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While the in uences of environment and genetics on plant traits are widely
recognized, quantitative analysis of their relative contributions remains limited in
crop systems, constraining precise environmental manipulation of agronomic
traits. This study investigated the effects of cultivation mode (representing
external environment) and sprouting stage (re ecting internal developmental
program) on tea bud morphology and chemical quality, with particular focus on
their intrinsic relationships. Through dynamic monitoring at three sprouting
period across ve contrasting cultivation modes in Fuliang County, Jiangxi
Province, China, key morphological and chemical traits were obtained. The
effects of cultivation mode and sprouting stage were assessed using linear
mixed-effects models and partial w . Results revealed a consistent
developmental trend over the observed sprouting period: across all cultivation
modes, bud length and number increased continuously, while width decreased,
and size rst declined then increased. Critically, cultivation mode had a stronger
in uence on bud width, number, and size (effect sizes: 0.739—0.768) than on
length (0.132), which was predominantly governed by the sprouting stage (effect
size: 0.812). Cultivation mode exerted a stronger effect on morphological
composite traits (0.753) than on chemical composite traits (0.530). The
correlations between bud length and width and between width and number
shifted from positive to negative during sprouting (P < 0.05), suggesting
increasing resource competition among these traits. Most importantly, no
signi cant correlations were observed between morphological traits and
chemical quality at the nal sprouting stage. Based on data from this single yet
harvest-critical time point, our results directly challenge the traditional belief that
bud size predicts tea quality. These ndings provide new insights into gene-
environment interactions, phenotypic plasticity, and ecological trade-offs in
agroecosystems, establishing a scienti ¢ basis for precision management
strategies that simultaneously optimize tea production and quality.
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1 Introduction

Plant traits represent the ultimate phenotype resulting from the
interaction between genotype and environmental factors. The
mechanisms underlying their formation constitute a central topic
in genetics, ecology, and crop breeding (Chapin et al., 1987; Lynch
and Walsh, 1998). Disentangling the relative contributions of
intrinsic developmental programs and external environments to
trait formation is not only crucial for understanding species
adaptation and ecological differentiation (Tsukaya, 2005; Carbone
et al., 2009; Li et al,, 2020b), but also provides a theoretical
foundation for the precise regulation of agricultural traits.
However, in many crop systems, knowledge regarding the
quantitative decomposition of their effects and the inherent trade-
off relationships remains limited (\Wachira et al., 2002; Dutta et al.,
2010; Owuor et al,, 2011; Hua et al., 2022). This signi cantly
constrains our ability to optimize agronomic traits through
targeted environmental management.

Tea (Camellia sinensis), as one of the world’s most important
economic crops, is cultivated in over 60 countries and regions and
consumed by more than 2 billion people globally, demonstrating a
profound global in uence (International Institute for Sustainable
Development, 2024). In premium tea production, harvesting
standards such as “a single bud”, “one bud with one leaf”, and
“one bud with two leaves” are widely adopted (Aaqil et al., 2023).
Tea bud size is a critical agronomic and biological trait, not only
directly affecting fresh leaf yield but also closely related to the
processing suitability and quality of the nal tea product (Li et al.,
2020a; An et al., 2021). Therefore, the morphogenesis of tea buds
and the formation of their chemical quality are core processes
determining economic value. However, existing research has
predominantly focused on the macroscopic growth rhythm of tea
shoots (Smith et al., 1990; Botwright, 1997; Zhang et al., 2024a) or
genetic analyses of bud static traits at speci ¢ developmental stages
(Zhang et al., 2025b), while systematic investigation into the
dynamic developmental patterns of tea bud morphology, their
response to cultivation environments, and the correlation
mechanisms between morphology and intrinsic chemical quality
has long remained insuf cient.

