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As the core of leaf functional traits, the trade-off relationship between the petiole and lamina expresses
the plant's adaptability to the environment in terms of support structure and photosynthesis. We
investigated the proportions of allometric growth in the relationship between the petiole and the lamina
of broadleaf woody plants in temperate highland Tianshan Mountains montane forests through three
dimensions (length, area, and mass), including the length of the lamina (LL) and the length of the petiole
(PL), and the area of the lamina (LA) and petiole cross sectional area (PCA) versus the mass of the lamina
(LM) and the mass of the petiole (PM), as well as exploring the characteristics of the variance in response
to seasonal changes. We found that the functional traits in all three dimensions showed a clear
convergent evolution as the seasons progressed, that is, a “seasonal effect” of increasing and then
decreasing. The effect of the petioleelamina relationship under spring was minimal in the area
dimension; the effects of the threeedimensional relationships of the traits were all highest in summer,
and the effect of the petioleelamina relationship was lower in autumn. We also found that petiole traits
are simultaneously and multiply affected by lamina traits, with LA and LM having additional effects on
the length/mass and area dimensions, respectively. Compared to tree species, shrub species significantly
require more light intensity and support capacity. Compound-leaved plants would invest more in pho-
toluminescence, increasing leaf light capture efficiency and static load and dynamic resistance. Our re-
sults suggest that plants have rather complex trade-off mechanisms at the leaf level influencing their
ability to adapt to the environment, emphasize the need for leaf-level studies on the relationships be-
tween functional traits in plants, and illustrate the importance of the season as a distinct time scale for
plant trade-off mechanisms.

Copyright © 2024 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

There are often trade-offs between functional traits during plant
growth and development, and these trade-offs are gradually
formed through the continuous screening of nature and are the
most common link between plant functional traits (Oktavia and Jin
2020). Trade-offs between plant functional traits have become one
of the central issues in plant ecology (Forrestel et al., 2015). From
the research in recent years, the study of plant functional traits has
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been derived from single or grouped traits to the relationship be-
tween functional traits (Brouat et al., 1998; Westoby and Wright
2003; Sun et al. 2006, 2017; Niklas et al., 2007; Filartiga et al., 2021).

As the main organ of plant energy acquisition, the functional
traits of leaves reflect the allocation pattern of the plant's own
biomass and its ability to adapt to the environment, and at the same
time, the leaf functional traits contain some kind of intrinsic
connection and allocation trade-offs. Usually, a complete broadleaf
consists of two parts: the lamina and the petiole, which are closely
related in structure and function (Li et al., 2021). In woody com-
munities, overlapping leaves cause reduction in light capture effi-
ciency, and this self-shading phenomenon can have serious effects
on plants (Roig-Villanova and Martínez-García 2016; Perez et al.,
2018). Allocating more biomass to petioles to make them
Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
censes/by-nc-nd/4.0/).
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elongate is one of the most effective strategies for plants to reduce
self-shading because petioles can adjust the angle of growth of
leaves to avoid overlapping with their own leaves and those of
neighbouring plants (Falster and Westoby 2003; Niinemets et al.,
2006; Sarlikioti et al., 2011; Zhong et al., 2019). Due to the light
retention economics of the lamina and the mechanical biome-
chanical requirements of the petiole, leaves requiremore and larger
laminae, and an increase in the plant's allocation of biomass to the
leaf blade will inevitably lead to an increase in biomass investment
in the petiole as well (Niinemets and Sack 2006). Patterns of
biomass allocation between petiole and lamina as a basis for
functional trade-offs, reflecting plant trade-offs between carbon
benefits and support costs (Niinemets and Kull 1999; Niinemets
et al., 2007a,b). This allocation tradeeoff relationship at the leaf
level is one of the key evolutionary mechanisms for improving
energy transformation and material transport, and has significant
implications on plant life history strategies.

