exert an impact on the duration of the rapid growth stage of seedlings, thereby further influencing the
height growth during the seedling phase. The onset time of the plant height growth entering the rapid
growth period is essentially consistent (around May 20th). Under KS soil, the growth increment of plant
height is the maximum, and the duration of the rapid growth period is the longest (98 days). The growth
amount under SS soil ranks second only to that under KS soil; nevertheless, the initiation time of the
rapid growth period is the earliest, with a duration of 93 days. The growth amounts under MS soil and RS
soil are relatively smaller, and the durations of their rapid growth periods are shorter, being 79 days and
75 days respectively. The duration of the rapid growth period of KS soil exceeds that of RS soil by 23
days, and the average growth amount is 17.43% higher (Fig. 4A).

Regarding the ADW, LDW, BDW, and SDW, the order among different plantation soils is as follows: KS > 
SS > MS > RS (Fig. 2). The ADW, LDW, BDW, and SDW of KS soil are respectively 15.87%, 13.36%, 20.09%,
and 17.51% higher than those of RS soil. In terms of RDW, the order is: MS > KS > RS > SS. The MS soil,
which exhibits the highest RDW, is 49.75% higher than SS soil (Fig. 4B).

3.4 Responses of above-ground and subsurface growth
strategies
The Chinese firs in KS soil belong to the class with the H and ADW accumulation The RAD significantly
increased, being 1.75–7.41% higher than in other soils. Additionally, the ability of RBS was the strongest,
surpassing other soils by 10.29–20.52%. Comparatively, SS soils with the smallest root biomass had



Page 10/26

higher SRL and SRA, finer RAD, and TRL, TRA, TRV and R/S than other soils. The RDW in MS soil was the
highest, and the indexes of TRL, TRA, TRV and R/S were also the highest (Fig. 2).

The proportion of fine root length to total root length ranges from 97.83–98.03%, the proportion of fine
root surface area to total root surface area is from 85.14–87.76%, and the proportion of fine root volume
to total root volume is from 50.89–56.66%. Fine root phenotypic traits appear to be an important factor
influencing the differences in underground biomass among different soils (Fig. 5). Among them, the
length of fine roots in diameter class D1 accounts for 58.13–67.49% of the total root length, with the
highest proportion in SS treatment (Fig. 5A), which is 7.43%, 7.37%, and 16.10% higher than that in MS
soils, KS soils, and RS soils respectively. The fine root length proportions for the D2 and D3 diameter
classes range from 23.62–32.06% and 5.31–6.02%, respectively, both with a high proportion in RS soil,
while the proportion of fine root length in diameter classes D4 and D5 is the highest in KS soils (Fig. 5A).
A similar phenomenon is presented in the proportion of root surface area of each diameter class in
different soils (Fig. 5B, C). This indicates that seedlings in relatively barren soils rely more on the
increase in the proportion of the length and surface area of fine roots in diameter classes D1, D2, and D3
to enhance the root's ability to absorb soil nutrients.

The R/S for each soil ranges from 0.2065 to 0.3237, with the R/S values in SS and RS soils being
relatively lower. Specifically, the R/S of SS soil is 67.62% and 33.61% lower than those of MS and KS
soils, respectively. This indicates that under nutrient-limited soil conditions, the accumulation and
proportion of root biomass (RDW) are relatively low, which correlates with the resource utilization in line
with the biomass allocation of aboveground leaf, branch, and stem parts (Fig. 4B). In terms of organ
biomass proportion, LDW has the highest proportion, ranging from 45.80–50.61%, trailed by branch, root,
and stem organs. SS soils exhibit the highest biomass proportion in leaf, branch, and stem organs and
the lowest in root biomass. Compared with KS soil having the highest total biomass accumulation, the
root biomass proportion in SS soils is 4.17% lower. These results suggest that different plantation soils
impact the alteration of the aboveground - belowground growth pattern of Chinese fir seedlings. The
combination of root traits adopts diverse strategies to modify its adaptability, and a trade-off mechanism
exists between growth and nutrient acquisition (Fig. 4B and Fig. 6).