In recent years, researchers have begun to employ emerging
technologies to explore the genetic basis of tea bud morphogenesis.
For instance, Zhang et al. (2025b) utilized digital phenotyping
technology to conduct association analysis on a large natural
population, revealing extensive variation in tea bud size and
providing preliminary insights into its genetic architecture. Such
studies offer valuable perspectives for understanding the genetic
potential of trait variation. However, this paradigm possesses
inherent limitations: relying on static data from a single time
point, it fundamentally fails to capture the dynamic trajectory and
plastic responses of tea buds during continuous development. More
critically, in agricultural ecosystems, phenotypes result from the
continuous interaction between genetic programs and
environmental signals; systematically deconstructing the effects of
cultivation mode (as a manageable environmental factor) and
sprouting stage (representing the internal developmental
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program) on trait formation, and quantitatively comparing their
relative importance, is essential for elucidating genotype-hy-
environment (G E) interaction mechanisms (Malosetti et al.,
2013; El-Soda et al., 2014). Nevertheless, in tea research, the
quantitative dissection of the in uence of these two factors
remains an underexplored area, signi cantly impeding a deeper
understanding of trait formation mechanisms and constraining the
optimization of precision cultivation strategies.

The chemical quality of tea is determined by a diverse array of
endogenous chemical components and is known to be intricately
regulated by multiple factors, including cultivar, season, leaf
position, climate, and agronomic practices (Wu et al., 2025).
Numerous studies have sought to elucidate the dynamic patterns
of these chemical constituents. For example, Li et al. (2016)
observed that as leaves mature, carbon and nitrogen metabolic
pathways undergo stage-speci ¢ shifts, leading to a signi cant
decline in the content of nitrogen-containing compounds such as
amino acids. Xu et al. (2021) further demonstrated that gallic acid,
caffeine, and certain esteri ed catechins also decrease with
increasing bud and leaf maturity, re ecting a clear developmental
stage speci city. At the genetic level, Zhang et al. (2025a) found that
the free amino acid content is not only in uenced by season and
germplasm but also exhibits genetic correlations with sprouting
traits, suggesting that quality and morphological traits may share a
partial genetic regulatory basis. Although these studies have
enhanced our understanding of quality formation from various
perspectives, none have directly and systematically examined the
intrinsic relationship between the external morphology and internal
chemical quality of tea buds. Consequently, the long-held
traditional belief in both tea science and industry that “larger
buds signify superior quality” still lacks rigorous scienti ¢
validation. The persistence of this critical knowledge gap
signi cantly hinders the development of technologies for ef cient
quality prediction and precision breeding based on
appearance traits.

To address the knowledge gaps identi ed above, this study
established ve tea garden cultivation modes with signi cant
environmental gradients in Fuliang County, Jiangxi Province,
China. Based on the biological principles of tea plant growth and
development and the theoretical framework of secondary metabolic
regulation, we conducted continuous dynamic monitoring and
multi-dimensional quantitative analysis. This research aims to
achieve the following three core objectives: (1) investigate the
growth dynamics of tea buds under different cultivation modes,
quantifying the relative effect size of cultivation mode and sprouting
stage on bud morphology. (2) analyze the variation characteristics
of chemical quality indicators in tea buds across different cultivation
modes, quantify the effect size of cultivation methods on chemical
quality, and determine whether cultivation mode has a greater
in uence on morphological traits or chemical quality. (3) uncover
the dynamic correlations among morphological indicators of tea
buds, as well as the intrinsic relationships between nal bud
morphology, growth rate, and chemical quality. By deconstructing
the effects of cultivation mode and sprouting stage on tea bud
phenotypes, this study will provide quantitative evidence for
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elucidating genotype-by-environment interaction mechanisms in
tea plant trait formation and challenge the conventional belief that
“larger buds indicate better quality,” thereby establishing a solid
scienti ¢ foundation for developing precision agronomic strategies
that simultaneously optimize tea yield and quality.

2 Materials and methods

2.1 Study site and experimental tea
plantation

The study site was located in a tea plantation in Fuliang County,
Jingdezhen City, Jiangxi Province (E 116 57 117 42, N 28 44 -29
56 ). The study area experiences a subtropical monsoon climate with
distinct seasons and concurrent rain and heat. Precipitation is
concentrated in spring and summer, while autumn and winter are
mild. The annual average temperature is 17.36 C, with historical
extreme maximum temperatures exceeding 40 C and extreme
minimum temperatures below -5 C. The average annual
precipitation is 1763.5 mm, unevenly distributed in time and space,
with the rainy season from April to June accounting for about 46% of
the annual total. The terrain is predominantly low mountains and hills,
with layered tea terraces, signi cant diurnal temperature variation, and
high air humidity. The soil is primarily red and yellow earth, rich in
organic matter and minerals. With a forest coverage rate exceeding
80% and minimal industrial pollution, it is a typical high-quality tea
production area, providing an ideal environment for premium tea
growth. The experiment was conducted from March to April 2025,
encompassing Ve different cultivation modes, whose basic pro les are
shown in Table 1.