Petiole-lamina trade-offs inplants are an idiosyncratic expression
of their adaptation to their environment over long periods of
evolutionary time (Niinemets 1998; Niinemets et al., 2007a,b;
Levionnois et al., 2020). The selective and filtering effects of the
environment on plants dictate that the functional traits of the plant
leaf change in response to the environment. Plants need to provide
optimised leaves to resist external wind or other mechanical resis-
tance and maintain the risk between maximum light capture and
petiole breakage. Thin, long laminae transfer more bending stress to
the petiole, while shorter, wider laminae adapt more readily to the
effects of wind (Smith and Ennos 2003; Anten et al., 2009). Season is
one of the important environmental factors that affect the growth
and metabolism of plants. As different seasons contain changes in
environmental factors such as light, temperature, humidity, etc. In
order to adapt to the changes in the external environment, the
physiological and ecological processes of the plants are also change.
Accordingly, their biomass allocation strategies will also change
(Zhang et al., 2022; Wang et al., 2023). Light-interception models
predict that shade-tolerant species generally have large leaves
because such leaves are more likely to capture light in low light.
However, effective light capture by large leaves would appear to
increase disproportionately with support requirements leading to
petiole biomass (Pickup et al., 2005; Lusk et al., 2019; Zhu et al.,
2019). As a result, shade-tolerant species require more petiole
biomass than non-shade-tolerant species. High light intensity and
windy environments have been shown to increase the proportion of
plant biomass allocated to petioles, and low temperatures and
drought often increase the risk of inefficient plant transport and
petiole embolism, and may therefore require significant investment
in petioles (Westoby and Wright 2003; Sun et al., 2006; Louf et al.,
2018), where the petiole-lamina trade-off tends to support the
“diminishing returns” hypothesis (Milla and Reich 2007; Niinemets
et al., 2007a,b; Sun et al., 2017). In addition to the economics of
light interception, the requirement for adaptation to drought may
have played a role in leaf evolution. There is an evidence that water
and light availability are often negatively correlated during succes-
sion, resulting in compound-leaved plants beingmore likely to occur
in arid environments than simple-leaved plants (Sack and Frole
2006; Poorter 2009; Fan et al., 2017). The process of leaf adapta-
tion to environmental factors reflects the plant's own genetic char-
acteristics (Tsukaya et al., 2002). As different seasons exhibit
different environmental stresses, the ensuing trait variation in
laminae will inevitably affect the plant's investment in biomass on
the petiole (Gebauer et al., 2016; Roig-Villanova andMartínez-García
2016; Yoshinaka et al., 2018), and the petiole will then exhibit cor-
responding adaptive traits. However, there is still a gap in research
on the relationships between petiole-lamina trade-offs in plants
under different seasons.
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Laminaepetiole relationships of different dimensions (length,
area and mass) exhibit different aspects of plant functional trade-
offs or adaptations to environmental changes. However, current
studies usually analyse their altitudinal gradients, hydraulic con-
ditions, photosynthetic rates or mechanical stimulation by wind
speed (Fan et al., 2017; Gleason et al., 2018; Louf et al., 2018; Song
and Hong 2018; Lusk et al., 2019; Li et al., 2021), focusing mainly on
the influence of spatial scales in this context. To the best of our
knowledge, no study has so far explored petiole-lamina tradeeoff
relationships in combination with seasonal factors. To enrich
research in this field, we used typical broadleaf woody plants of the
highland montane Tianshan Mountains forests in Xinjiang to
explore the biomass allocation pattern among the petiole-lamina
traits of broadleaf woody plants in this region, and investigated
the mechanism of seasonal influence on the petiole-lamina trade-
offs of woody plants from three dimensions. The main objectives of
this study were (1) to determine the trade-off relationship between
the petiole and lamina, (2) to assess the effect of season on the
trade-off relationship between the petiole and the lamina, and (3)
to validate the need for a multidimensional analysis of the rela-
tionship between the petiole and the lamina.
2. Materials and methods

2.1. Overview of the study area

The study area is located in themiddle part of the northern slope
of the Tianshan Mountains in Urumqi City, Ha Xionggou
(84.63�e93.04�E, 43.60�e44.14�N) belongs to the Tianshan region
within China, which has dry climate, low annual precipitation, high
evapotranspiration, and fragile ecology, and vegetation types in
descending order along the altitude are mountain grassland,
mountain meadow, coniferous forest, alpine grassland, alpine
cushion plants, and snow-covered glaciers. The region has a high-
land mountain climate, highlighting the process of biological evo-
lution from a warm and humid flora gradually replaced by a
modern dry Mediterranean flora, with average annual tempera-
tures ranging from 5 �C to 14 �C and average annual precipitation
mostly above 500 mm (Fig. 1).
2.2. Sampling method