3.5 Analysis of character covariance and influencing
factors
We tried to understand whether there was genetic covariance between plant traits in different soil
environments, which was measured by genetic correlation coefficient (Fig. 7A), and the average
correlation between traits was positive correlation (average genotype = 0.311), but the distribution of
correlation coefficient was approximately normal distribution, where, Many pairwise correlations were
statistically significant, suggesting that the growth of various genotypes and the high variability of
specific root traits between different soil types may be the focus of plant adaptation strategies. Co-
variability and plasticity caused the growth traits of Chinese fir at seedling stage to favor resource
acquisition strategies (Fig. 6 and Fig. 7A). For example, in RS soil and SS soil with relatively poor
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resources, the variation range of traits is greater, and the correlation between different traits is closer
(Table 1).

The results of the structural equation model (SEM) indicate that RAD, TRV, R/S are key traits influencing
the variation in RDW. The genetic effect (G) and the genotype-by-environment interaction (G×E)
contribute to RDW through their impact on RAD, while the G and environmental effect (E) influence RDW
through their effect on R/S. Furthermore, the E effect affects RDW by altering TRV. LDW and SDW are
jointly influenced by G, E, and G×E interactions. The G and E effects impact ADW through their influence
on H. Overall, RDW does not directly affect plant height, but it can directly influence ADW. When using G,
E, and G×E effects to assist in selecting for aboveground growth and root functional traits, a clearer
understanding of how these factors drive biomass accumulation can be achieved (Fig. 7B).

4 Discussion

4.1 Analysis of Variation Characteristics and Effects
We comprehensively quantified the responses of multiple aboveground and belowground traits to
different soil environments. The results demonstrated that genotype effects, soil environment effects,
and G × E interaction effects contributed to variations in the growth and root traits of Chinese fir to
differing extents. Several traits exhibited substantial variation across transplantation environments,
offering valuable insights into the strategies employed by this species to adapt to diverse soil conditions
(Conti et al., 2018; Michael et al., 2023). These findings align with previous observations of rich
phenotypic variation among different provenances, families, or clones of Chinese fir across forests of
varying ages (Chen et al., 2021). However, unlike earlier studies, our research dissected the contributions
of aboveground and belowground organs, enabling a more precise determination of variation sources.
The analysis revealed that soil conditions and G × E interaction effects are the predominant factors
influencing seedling growth, whereas genotype effects were comparatively less significant. This
suggests that, after three generations of genetic selection, differences in growth among Chinese fir
varieties have narrowed. The generalized heritability of test traits ranged from 0.10 to 0.72, with root
functional traits generally showing values below 0.3 (Table 1). This highlights that for multi-generational
improved varieties of Chinese fir, maintaining high growth should be coupled with greater emphasis on
leveraging the synergistic benefits of genotype-environment interactions, particularly in terms of
optimizing adaptation to varying soil conditions (Ren et al., 2023).

There are extensive variations in root morphology and configuration among forest genotypes, primarily
reflected in the significant plasticity of traits such as fine root length, root surface area, and root volume.
These variations serve as critical strategies for plants to acquire soil nutrients, with nutrient utilization
efficiency being enhanced by expanding the root detection range within the soil (Zheng et al., 2024; Zhu
et al., 2023). Previous studies have demonstrated substantial genotype and site-specific differences in
Chinese fir, with the fine root-to-root length ratio and root surface area-to-root volume ratio differing by
2.79-fold and 1.72-fold, respectively. These findings indicate a trade-off between the multifunctional
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traits of aboveground and belowground structures in the long-term adaptation to different soil
environments (Chen et al., 2021).