2.2 Microclimate monitoring in tea
plantations

Microclimate data were collected using miniature environmental
monitoring systems (ME40, Beijing Shiyu Tong Technology Co.,
Ltd.). One monitoring device was installed in each of the HT, HTF,
and PT tea gardens to continuously track parameters such as air
temperature, air humidity, total solar radiation, and topsoil moisture
content at the tea canopy level. Data were recorded at 10-minute
intervals. After quality control processing, daily average values were
calculated. The mean values and standard deviations of each
meteorological factor during the entire experimental period (March
to April 2025) were compiled for subsequent analysis.

2.3 Measurement of tea bud growth
dynamics

2.3.1 Monitoring design

Camellia sinensis (L.) O. Kuntze cv. Zhuyeqi is an intermediate-
sprouting cultivar. In its region of origin, the “one bud with three
leaves” stage typically occurs in early April (This cultivar was developed
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TABLE 1 List of tea plantations under different cultivation modes.
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The meteorological data in the table represent the mean — standard deviation during the experimental period from March to April 2025.
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through individual plant selection from the Anhua population by the
Tea Research Institute of Hunan Province; see http://hntri.hunaas.cn/?
p=30&a=view&r=373 for details). The period from bud dormancy
release to the formation of “one bud with three leaves” spans
approximately one month, representing the crucial sprouting phase
for tea buds. To capture the dynamics during this critical period, we
conducted three rounds of bud morphological monitoring, with the

nal round in early April coinciding with chemical quality assessment.
Notably, early April (around the Qingming Festival) also marks the
important agricultural milestone when local tea farmers begin
harvesting the rst batch of premium teas, which primarily consist of
single buds. Speci cally, three dynamic observations were carried out
during the crucial tea bud sprouting period in 2025 on March 6 (the
early stage), March 19 (the middle stage), and April 7 (the late stage,
proximate to Qingming), across all experimental plots under the ve
cultivation modes (HT, HTF, PT, PTF, and PTS).

2.3.2 Quadrat setting

for each cultivation mode, ve independent observation points
(i.e., ve biological replicates, n = 5 per mode) were randomly
selected. A xed standard quadrat of 30 cm 30 cm was established
at each point, de ning the experimental unit for all subsequent
measurements and analyses.

2.3.3 Bud morphology and number

During each observation, the longitudinal (length, mm) and
transverse (width, mm) diameters of all vigorous tea buds (with
unexpanded apical leaves) within the quadrat were measured using a
digital caliper (accuracy: 0.01 mm). Bud size (mm?®) was expressed as
the bud size index, calculated as the square of length multiplied by
width. For each quadrat, mean values for length, width, and size were
calculated from all measured buds. The total bud count was recorded to
obtain the bud number per unit area (buds m 2). Growth dynamics
curves were constructed based on these three time-series observations.

2.4 Determination of tea chemical quality

2.4.1 Sampling and pre-treatment

Sampling was conducted concurrently with the nal tea bud
growth measurement (April 7). Within the above mentioned xed
quadrats (in section 2.3), all disease-free and fresh tea bud samples
were harvested (i.e., ve biological replicates per cultivation mode, with
at least 80 buds collected per replicate). The samples were immediately
placed in an icebox and transported to the laboratory. They were xed
using a microwave oven (medium-high power for 2-2.5 minutes),
dried in an oven at 80 C, ground, and sieved through a 40-mesh sieve.
The processed powder was sealed and stored protected from light in a
-40 C ultra-low temperature freezer for subsequent analysis.

2.4.2 Determination of free amino acids and tea
polyphenols

The contents of free amino acids and tea polyphenols were
determined according to the Chinese National Standards GB/T
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8314-2013 and GB/T 8313-2018, respectively, using a UV
spectrophotometer (UV-8000, Shanghai Metash Instruments
CO., LTD., Shanghai, China). Samples were extracted with hot
water (for amino acid determination) or 70% methanol (for tea
polyphenol determination), followed by Itration or
centrifugation and volume adjustment. An aliquot of the extract
was then reacted with ninhydrin solution or Folin-Ciocalteu
reagent, and the absorbance was measured at wavelengths of
570 nm or 765 nm, respectively. Quanti cation was performed
using standard curves prepared with theanine or gallic acid as the
standard, respectively.