Field sampling was carried out in the study area in May (spring),
July (summer), and September (autumn) of 2023, and the sampling
site was set up in Ha Xionggou, Urumqi City, in the middle part of
the northern slope of Tianshan Mountain, at an altitude of
1800me1900m. Twelve species of woody plants, including six
species of trees and six species of shrubs, belonging to eight fam-
ilies and ten genera, were selected in the study area (Table 1). For
each sample, well-grown individuals with relatively uniform
growth (i.e., mature and living in habitats with sufficiently viable
and low disturbance) were

randomly selected and labeled, and the same individuals were
collected once per season. Five current year branchlets (that is, the
end of the branch to the first terminal node separated from the
branch) in the same canopy were randomly selected for each in-
dividual, ensuring that all sample branches had intact foliage, with
between 5 and 15 healthy, fully expanded and not insect bitten or
damaged foliage on each branch to avoid significant differences in
survival conditions, 4740 leaves in total (Table 2) They were then
sealed in a zip-lock bag and brought back to the laboratory. For each
sample, carefully separate the petiole from the lamina, and the
following measurements of lamina traits versus petiole traits were
taken for all leaves on the branchlet within 6 h of sampling (Fig. 2).



Fig. 1. The geographical range of our study is China Xinjiang Uygur Autonomous Region, Urumqi, Tianshan National Forest Park Haxiong Gou.

Table 1
Statistical information on different functional species in this study.

Latin name Family Genus Vegetation type Leaf shape

Betula pendula Roth. Betulaceae Betula arbor simple
Populus talassica Kom. Salicaceae Populus arbor simple
Ulmus pumila L. Ulmaceae Ulmus arbor simple
Populus alba var. pyramidalis Bge. Salicaceae Populus arbor simple
Fraxinus sogdiana Bunge Oleaceae Fraxinus arbor simple
Populus laurifolia Ledeb. Salicaceae Populus arbor simple
Cotoneaster melanocarpus Lodd. Rosaceae Cotoneaster shrub simple
Lonicera tatarica L. Caprifoliaceae Lonicera shrub simple
Berberis atrocarpa Schneid. Berberidaceae Berberis shrub simple
Spiraea hypericifolia L. Rosaceae Spiraea shrub simple
Rosa platyacantha Schrenk Rosaceae Rosa shrub compound
Caragana acanthophylla Kom. Fabaceae Caragana shrub compound

Table 2
The number of samples of each species collected in this study.

Latin name Twig number Spring sample size Summer sample size Fall sample size

Betula pendula Roth. 5 140 127 128
Populus talassica Kom. 5 132 133 140
Ulmus pumila L. 5 136 125 131
Populus alba var. pyramidalis Bge. 4 127 129 137
Fraxinus sogdiana Bunge 5 134 134 124
Populus laurifolia Ledeb. 4 134 123 130
Cotoneaster melanocarpus Lodd. 4 126 126 134
Lonicera tatarica L. 4 139 130 138
Berberis atrocarpa Schneid. 3 132 137 129
Spiraea hypericifolia L. 4 123 138 128
Rosa platyacantha Schrenk 3 136 135 121
Caragana acanthophylla Kom. 3 141 129 134
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(1) Lamina length (LL) and petiole length (PL): For each sample,
leaves from different individuals were measured using Ver-
nier calipers to measure LL and PL, respectively.

(2) Lamina area (LA): For each sample, For each sample, laminae
from different individuals were laid flat on white paper. LA
was determined by scanning the laminae with a scanner
three to four times in repetition and then analysing the
pictures with image analysis software (Image J).