4.2 Organ allocation and plasticity response
The plant height and aboveground biomass grown in KS soil are the highest, with strong root branching
and larger average root diameters, indicating that in broadleaf artificial forest soil, increasing root density
can expand the area of nutrient foraging in the soil. This enhances the ability of the root system to
acquire water and nutrients and increases root thickness, allowing for greater nutrient storage. This is a
key manifestation of phenotypic plasticity (Che et al., 2024; Maryam et al., 2024). Root morphology traits
such as root diameter, specific root length, specific root area, and root dry matter content can
comprehensively reflect the physiological status of roots and their responses to environmental changes
(Kramer-Walter et al., 2016; Rathore et al., 2023). A high specific root length improves the efficiency of
resource absorption relative to plant biomass investment, boosting the root's nutrient uptake capacity
and reflecting the plant’s allocation of matter and energy to the underground system. In nutrient-poor
soils, plants typically increase investment in underground dry matter to enhance their adaptability to the
environment (Hayashi et al., 2023; Turner et al., 2024). Our research shows that the root biomass in the
four soils represents 17.10–24.08% of the total biomass (Fig. 4B). In both SS soils and RS soils, the
expected increase in root dry matter content did not occur. Instead, these soils increased the SRL and
SRA to a certain extent. Interestingly, the total length, surface area, and volume of fine roots in SS soils
and RS soils were not the largest (Fig. 5D, E, F). However, when examining the proportion of fine roots
across different diameter classes, the proportion of fine roots in the D1–D3 diameter range (0mm < D ≤ 
1.5mm) was higher, suggesting that the proportion of fine roots was not the largest overall (Fig. 5).
These findings indicate that changes in root morphology may be more important than the allocation of
root biomass (Li et al., 2021; Zhu et al., 2010). These results enhance our understanding of how plants
respond to various environments and raise expectations for the plasticity of root functional traits
(McCormack et al., 2017; Laliberté et al., 2017; Messier et al., 2024).

Recent studies have emphasized the importance of considering multiple trait responses simultaneously
to better understand nutrient acquisition strategies in both aboveground and underground plant organs
(Zhao et al., 2024). Plants do not respond to environmental changes by altering a single trait but rather
by balancing a combination of traits to adapt to these changes. The interplay of multiple traits
determines a plant's life history strategy (Bardgett et al., 2014; Shipley et al., 2016). In theory, there may
also be trade-offs between the plasticity responses of various traits, influenced by genetic and ecological
(physiological) factors (Murren et al., 2015). If we can reliably characterize plant plasticity through easily
measurable fine root traits, we could more accurately simulate and predict plant behavior, especially in
response to environmental changes (Wang et al., 2021; Carmona et al., 2021; Oscar, 2022). For instance,
RAD is closely linked to SRA, SRL, and RDW, making it a good predictor of underground foraging
strategies. In nutrient-poor soils, root systems tend to be thinner, and plants rely more on changes in root
morphology (such as SRL and SRA) to enhance nutrient acquisition by expanding the soil exploration
area—indicating a resource acquisition strategy. However, due to soil heterogeneity and limitations in
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current technologies, research on root functional traits and their interrelationships lags research on
aboveground functional traits (Michael et al., 2023).

4.3 Resource Acquisition Strategy
The strong correlation between traits with different functions reveals the trade-offs or synergistic effects
that constrain and coordinate plant functions. In RS and SS soils, which are relatively nutrient-poor, trait
variability is greater, and the correlations between different traits are more tightly linked (Fig. 7A).
Through continuous cycle selection of genotypes, there is a gradual shift from a resource conservation
strategy (in soils with relatively abundant nutrients) to a resource acquisition strategy (in soils with
relatively poor nutrients), to maintain high growth potential (Liao et al., 2023). High SRA and SRL are
typically negatively correlated with other traits that promote rapid growth, such as branch strength and
root diameter. The "fast" traits may provide a competitive advantage in resource-rich environments, while
"slow" traits, like high leaf dry matter content, may enable plants to thrive or dominate in resource-limited
environments. Overall, most root morphological traits are strongly correlated, and variation in these traits
is a key strategy for plants to acquire soil nutrients. This variation drives the differentiation of root
architecture and morphological features. Given the multifaceted objectives of forestry production, when
considering multi-trait selection and improvement from a breeding perspective, it is essential to account
for the complex interactions introduced by genotype × environment (G × E). Different traits may exhibit
distinct G × E patterns. Therefore, studying G × E effects in multi-environment, multi-trait forest systems
will likely become a major trend and research hotspot in the future.