2.5 Data analysis

2.5.1 Part I: effect analysis of cultivation mode
and sprouting stage on tea bud morphology and
growth rate

To quantify the effects of cultivation mode and sprouting stage
on tea bud morphology, we employed linear mixed-effects models
for analysis. For the four morphological indicators of tea buds
(length, width, number, and size), the model xed effects included
cultivation mode (5 levels: HT, HTF, PT, PTF, PTS), sprouting stage
(3 levels: early, middle, late, set as an ordered factor), and their
interaction. The random effect was quadrat, to control for the non-
independence among repeated measurements from the same
quadrat (n = 5). To handle temporal autocorrelation common in
repeated measures data, we systematically compared six residual
covariance structures: Independent (INDEP), Compound
Symmetry (CS), First-Order Autoregressive (AR1), Heterogeneous
Compound Symmetry (CSH), Toeplitz (TOEP), and Unstructured
(UN). Speci ¢ formula expressions can be found in the
supplementary material section “1. Model Formulations”.

The optimal covariance structure for each morphological
indicator was selected based on the Akaike Information Criterion
(AIC) (Supplementary Table S1). Model assumption tests
(Supplementary Table S2) showed that, except for tea bud width
residuals not fully meeting the normality assumption (Shapiro-Wilk
p = 0.023), the residuals for the other indicators satis ed the
assumptions of normality and homogeneity of variance. Given
that linear mixed models are robust to slight deviations from
normality, subsequent inferences were all based on the selected
best models. We reported the Type 11l ANOVA results of the best
models (Supplementary Table S3), xed effect coef cient estimates,
standard errors and signi cance (Supplementary Table S4), and
residual diagnostic plots (Supplementary Figures S1-S4). Based on
the model results, we used the emmeans package for post-hoc
multiple comparisons, with p-values adjusted using the Tukey
method. To quantify the relative importance of each factor, we
calculated the relative contribution (%) of cultivation mode,
sprouting stage, and their interaction to the variation of each
morphological indicator, based on the F-values from the model
Type 11l ANOVA, and calculated partial w as a standardized effect
size to indicate the proportion of variance attributable to each factor
after accounting for other effects in the model.
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To analyze the dynamic growth of the morphological
indicators, we calculated the growth rate for each indicator
between two adjacent sprouting stages (GRgge), i€, the daily
absolute change:

GRstage - (Yt+]|_:l Yt)

where Y represents the measured value of the morphological
indicator, and Dt is the number of days between adjacent stages
(early to middle: 13 days, middle to late: 19 days). Subsequently, we
used paired t-tests to compare the differences in growth rates for
each indicator between the “early—-middle” and “middle—late” stages
(Supplementary Table S5, Supplementary Figure S5).

Calculation of overall growth rate: To obtain a single indicator
characterizing the growth intensity over the entire sprouting
process (early to late) for subsequent correlation analysis in Part
I, we calculated the time-weighted average overall growth rate
(OverallGR). This method considered the in uence of different
stage durations, avoiding bias from simple arithmetic averaging.
The calculation formula is as follows:

(GRearIy mid Dtearly mid) + (GRmid late I:)tmid Iate)

OverallGR =
(Dtearly mid T Dtmid Iate)

where GReary mig and GRpig jare are the growth rates for the
early-middle and middle-late stages, respectively, Dteay mig = 13
days, Dtyig 1ae = 19 days, Dtyy = 32 days. The calculation was
based on the raw data from each quadrat, ultimately obtaining the
overall growth rates for length, width, number, and size for each
quadrat replicate over the entire sprouting period.

2.5.2 Part II: effect analysis of cultivation mode
on chemical quality, nal morphology, and
growth rate

To assess the comprehensive impact of cultivation mode on the
chemical quality of mature tea buds, their nal morphology, and the
overall growth rate during the sprouting period, we established a
series of linear mixed models. The model xed effect was cultivation
mode, and the random effect was quadrat (n = 5), used to analyze
the following three categories of indicators: 1. Chemical quality
indicators: Free amino acid content, tea polyphenol content, and the
polyphenol-to-amino acid ratio determined at the late sprouting
stage. 2. Final morphological indicators: Tea bud length, width,
number, and size measured at the late sprouting stage. 3. Overall
growth rate indicators: The overall growth rates for each
morphological indicator over the entire sprouting period,
calculated based on the method from Part I.