(3) Petiole cross-sectional area (PCA): For each sample, at least
15 leaves fromdifferent individuals were selected tomeasure
the diameter of the petiole (PD), that is, the diameter from
the base of the leaf blade to the middle of the end of the
petiole, and using a spiral micrometer (WD, Zhejiang, China),
the PCA was calculated as follows: PCA ¼ p * (PD/2)2.

(4) Lamina mass (LM) and petiole mass (PM): For each sample,
the lamina and petioles were individually placed in ziplock
bags, dried in an oven at 75 �C for 72 h to a constantmass and
individually weighed to the nearest 0.0001 g. The dry mass
obtained was then divided by the number of leaves to
calculate the individual LM and PM.
2.3. Data processing and analysis

Standardised principal axis analysis and covariance analysis
were used to compare the heterogeneity of slopes between lamina
and petiole traits of different plant types and to compare differ-
ences in slopes with 1. If the slopes were homogeneous, common
slopes were calculated between the species groups and differences
in the intercepts under common slopes were compared. Data for
leaf traits were logarithmically transformed before analyzes were
performed to conform to a normal distribution. Petioleelamina
relationships were analysed using Meta-analysis, where the effect
sizes of each group of petioleelamina relationships were analysed
by the “Metafor” software package and 95% confidence intervals
(95% CI) were calculated, with petiole traits being considered as the
dependent variable in all the dichotomous relationship analyses. To
fully analyse the petiole-leaf trait correlations, linear mixed-effects
models and partial correlation analyses were used to assess
whether LA, LM, and LA would cause additional effects on the
correlations of PL-LL, PCA-LA, and PM-LM. All analyses were per-
formed in R 3.6.1.

3. Results

3.1. Variation in petiole-lamina trait

In all species, the regression slopes for the three dimensions of
the petioleelamina relationship were significantly positive
Fig. 2. Schematic diagram of leaf traits. LL: the length of the lamina; PL: the length of
the petiole; LA: the area of the lamina; PCA: petiole cross sectional area.
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throughout seasonal variation, with regression slopes significantly
> 1 for the PL-LL relationship in summer and fall (Fig. 3a), < 1 for
the PCA-LA and the PM-LM relationships in summer (Fig. 3c), and
significantly > 1 in spring and fall (Fig. 3b).

The regression slopes of the PL-LL relationship for tree species
were < 1 in spring and significantly > 1 in both summer and fall,
and the regression slopes of the PM-LM relationship were signifi-
cantly < 1 in spring and summer and significantly > 1 in fall
(Table 3).

The regression slopes of the PL-LL relationship for shrub species
were significantly > 1 in all three seasons, and the regression slopes
of the PCA-LA relationship and the PM-LM relationship were
significantly < 1. The regression slopes of the three dimensions of
the petioleelamina relationship varied seasonally, with the PCA-LA
relationship showing the lowest slopes (all significantly < 1), but
showing the highest intercepts (Table 3).

3.2. Petiole-lamina trade-offs across seasons and vegetation types

3.2.1. Petiole-lamina trait threeedimensional relationships
The mean effects of the three dimensions of the relationship of

the petioleelamina relationship changed roughly in the same way
with seasons for almost all seasonal variations and vegetation
types, showing a “seasonal effect” of increasing and then
decreasing, the mean effect being greater in summer than in spring
and fall, and the PL-LL relationship being significantly positive, with
mean effect sizes of > 1. The effect size of the relationship was
largest in summer and smallest in autumn. The effect sizes of the
relationships were largest in summer and smallest in autumn
(Fig. 5a). The PCA-LA relationship was significantly positive with a
mean effect size > 1 for most seasonal variations and vegetation
types, but it was significantly < 1 in spring (Fig. 5b). Shrub species
showed a negative correlation in spring, followed by seasonal
variations of < 1. The tree species had a mean effect of < 1 in spring
and significantly > 1 in summer and fall (Fig. 5e) The mean effects
of the PM-LM relationships were all highly significant > 1
(Fig. 5g ~ i).