5 Conclusion
This study highlights the growth plasticity of multi-generationally improved Chinese fir (Cunninghamia
lanceolata) varieties across four soil environments. The primary factors influencing seedling-stage plant
height, biomass, and root functional traits are soil environmental effects and genotype-by-environment
(G × E) interactions, while genotype effects have a relatively smaller impact. Plant height growth and
biomass phenotypes exhibit considerable plasticity among different varieties, with a pronounced rank-
order effect observed across plantation soils. Notably, plantation soils significantly influence the rapid
growth phase of Chinese fir and alter the dynamics of aboveground–belowground growth. These
changes are primarily driven by the adoption of distinct root trait strategies. The evident phenotypic
plasticity causes aboveground–belowground growth strategies to diverge towards different adaptive
directions. In resource-poor soils, plants tend to increase the proportion of fine root length and surface
area within the first three diameter classes (0 mm < D < 1.5 mm), optimizing the trade-off between root
functionality and soil nutrient acquisition. This leads to stronger correlations among various root traits.
Overall, root diameter (RAD), total root volume (TRV), and root-to-shoot ratio (R/S) are the key traits
influencing variations in root dry weight (RDW). While RDW does not directly affect plant height (H), it
can directly influence aboveground dry weight (ADW). For multi-generational genetically improved
varieties, we explored how leveraging genetic effects (G), environmental effects (E), and genotype-by-
environment interactions (G×E) can aid in the selection of aboveground growth and root functional traits,
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providing a better understanding of their roles in driving biomass accumulation. These findings
underscore the importance of integrating aboveground and belowground functional attributes in future
breeding programs to develop environmentally stable and high-performing Chinese fir varieties. To
achieve this, breeding efforts should assess the plasticity of Chinese fir across diverse environmental
conditions and focus on cultivating varieties that align more effectively with specific target environments
and management practices. consider the complex effects of G×E. As different traits may respond
differently to G×E, future research on the G×E dynamics of forest trees across multiple environments and
traits will be a key area of focus. Our results provide actionable insights for selecting soil-specific
genotypes in subtropical plantations, reducing dependency on chemical fertilizers.
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Figures

Figure 1

Diversity differences among four soil conditions. (A): pre-treatment; (B): post-treatment; The different
colored circles in the diagram represent different soil types; TN, total nitrogen; TP, total phosphorus; TK,
total potassium; AN, acute nitrogen; AP, available phosphorus; AK, acute potassium; OM, organic matter;
ACP, acid phosphatase; pH, acidity and alkalinity.
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Figure 2

Expression values of traits and contribution rates of variation sources under various soil conditions. Bar
graphs indicate variability in plant height, biomass, and root metrics, and dots indicate individual data, P
values represent overall differences between groups, the horizontal lines represent comparisons
between the two groups at either end of the scale, * indicates the level of significance of differences
obtained by two-by-two comparisons; H, Plant Height; ADW, Aboveground dry weight; LDW, Leaf dry
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weight; BDW, Branch dry weight; SDW, Stem dry weight; RDW, Root dry weight; SRL, Specific root length;
SRA, Specific root area; RAD, Root average diameter; RBS, Root branching strength; TRL, Fine root length;
TRA, Fine root surface area; TRV, Fine root volume; R/S, Root to shoot ratio; The ternary plot represents
the share of genetic variance components, environmental variance components, and variance
components of genotype-environment interactions for each of these metrics, with dots of the same color
indicating replicate values for that metric. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Figure 3

