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Geographical variation and the role of climate
and soil on phenotypic traits of Calamus
rhabdocladus across provenances in China

Check for
updates

Junging Nong'?", Ruijing Xu'>", Songpo Wei'**, Shaohui Fan', Quan Qiu®, Yiju Li"* and Guanglu Liu"*"

Abstract

Background Phenotypic traits are indicative of a plant’s resource utilization and survival strategies. Understanding
the geographical differentiation of Calamus rhabdocladus phenotypes holds significant theoretical and practical value
for genetic breeding and the selection of superior geographical provenances. This study analyzed the geographic
variation in 15 phenotypic traits of leaves, stems, roots, flagellums, and other parts from 10 provenances of C.
rhabdocladus in China. The phenotypic characters of C. rhabdocladus were measured in the field, while soil factors
were collected in the field and analyzed in the laboratory. Climatic data were obtained through online sources.
Pearson’s correlation was used to analyze the relationships between the 15 phenotypic traits. Redundancy analysis
and variance decomposition analysis were used to quantify the effects of climatic and soil factors on the geographical
variation in phenotypic traits of C. rhabdocladus, and the key influencing factors were obtained by comparing the
explanatory rates of soil and climatic factors on phenotypic traits of C. rhabdocladus.

Results The results showed that the Coefficient of variation (CV) of phenotypic traits among provenances ranges
from 7.48 to 182.16%, with root dry weight exhibiting the largest variation. The plasticity indices varied between 0.16
and 0.82, with the flagellum volume showing the highest value. Significant correlations were observed among leaf,
stem, flagellum, and root traits. Average air temperature was identified as the crucial climatic factor influencing the
phenotypic traits of C. rhabdocladus, while effective nitrogen and organic matter content were the key soil factors
influencing these traits. Within the scope of this study, climatic factors provided a better explanation of phenotype
variation than soil factors.

Conclusions These results highlight the importance of climatic adaptation in shaping phenotypic diversity and
suggest that future research should explore the genetic mechanisms underlying these traits and their interactions
with environmental factors at finer spatial scales.
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Introduction
Plant traits encompass morphological, anatomical, bio-
chemical, physiological, or phenological features that are
measured at the individual level [1, 2]. Plant functional
traits are key plant properties closely linked to plant colo-
nization, growth, survival, and mortality during long-
term evolutionary adaptation [3, 4]. These functional
traits are typically interrelated and co-evolved, reflecting
how plants respond and adapt to external environmental
conditions, and can contribute to determining a plant’s
ecosystem functionality [5, 6]. At local scales, functional
traits are often used to assess plant growth status, and at
larger spatial scales, species exhibit changes in functional
traits along gradients of abiotic or biotic factors, driven
by natural selection or phenotypic plasticity [7-9]. As a
crucial link between plants, the environment, and eco-
systems, functional traits are also indicative of a plant’s
survival strategies [10-11]. Leaves, as the primary organ
for photosynthesis and plant material production [4],
play a critical role in resource acquisition and utilization
[3]. Leaf functional traits are highly sensitive to envi-
ronmental changes and are relatively easier to measure
compared to other plant traits. Notably, the Specific leaf
area (SLA) and the leaf dry matter content (LDMC) are
considered key predictors of plant strategies [12, 13]. The
concept of the leaf economic spectrum (LES), introduced
through a global analysis of 2548 plant leaf traits, quan-
tifies the trade-off strategies of plants on a global scale
[14]. While LES has been widely confirmed across vari-
ous spatial, temporal, and ecosystem contexts [5], signifi-
cant gaps remain in understanding how these traits vary
and interact in specific environments, such as extreme
or heterogeneous habitats. For instance, Yang et al [15].
Demonstrated high variability in leaf size-related traits
among 332 species on the Qinghai-Tibet Plateau, with
leaf area showing the greatest variation. Similarly, Wang
et al [16]. Found extensive spatial heterogeneity and
strong correlations among leaf functional traits along
altitudinal gradients in Abies acanthus. However, the
mechanisms driving these patterns and their implications
for plant adaptation remain poorly understood.

Extending beyond leaves, similar economic spectra
have been proposed for stems and roots. In the wood
economic spectrum (WES), wood density (WD) repre-
sents a key functional trait mediating trade-offs between
growth and survival [12, 17]. In the root economic spec-
trum, traits including root diameter, root length, and root
tissue density reflect nutrient and water acquisition strat-
egies [18, 19]. Despite these advances, integrated studies
linking leaf, stem, and root traits across diverse environ-
ments are scarce, limiting our understanding of whole-
plant adaptation strategies.