3.2.2. LA-PL/LL, LM-PCA/LA, and LA-PM/LM relationships
For the LA-PL/LL relationship between vegetation types, LA

highly significantly affected LL in spring, with no significant dif-
ference for PL, and reached a maximum significant share of 31.02%
for PL in summer, when tree species were negatively correlated
(Fig. 6). Differences in leaf type altered the LA-PL/LL relationship,
except in spring, when it showed significant differences in both
summer and fall, with a negative correlation for monocarpic spe-
cies in summer. The type of vegetation and the type of leaf did not
have an additional effect on the seasonal pattern of the LM-PCA/LA
relationship, with a significant percentage of PCA and LA of almost
50% in fall, LM showing a significant difference to LA and no sig-
nificant difference for PCA.The LA-PM/LM relationship reached a
highly significant level in spring, with LA to PM showing no sig-
nificant difference in both summer and autumn, and with a nega-
tive correlation for woody species in summer, and a shift in the fall,
shrub species shifted to positive correlations, and woody plants
remained negatively correlated (Fig. 7). The pattern of
petioleelamina relationships was generally in line with the “sea-
sonal effect” of increasing and then decreasing.

4. Discussion

Relationships between lamina length, area, and mass revealed
inconsistent physiological relationships in global vegetation
models in response to climate change, according to a survey of
global economic profiles of lamina traits (Osnas et al., 2013).



Fig. 3. Three-dimensional linear relationships (PL-LL, PCA-LA, PM-LM) for all woody plants under different seasons.

Table 3
Three-dimensional linear relationships (PL-LL, PCA-LA and PM-LM) were summarised separately for all species, tree species and shrub species under different seasons.

Reason Relationship PL-LL PCA-LA PM-LM

Slope(B) Intercept(A) Slope(B) Intercept(A) Slope(B) Intercept(A)

Spring All 1.115 ± 0.166 �0.829 ± 0.260 0.279 ± 0.025 0.304 ± 0.019 0.845 ± 0.098 �1.457 ± 0.183
Arbor 0.866 ± 0.290 �0.406 ± 0.466 0.230 ± 0.023 0.334 ± 0.024 0.886 ± 0.161 �1.363 ± 0.256
Shrub 1.516 ± 0.147 �1.463 ± 0.226 0.454 ± 0.052 0.247 ± 0.025 0.622 ± 0.177 �1.930 ± 0.358

Summer All 1.513 ± 0.165 �1.612 ± 0.305 0.343 ± 0.031 0.160 ± 0.037 0.942 ± 0.108 �1.248 ± 0.129
Arbor 1.911 ± 0.514 �2.431 ± 0.985 0.288 ± 0.041 0.262 ± 0.059 0.976 ± 0.160 �1.231 ± 0.146
Shrub 1.529 ± 0.082 �1.580 ± 0.146 0.268 ± 0.072 0.193 ± 0.060 0.936 ± 0.247 �1.247 ± 0.352

Fall All 1.423 ± 0.180 �1.405 ± 0.329 0.316 ± 0.016 0.220 ± 0.018 1.125 ± 0.102 �1.036 ± 0.120
Arbor 1.684 ± 0.468 �1.974 ± 0.905 0.317 ± 0.033 0.215 ± 0.050 1.400 ± 0.192 �0.940 ± 0.151
Shrub 1.584 ± 0.094 �1.616 ± 0.162 0.341 ± 0.034 0.206 ± 0.027 0.951 ± 0.211 �1.229 ± 0.311

The mean ± 95% CI (confidence interval) of the slope (B) and intercept (A) of each linear relationship is shown.
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However, the study of functional trade-offs between petiole and
laminae is still at a relatively basic stage, and its significance for
plant evolutionary life history strategies has not yet been fully
explored and understood. In the present study, we first attempt to
show evidence of variation and correlation between different
three-dimensional patterns of petioleelamina relationships in
broadleaved woody plants of montane forests on biological and
temporal scales. Leaf form, vegetation type, and seasonal variation
were also factors contributing to the variability of these relation-
ships, suggesting that there is a clear anisotropic growth relation-
ship between the petiole and the lamina. We did also find
significant additional effects of a variety of leaf trait petiole trait
relationships. These results may indicate that there are multiple
mechanisms to simultaneously control petiole-lamina biomass
allocation and its trade-off relationships in broad-leaved woody
plants, and that these trait combinations are adaptively and
evolutionarily important.