Plot of rank order effects of different genotypes among soil environments. (A), (B) and (C)
representativedifferentiability and representativeness based on plant height, aboveground biomass and
root biomass traits; Where the line with the arrow is the Average Environment Axis (AEA), through the
connection between the average environment (the circle in front of the arrow) and the center point. The
angle between the line segment of a test point and the Average Environment Axis is a measure of its
representativeness of the target environment; the smaller the angle, the more representative it is, and the
longer the line segment, the stronger the discriminatory power. If the angle between a test point and the
mean environment axis is obtuse, it is not suitable as a test point. The direction of the arrow on the
mean environmental axis is an evaluation of both the discriminatory power and representativeness of
the test site. (D) (E) and (F) representative stable lineage ranking map based on plant height,
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aboveground biomass and root biomass traits. The high-yield and stable-yield performance plot requires
an Environmental Mean Axis (EMA) represented by a straight arrowed line, as well as Mean
Environmental Values (MEV) indicated by circles on the EMA. Additionally, a perpendicular line passing
through the origin and orthogonal to the EMA is included. Each variety point is projected onto the EMA
using a perpendicular line. The direction of the EMA indicates the approximate average yield trend of the
varieties across all environments. The perpendicular line passing through the origin and orthogonal to
the EMA represents the tendency of genotype-by-environment interactions (G×E). The longer the
perpendicular line between a variety point and the EMA, the less stable the variety is. The numbers in the
plot represent different varieties.

Figure 4

Plant height growth curve and biomass allocation of cedar under different soil treatments.

(A): Growth rhythm map, where k is the theoretical limit value of the upper limit value of the growth, and
a and b are the coefficients to be determined, R2: coefficient of determination represents the goodness
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of fit of the model, reflecting the extent to which the independent variable explains the variation in the
dependent variable.t1: the start time of the rapid growth period; t2: end of rapid growth period. (B):
Biomass distribution graph; The horizontally arranged bar chart represents the biomass allocation
proportions among root, stem, trunk, and leaf organs, while the vertically arranged bar chart indicates the
variation in biomass measurements of each organ across treatments; Different lowercase letters denote
significant differences between treatments. ADW: Aboveground dry weight; LDW: Leaf dry weight; BDW:
Branch dry weight; SDW: Stem dry weight; RDW: Root dry weigh.

Figure 5

Distribution ratio and growth of D1-D5 radial root classes. (A): Proportion of root length grading (%); (B):
Proportion of root surface area grading (%); (C) Proportion of root volume grading (%); (D): Root length;
(E): Root surface; (F): Root volume; D1-D5 represent diameter levels, D1: 0 to 0.5 mm, D2: 0.5 to 1.0 mm,
D3: 1.0 to 1.5 mm, D4: 1.5 to 2.0 mm, D5: >2.0 mm.
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Figure 6

Selection of different genotypes for growth in each of the four soils. (A): KS Soil conditions;

(B): KS Soil conditions; (C): KS Soil conditions; (D): KS Soil conditions; The numbered dots in the figure
represent the participating varieties; H, Plant Height; ADW, Aboveground dry weight; LDW, Leaf dry
weight; BDW, Branch dry weight; SDW, Stem dry weight; RDW, Root dry weight; SRL, Specific root length;
SRA, Specific root area; RAD, Root average diameter; RBS, Root branching strength; TRL, Fine root length;
TRA, Fine root surface area; TRV, Fine root volume; R/S, Root to shoot ratio. Different colored circles
represent different genotypes.



Page 26/26

Figure 7

(A): Frequency distribution of genetic correlation indices between all traits. The frequency of distribution
of correlation coefficients, measured as genetic correlation coefficients between two indices, was
calculated 91 times using 14 traits. (B): Partial least squares structural equation modeling (PLS-SEM)
reveals direct and indirect effects of genotype and environment on growth and root function traits. AIC
=36.18, Fisher’C =41, P=0.072 in the model, Solid blue arrows indicate negative paths (p < 0.05), solid
black arrows indicate positive paths (p < 0.05), and the width of the arrows indicates the strength of the
causal relationship. Numbers on the line adjacent to the arrows are standardized path coefficients. R2

indicates the total variance explained by the model. H, Plant Height; ADW, Aboveground dry weight; LDW,
Leaf dry weight; BDW, Branch dry weight; SDW, Stem dry weight; RDW, Root dry weight; RAD, Root
average diameter; TRV, Fine root volume; R/S, Root to shoot ratio; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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