All models underwent diagnostic checks for residual normality
(Shapiro-Wilk test) and homogeneity of variance (Levene’s test)
(Supplementary Table S6), and residual diagnostic plots were
provided (Supplementary Figures S6-S16). Based on models
meeting the basic assumptions, we performed Type IIl ANOVA
to test the main effect of cultivation mode (Supplementary Table S7)
and reported the model parameter estimates table (Supplementary
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Table S8). Simultaneously, we calculated the partial w for
cultivation mode’s effect on each indicator as a measure of its
effect size.

To comprehensively evaluate the overall in uence intensity of
cultivation mode on each set of indicators, we performed Principal
Component Analysis (PCA). PCA was conducted separately on the
chemical indicators, morphological indicators, and growth rate
indicator, and the scores of the rst principal component (PC1)
were extracted. These scores were named the “Chemical Composite
Index,” “Morphological Composite Index,” and “Growth
Composite Index,” respectively, summarizing most of the
variation within each category (variance explained > 60%,
Supplementary Tables S9, S10). Subsequently, we again used
linear mixed models ( xed effect: cultivation mode, random effect:
quadrat) to analyze the effect of cultivation mode on these
composite indices (Supplementary Tables S7, S8, Supplementary
Figures §17, S19) and calculated the partial w , thereby comparing
the differences in the in uence of cultivation mode at a
comprehensive, dimension-reduced level.

2.5.3 Part lll: inter-indicator correlations

To explore the intrinsic relationships among various indicators
and their dynamic changes during the sprouting process, we
conducted systematic non-parametric correlation analyses. First,
we analyzed the pairwise correlations among the three
morphological indicators (length, width, number) within each
sprouting stage. Second, we performed a comprehensive
correlation analysis on all indicators involved in Part Il (3 late-
stage chemical quality indicators, 4 late-stage morphological
indicators, 4 overall growth rate indicators).

As some indicator data distributions did not conform to
normality based on the Shapiro-Wilk test (Supplementary Tables
S11, S12), and scatter plots suggested potential non-linear trends for
some variable pairs, we chose Spearman’s rank correlation
coef cient (r,) for assessment. This method does not rely on data
distribution assumptions and is robust to outliers.

To test whether the correlation coef cient for the same pair of
morphological indicators (e.g., length vs. width) differed statistically
between different sprouting stages (e.g., early vs. middle), we
employed a non-parametric Bootstrap permutation test. The
speci ¢ steps were: 1) Combine the data from the two stages; 2)
Perform random resampling with replacement to create Bootstrap
samples (1000 repetitions); 3) For each repetition, calculate the
difference in r¢ between the two stages based on the Bootstrap
samples; 4) Calculate the 95% con dence interval based on the
distribution of the differences. If this interval did not contain 0, the
correlation coef cients for the two stages were considered
signi cantly different (P < 0.05; Supplementary Table S13). This
method avoids the strict data distribution requirements of
parametric tests.

All statistical analyses and graphics were generated using R
software (v. 4.5.2, R Core Team, 2025). The following packages were
used: nlme, Ime4, ImerTest, emmeans, tidyverse, ggplot2, MuMIn,
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car, performance, effectsize, FactoMineR, factoextra, psych,
and cocor.

3 Results

3.1 Tea bud growth followed similar
dynamic trends across cultivation modes

The dynamic trends of various morphological indicators of tea
buds were generally consistent across different cultivation modes
(Figure 1). Tea bud length and number continuously increased
throughout the sprouting process (P < 0.05; Figures 1A, C;
Supplementary Table S3). The relative growth for bud length was
20% and 106% during the early-to-middle and middle-to-late stages,
respectively. The corresponding relative growth for bud number were
74% and 44%. In contrast, bud width gradually decreased (Figure 1B;
Supplementary Table S3), with a signi cant reduction of -21% during
the early-to-middle stage (P < 0.05) and no signi cant change
thereafter (P > 0.05). Bud size overall showed an initial decrease
(relative change: -24%) followed by an increase (relative change: 92%)
(P < 0.05; Figure 1D; Supplementary Table S3).