On the length scale, we found a positive correlation between PL
and LL, and it was found that genetics determines that plants have a
higher proportion of overlapping leaves that are longer in a given
space (Tsukaya, 2005). This suggests that when species invest in
Fig. 4. Three-dimensional Meta-analysis of woody plants types in different sea
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biomass for petioles, they additionally increase the cost of investing
in petiole length, taking into account the overlap between laminae
that causes self-shading (Li et al., 2019). The regular leaf arrange-
ment broadleaf effectively reduces porosity in the canopy, and self-
shading by neighbouring leaves can be mitigated by changing the
PL. The proportion of leaf biomass in the petiole is independent of
leaf size, suggesting that biomass investment in the petiole is
determined by spacing rather than support requirements (Perez
et al., 2018; Wang et al., 2019). The PL-LL relationship was shown
to vary proportionally during seasonal changes (Fig. 4). This dem-
onstrates the generality of the overall balance between the cost of
adaptation to light capture and support for petiole growth, and
perhaps the role of convergent evolution, with plants conforming
to this relationship in most environments. For most broad-leafed
woody plants, this is a stable mechanism regardless of lamina
size or mass. This study shows that the change in the effect size of
seasonal advancement increases and then decreases. The equilib-
rium in spring (leaf growth period) is skewed toward increasing PL,
implying that plants need to increase light capture efficiency by
rapidly elongating petioles, while providing stronger support
against wind (Vogel, 2009). The balance in summer (leaf
sons. Length dimension (a), area dimension (b), and mass dimension (c).



Fig. 5. Three-dimensional Meta-analysis of different vegetation types under different seasons. Meta-analysis of different vegetation Types in Spring (a ~ c), Summer (d ~ f), Fall (g ~ i).
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stabilisation period) is biased towards increasing LL, where plants
can better accumulate nutrients for their own growth and devel-
opment. Shrubs are more biased towards decreasing PL than trees
at this time, as a way of reducing overexposure to high UV light.
Trees can allocate more biomass to lamina elongation due to self-
shade. The equilibrium in fall (leaf decline period) was more
biased towards increasing PL and decreasing biomass allocation to
LL than in spring, and the increase in support cost would make the
wind force more pronounced and accelerate leaf dieback. In addi-
tion in this study, the growth pattern of the LA-PL/LL relationship
was found to be the same as that of PL-LL, which indicated that
lamina growing parallel and perpendicularly to the petiole had the
same effect on petiole growth, which could be the result of adap-
tation to the environment during the plant evolution, which could
be the result of adaptation to the environment during convergent
evolution in plants, leading to a reduction in the dependence be-
tween lamina and petiole traits. LA did not have an additional ad-
ditive effect on PL, and for arboreal species, LA exerted a significant
negative correlation on PL-LL (Fig. 6), an anisotropic growth rela-
tionship that demonstrated the inability of the plant's increased
investment in laminae to keep up with the increased cost of peti-
oles (Li et al., 2008), and an investment strategy that further
increased this distributional discrepancy as the season progressed,
leading to leaf abscission. This allocation pattern was also found in
monocotyledonous species (Fig. 8). Compound-leaved species had
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the highest growth rates in the spring, probably because
compound-leaved species are less efficiently supported, and peti-
oles need more space to arrange leaflets along the axis and so have
a greater mass fraction (Givnish, 1978).

On the area scale, according to the “pipeline model theory”
(Shinozaki et al., 1964), the PCA increases proportionally with the
increase of LA. However, the present study, contrary to the “pipe-
line model theory”, may be due to the fact that the petiole, in
addition to supporting static loads and resisting dynamic loads
from wind (Anten et al., 2010), is also used for protection and
transport of nutrients, etc., so that the PCA actually represents the
proportion of all the different types of tissue in the petiole. How-
ever, the proportions of these tissues in petioles are different and
vary considerably between species or habitats (Givnish 2002; Taha
and Malik 2012; Maiti et al., 2016). This may lead to an anisotropic
growth relationship between PCA and LA, with greater changes
occurring in PCA than in LA possibly due to a concomitant increase
in the proportion of other tissues allocated to PCA as LA increases
(Klepsch et al., 2016). Secondly, the xylem in the petiole consists of
ducts of different functions and sizes. According to
HagenePoiseuille's law (Niklas et al., 2009; Gebauer et al., 2019),
small conduits of high density usually occupy more area than large
conduits of low density, but large conduits of low density tend to
transport more water than small conduits of high density due to
lower resistance to water transport (Lintunen and Kalliokoski



Fig. 6. Modeling the mixed effects of different vegetation types across seasons. Mixed-effects model for leaf area and petiole area with fixed LA (PL-LL), fixed LM effects (PCA-LA)
and fixed LA effects (PM-LM). (a ~ c): Spring; (d ~ f): Summer; (g ~ i): Fall.
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2010). As a result, petioles of large leaves usually develop a small
number of large ducts, which would be more in line with distri-
butional requirements, which would weaken the dependence of
PCA on LA. The balance is more biased toward increasing PCA in
spring than in summer and autumn, probably because in spring the
plant needs to ensure the survival of newborn laminae more than
photosynthesis, and the large investment in petioles ensures that
the laminae develop successfully under the stress of the external
environment. Especially for shrub species, which are less able to
cope with external environmental changes, more biomass needs to
be allocated to PCA for subsequent life compared to tree species
(Fig. 8). Recent studies have found that if the photosynthetic rate of
laminae is independent of LA and the photosynthesis of petioles is
negligible, then there should be a linear relationship between total
carbon gain and LA. Therefore, it can be inferred that the rela-
tionship between LA and LM will be curvilinear (Lin et al., 2020).

On the quality scale, the usual reports found a positive corre-
lation between PM and LM, suggesting that the proportion of
petiole investment increases with LM (Li et al., 2008; Fan et al.,
2017; Levionnois et al., 2020). The relationship between LM and
PM may have achieved evolutionary stability, excessive biomass
investment in petioles is destined to reduce the resources available
for lamina development, and if too much investment is made in
laminae, this will increase the risk of premature leaf drop due to the
lack of adequate support structures (Yoshinaka et al., 2018). This is
supported by the results of this study, where the relationship
761
between LM and PM tends to stabilise under seasonal variation.
However, this relationship was found to be positively heteroge-
neous in some studies, and as LM increases, PM will require more
biomass increase than LM, and larger leaves must be invested more
in the petiole than smaller leaves because larger leaves will suffer
greater static loads on the petiole and greater dynamic loads on the
surface resistance (Bal et al., 2011). Therefore, we can assume that
the PM-LM anisotropic growth relationship is mainly caused by LA.
The “diminishing returns” hypothesis suggests that the average
value of the proportionality index controlling the relationship be-
tween LA and LM is less than 1 (Niklas and Enquist 2001), indi-
cating that the increase in LA cannot keep up with the increase in
LM. In the present study, it was found that the growth pattern of the
plant under seasonal variation is in agreement with the hypothesis.
This implies that plants have to provide different proportions of
higher biomass investment to meet support requirements as LA
increases, which explains the disproportionate increase in petiole
mass relative to the lamina area and mass of the lamina. Particu-
larly in the strong winds and freezing air of spring, plants need to
make high investments in support structures such as petioles,
which is consistent with the results of other studies (Anten et al.,
2010; Louf et al., 2018). However, a negative correlation of LA-
PM/LM was observed in summer and autumn, which implies that
LA has a significantly lower impact on PM in summer and autumn,
and this change is consistent with the growth strategy of the plant,
where an increase in LM represents the maximum photosynthetic



Fig. 7. Modeling the mixed effects of different leaf types across seasons. Mixed-effects model for leaf area and petiole area with fixed LA (PL-LL), fixed LM effects (PCA-LA) and fixed
LA effects (PM-LM). (a ~ c): Spring; (d ~ f): Summer; (g ~ i): Fall.
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efficiency that the plant can carry out, storing the energy to get
through the winter season while satisfying the plant's growth and
development. In autumn, plants will accelerate leaf abscission by
decreasing their investment in PM, which is consistent with the
trade-offs that plants exhibit in different environments (Fig. 8).