Furthermore, the growth rates for tea bud length, width, and
size during the middle-to-late stage were signi cantly higher than
those during the early-to-middle stage (P < 0.05, Figure 2), whereas
the growth rate for bud number did not differ signi cantly between

10.3389/fpls.2026.1747538

the two stages (P > 0.05, Figure 2). This pattern was consistent
across most cultivation modes (Supplementary Figure S5). Across
all cultivation modes, the growth rates for length and number were
consistently positive, whereas the rate for width remained negative.
The growth rate for bud size shifted from negative to positive. These
patterns of growth rates corroborate the consistent overall
developmental trends described above (Figure 1; Supplementary
Figure S5).

3.2 Differential effects of cultivation modes
on tea bud morphology and chemical
quality

Cultivation mode had no signi cant effect on tea bud length at any
of the three observed sprouting stages (P > 0.05; Figure 3A). In contrast,
it exhibited a signi cant regulatory effect on bud width and size (P <
0.05; Figures 3B, D). Speci cally, Hilly Tea Monoculture (HT) and
Plain Tea-Soybean Intercropping (PTS) maintained larger bud width
and size throughout the sprouting period, with their average values
across stages being signi cantly higher by 24%-109% compared to
other modes (P < 0.05; Figures 3B, D). The response of bud number to
cultivation mode varied depending on the sprouting stage (Figure 3C).
No cultivation mode showed a clear advantage at the early stage.
However, by the middle and late stages, Plain Tea Monoculture (PT)
and Plain Tea-Forest Intercropping (PTF) supported signi cantly
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FIGURE 1
Dynamics of tea bud morphological traits across three sprouting stages under different cultivation modes (n = 5). Colored solid lines represent
smoothed trends (loess tting) for each cultivation mode; shaded areas indicate 95% con dence intervals. The black dashed line represents the
overall mean trend across all cultivation modes. Different lowercase letters above the shaded areas indicate signi cant differences among stages
based on Tukey's HSD post hoc tests (P < 0.05). Abbreviations for cultivation modes (HT, HTF, PT, PTF, PTS) are de ned in Table 1.
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Comparison of daily growth rates of tea bud morphological traits between two successive sprouting periods across all cultivation modes (n = 25).
Growth rates were calculated as the daily absolute change of each trait from early to mid (13 d) and mid to late (19 d) stages. Boxes show the
interquartile range (IQR), horizontal lines denote medians, and points represent individual observations. Asterisks above the boxes indicate
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higher densities than other modes, with this advantage further
increasing to 72% at the late stage (P < 0.05; Figure 3C).

Regarding chemical quality, cultivation mode signi cantly
affected all three chemical indicators (P < 0.05; Figures 4A-C).
Speci cally, PT and PTS were associated with a “refreshing” quality
pro le, characterized by the highest free amino acid content (4.0%;
Figure 4A) and the lowest tea polyphenol content and polyphenol-
to-amino acid ratio (16.4% and 4.26; Figures 4B, C). Conversely, HT
and Hilly Tea-Forest Intercropping (HTF) were linked to a “mellow
and robust” pro le, exhibiting the lowest free amino acid content
(2.5%; Figure 4A) and the highest tea polyphenol content and
polyphenol-to-amino acid ratio (18.0% and 7.51; Figures 4B, C).
The chemical indicators for PTF were intermediate between these
two distinct categories.

3.3 Sprouting stage predominantly drove
bud length, while cultivation mode more
strongly in uenced width and number

Except for its non-signi cant effect on bud length, cultivation
mode, sprouting stage, and their interaction all had signi cant
effects on the various tea bud morphological indicators (Figure 5;
Supplementary Table S3). Speci cally, the sprouting stage
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accounted for a substantially higher proportion of variance in bud
length variation than cultivation mode did (82.9% vs. 3.5%;
Figure 5A). Conversely, bud size was more sensitive to cultivation
mode than to sprouting stage (66.6% vs. 19.5%; Figure 5A). The
relative contributions of these two factors to bud width variation
were similar (40.7% vs. 43.1%; Figure 5A). Notably, in the model for
bud number, the interaction effect accounted for a greater
proportion of variance (59.2%) than either factor alone (Figure 5A).