In this study, most of the woody plants in spring will allocate
biomass to the petiole, especially in the cross-sectional area. This is
beneficial for the protection of newborn laminae; increased xylem
will make leaves less susceptible to wind forces that can cause
breakage, and smaller leaves reduce gnawing by phytophagous
animals. During the summer months, plants will invest more in
lamina length and area, but will prefer to increase area to improve
light capture rather than elongate laminae. There is no point in
producing robust, valuable, and well-protected leaves in fall for
deciduous species that need to cope with harsh winter habitats
(van Ommen Kloeke et al., 2012), when more biomass should be
allocated to petiole elongation, while reducing xylem density, thus
increasing the risk of leaf dieback. Tree species, with sturdy
branchlets that can alter leaf spreading capacity and orientation,
are less dependent on petioles in comparison and thus will increase
the proportion of allocation to lamina. In terms of investment in
petioles and laminae, the life history strategy of shrub species will
more carefully trade off biophysical constraints and coupling
functions between laminae and petioles, with their shorter petioles
driving biomass allocation to laminae.

The PL-LL relationship was negatively correlated for single
leaves and positively correlated for compound leaves. This may be
762
due to the fact that compound leaves are composed of petiolules
and leaflets. Petiolules extend the length and width of leaflets,
helping to increase light interception by the lamina or leaflet while
improving transport efficiency (Xu et al., 2009). However, due to
the increase in petiole bending and torsional moments, the
extension of the length and width of the compound lamina leads to
a simultaneous increase in the static loads on the petiole and the
dynamic loads on the lamina, which requires amount of leaf
biomass to be allocated to the petiole. However, this allocation of
greater investment in petioles found in compound leaves does not
indicate that this strategy is detrimental to plant survival and
reproduction, as compound-leaved plants have their own unique
survival advantages. Monocotyledons have to invest more in twigs
in order to meet their support requirements, but twigs are more
costly because they are not only used for elongation, but addi-
tionally require diameter growth to support a wider canopy. Peti-
oles in compound-leaved plants are a substitute for twigs to some
extent, but the cost of petioles would be lower for twigs (Niklas,
1991). At the same time, we did not find variability in PCA-LA
and PM-LM relationships between monocotyledon and dipter-
ocotyledonous species, implying that changes in leaf trade-offs
between plant protection and support costs and nutrient trans-
port are independent of leaf form in leaf biomass allocation
strategies.

In conclusion, our study illustrates the importance of inter-
preting plant functional trade-offs from a leaf perspective and
provides a new perspective for explaining global patterns of leaf



Fig. 8. Three-dimensional partial correlation analysis of all species, vegetation types, and leaf types in different seasons. Partial correlation analysis of lamina area and petiole area
under the influence of fixed LM (LA-PCA), fixed LA impact (LL-PL), fixed LA impact (LM-PM). Black, red and blue for spring, summer and fall respectively. (a): All species; (b): Arbor
species; (c): Shrub species; (d): Monocotyledonous species; (e): Dipterocarp species.
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change. Petioleelamina relationships may be significantly influ-
enced by environmental change, vegetation type, and leaf form.We
identified evidence for trade-offs between heterochronic growth
among leaf functional traits in temperate woody plants along the
seasons, with the effect of the petioleelamina relationship being
the smallest in the area dimension under spring, suggesting that
the plant prefers to enhance lamina support and protection. The
effect of all three dimensions of the relationship being the highest
under summer, suggesting the importance of the plant's increased
efficiency of light trapping and nutrient transport under suitable
environmental conditions. Under autumn, the effects of
petioleelamina relationships decreased, reflecting the tendency of
plants to selfwither while satisfying the basic energy supply of
leaves. We also found that leaf traits cause multiple effects on
petiole traits, suggesting a complexmechanism between functional
traits. We understand the unique seasonal adaptive strategies of
temperate forest woody plants during evolution in terms of allo-
metric growth ratios between lamina and petiole traits, and we
need closer studies to determine the extent to which this conver-
gent evolution among plants is universal.
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