Effect size analysis revealed that cultivation mode had the smallest
effect on bud length (partial w = 0.132), while its effects on the other
three morphological indicators were similar (0.739-0.768) (Figure 5B).
Sprouting stage had the largest effect on bud length (0.812), followed
by its effect on bud width (0.676), and its effects on bud number and
size were similar (0.341-0.349) (Figure 5B). The interaction effect was
greatest on bud number (0.735), which was 2—4 times larger than its
effects on the other three indicators (Figure 5B).

3.4 Cultivation mode had a stronger effect
on morphological than on chemical quality
traits

Cultivation mode had signi cant effects on the chemical and
morphological indicators measured at the late sprouting stage, as
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well as on the overall growth rates of tea buds during the entire
sprouting period (Figure 6; Supplementary Table S7). Among these,
cultivation mode exerted the strongest in uence on late-stage bud
number and its overall growth rate (partial w : 0.831-0.864),
followed by late-stage bud width and its growth rate (0.601—
0.620). Its effects on late-stage free amino acid content and the

polyphenol-to-amino acid ratio ranked third (0.508-0.534)
(Figure 6A). The effect of cultivation mode on the overall growth
rate of length (0.500) was greater than its effects on late-stage bud
size and its overall growth rate (0.403-0.490) (Figure 6A). Late-
stage bud length and tea polyphenol content were the least
responsive to cultivation mode (0.360-0.397) (Figure 6A).
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FIGURE 4
Effects of different cultivation modes on tea leaf chemical composition (n = 5). Different lowercase letters indicate signi cant differences among
cultivation modes according to Tukey's HSD post hoc test (P < 0.05) following linear mixed effects models ( xed effect: cultivation mode; random
effect: quadrat). Error bars represent standard errors of the mean. Cultivation mode abbreviations (HT, HTF, PT, PTF, PTS) are de ned in Table 1.
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Overall, cultivation mode had a greater effect on the composite
morphological index (0.753) than on the composite growth rate
index (0.699) or the composite chemical quality index
(0.530) (Figure 6B).

3.5 Correlations among morphological
traits shifted dynamically across sprouting
stages

Bud length and width were signi cantly positively correlated at
the early sprouting stage (r = 0.58, P < 0.05) but showed no signi cant

correlation at the middle or late stages (P > 0.05). The correlation
coef cient between length and width shifted from positive to negative
from the early to the late stage (P < 0.05; Figure 7A). Bud length and
number were not signi cantly correlated at any of the three stages.
Their correlation coef cient rst decreased and then increased during
sprouting, with the coef cients at the early and late stages both being
signi cantly different from that at the middle stage (P < 0.05;
Figure 7B). Bud width and number were signi cantly negatively
correlated at the late stage (r = -0.81, P < 0.05), but not at the early or
middle stages (P > 0.05). The correlation coef cient between width
and number also declined from positive to negative from the early to
the late stage (P < 0.05; Figure 7C).
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Effect sizes of cultivation modes on individual and composite indicators of tea chemistry, morphology, and growth (n = 5). (A) Partial w (partial
omega squared) effect sizes for individual indicators. (B) Partial w effect sizes for the rst principal component (PC1) of each composite indicator
group. Both panels present effect sizes estimated from separate linear mixed effects models ( xed effect: cultivation mode; random effect: quadrat).
Asterisks denote that the cultivation mode had a signi cant effect on the corresponding indicator (*, P < 0.05; ns, not signi cant).
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3.6 Chemical quality was not signi cantly
correlated with nal bud morphology or
growth rates

Systematic correlations were observed among the chemical
indicators (Figure 8): free amino acids were signi cantly
negatively correlated with tea polyphenols (r = -0.69;P < 0.05);
the negative correlation between the polyphenol-to-amino acid
ratio and free amino acids (r = -0.97;P < 0.05) was stronger than
its positive correlation with tea polyphenols (r = 0.81;P < 0.05).
Notably, no signi cant correlations were detected between any
chemical indicators and the tea bud morphological indicators
measured at the nal stage or growth rates throughout the
sprouting period (Figure 8). Further analysis revealed a positive
correlation between the growth rates of bud number and length (r =
0.41; P < 0.05), while the growth rate of number was negatively
correlated with both the late-stage bud width (r = -0.73; P < 0.05)
and the growth rate of bud size (r =-0.70; P < 0.05). The growth rate
of bud size was positively correlated with the growth rates of both
length (r = 0.59; P < 0.05) and width (r = 0.83; P < 0.05) (Figure 8).

4 Discussion

4.1 Inherent program of bud
morphological development and its
phenotypic plasticity

As the primary harvesting target of premium teas, the dynamic
morphological development of tea buds directly affects the yield of

10.3389/fpls.2026.1747538

fresh leaves and is a crucial objective of tea garden agronomic
management. Within the observational framework of three time
points in this study, we found that despite the diversity in
cultivation modes, the morphological development of tea buds
exhibits an inherent conservatism: their length and number
continuously increased throughout the sprouting period, width
gradually decreased, while bud size showed an initial decrease
followed by an increase. This overall trend remained consistent
across different cultivation modes (Figure 1; Supplementary Figure
S5). This consistent pattern indicates that tea bud development
follows an inherent, genetically programmed blueprint (De Costa
et al,, 2007; Zhang et al., 2016, 2025b). However, in-depth analysis
revealed signi cant differences in the responses of different
morphological traits to external cultivation environments,
uncovering the complex interaction between genetic control and
agronomic plasticity.

Speci cally, the development of tea bud length exhibited strong
genetic constraint. This trait had an extremely high effect size for
the sprouting stage (0.812) and a very low effect size for cultivation
mode (0.132) (Figure 5B), indicating that its orderly elongation is a
core event in the sprouting process, primarily driven by internal
developmental signals, with limited scope for external cultivation
regulation. In contrast, the development of tea bud width, size, and
number showed higher phenotypic plasticity. Their response to
cultivation mode was stronger than that of bud length (effect sizes
0.739—0.768, Figure 4A). Previous research has mostly focused on
the genetic analysis of static morphology; for example, Zhang et al.
(2025b) revealed key genes regulating tea bud size through digital
phenotyping, GWAS, and transcriptomic analysis. Based on
dynamic observations at limited time points, this study
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FIGURE 8

respectively.

Spearman correlation analysis among chemical quality, nal morphology, and growth rates (n = 5). Cells display correlation coef cients (rs) with
signi cance stars (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not signi cant). Red and blue shades represent positive and negative correlations,

preliminarily outlines the plasticity patterns of tea bud
morphological development, suggesting that width and number
may be key traits responsive to cultivation regulation. This nding
provides initial evidence and potential targets for considering tea
bud width and number as key plastic traits for agronomic
intervention, although the underlying patterns and mechanisms
require further validation through higher-frequency continuous
monitoring in the future.

During the early sprouting stage, tea bud length and width
exhibited a signi cant positive correlation. Although the
relationships between the other two pairs of morphological
indicators did not reach statistical signi cance, they also showed
positive associations (Figures 7A-C). This suggests that under
conditions of suf cient resources in the initial sprouting phase,
there is synergistic resource allocation among different
morphological dimensions. As sprouting progressed, tea bud
length and width, as well as width and number, showed negative
correlations at the late sprouting stage, and these correlation
coef cients were signi cantly different from those observed at the
early stage (Figures 7A, C). This dynamic pattern clearly reveals a
shift in tea bud developmental strategy: from synergistic growth in
the early stage to a gradual shift towards competitive allocation of
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limited resources in the late stage between individual lateral
expansion (width) and population density (number), as well as
longitudinal extension (length). It is noteworthy that length and
number showed no signi cant correlation throughout all periods
(Figure 7B), while a signi cant positive correlation existed between
the growth rates of length and number (Figure 8), suggesting a
synergistic promotion between vertical elongation and population
expansion. This nding aligns well with the classic plant size—
density relationship theory in ecology and the dynamic
optimization theory of plant growth (Callaway and Walker, 1997;
lwasa, 2000), and systematically veri es for the rst time the
existence of such a trade-off mechanism during tea bud
sprouting. This intrinsic trade-off relationship provides a key
mechanistic perspective for understanding the dynamic plasticity
of morphological construction in tea plants.

Different cultivation modes possibly achieve differentiated
stage-speci ¢ regulation of these plastic traits by altering the
source-sink relationship and micro-environment of the tea plants.
For instance, the Hilly Tea Monoculture (HT) and Plain Tea-
Soybean Intercropping (PTS) modes maintained larger bud width
and size throughout the sprouting period (Figures 3B, D). The
width advantage in the HT mode might bene t from its relatively
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