Recently, the relationship between plant functional
traits and the environment has emerged as a key topic
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in functional biogeography and macroecological studies.
At the global scale, climate impacts on plant functional
traits are particularly significant, with annual mean tem-
perature and precipitation identified as its major driv-
ers. In warm and humid low latitudes, leaves tend to be
larger, whereas in arid and cold high latitudes, plants
typically have smaller leaves [20]. At the local scale, soil
nutrients exert a more pronounced influence on plant
functional traits, driving changes in leaf and wood traits,
with species growing faster in nutrient-rich habitats [21].
However, the relationship between functional traits and
environmental factors is not fixed and may vary across
different regions or species. For example, leaf area and
quality decrease with warming, while the leaf aspect ratio
increases [22]. In cold and low rainfall temperate climate
zones, deciduous trees usually exhibit high SLA and low
WD, whereas in tropical zones with high temperature
and high rainfall, evergreen trees tend to have low SLA
and higher LDMC, enhancing their resource utilization
efficiency, resistance to disease and insect pest erosion,
and resource acquisition [21].

Yang et al [23]. Found that in the arid areas of north-
west China, under the stress of arid environment, rainfall
is the main climate driving factor affecting the develop-
ment of plant leaves. Zhao et al [24]. Through a decade-
long monitoring study in Hainan’s tropical cloud forests,
found that plant functional traits exhibited a stronger
response to soil nutrients over time, highlighting the
high sensitivity of these traits to environmental changes
at the individual level. In karst environments, wood den-
sity among tree species varies with habitat; karst hilltop
species with less soil substrate have higher WD than val-
ley species, which benefit from higher soil moisture con-
tent [25]. Despite these findings, critical gaps remain in
understanding how these patterns generalize across dif-
ferent ecosystems and species. Additionally, the role of
genetic adaptation versus phenotypic plasticity in driving
these responses remains unclear. It is necessary to inves-
tigate in the future how functional traits respond to com-
bined stressors such as drought and nutrient limitation,
as well as how these responses influence plant survival
and ecosystem resilience under climate change.

Calamus rhabdocladus Burret, a species in the genus
Calamus of the Palmae family, is a common climbing
companion plant in tropical and subtropical forests. It
has a wide geographic distribution, found in the Chi-
nese provinces of Fujian, Guangdong, Guangxi, Guizhou,
Hainan, Hunan, as well as in Vietnam and Laos. C. rhab-
docladus canes are used in furniture making, while its
shoots and fruits are edible, contributing to the species’
economic importance [26]. Plants undergo morphologi-
cal differentiation in response to different geographic
conditions and develop distinct adaptations based on the
climate and soil [13, 27]. Despite its important economic
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significance, the germplasm collection and morphologi-
cal difference assessment of C. rhabdocladus are partial
and incomplete. The specific effects of climate and soil on
the phenotypic traits of C. rhabdocladus remains unclear.
In this study, we investigated the geographic variation of
phenotypic traits and the effects of climate and soil fac-
tors on the phenotypic traits of C. rhabdocladus, aiming
to understand (1) the geographic variation and correla-
tions among phenotypic traits in the C. rhabdocladus (2)
the key climatic and soil factors affecting these traits, and
(3) whether climatic or soil factor primarily influence the
phenotypic traits of C. rhabdocladus. The results of this
study has important theoretical and practical implica-
tions for genetic breeding and the selection of superior
geographic seed sources of C. rhabdocladus.

Materials and methods

Division of study area and plots

Sampling was conducted during July—August 2022 and
July—August 2023 among 10 provenance sites spanning
six provinces and regions in China: Hainan, Guangdong,
Guangxi, Fujian, Guizhou, and Hunan. These sites cover
the main distribution areas of C. rhabdocladus in China
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and are primarily located in tropical and subtropical
regions characterized by distinct dry and wet seasons,
thus being selected for this study. The sampling period
was chosen to coincide with the mature growth phase of
C. rhabdocladus, during which individual traits are rela-
tively stable. Due to its wide distribution, 6 provenances
were investigated in the first year and 4 additional sam-
ples were collected in the second year. The locations
and basic information of the sampling sites are shown in
a map and the following table (Fig. 1; Table 1). At each
provenance site, 5 plants in good growth conditions and
with cane lengths greater than 5 m were selected. This
threshold ensures that the plants have reached maturity
and exhibit stable traits. The selection of five individuals
per site aligns with the general recommendation for the
minimum sample size required to quantify species-spe-
cific trait values [28]. To ensure spatial independence, the
straight-line distance between selected plants was main-
tained at more than 100 m. A circular sample plot with
a radius of 8 m was established, centered on the selected
plants. Within these plots, the growth of tree species
(diameter at breast height>10 c¢cm) was recorded and a
diameter tape was used to measure the DBH of the trees.
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Table 1 Basic overview of sampling sites and their key characteristics
Provenance Abbreviation Mean temperature of Average precipita- Air temperature in Air tem-
air (C) tion (mm) January (C) perature
in July
air (C)
Sanya, Hainan SY 231 1635 20 28
Ledong, Hainan LD 248 1566 194 273
Changjiang, Hainan a 25.6 1742 13.5 22.8
Heyuan, Guangdong HY 21.7 1619 133 28
Guangzhou, Guangdong GZ 217 2077 13.9 288
Foshan, Guangdong FS 23.1 1951 134 285
Nanning, Guangxi NN 21.8 1723 58 219
Zhangzhovu, Fujian Z) 22.1 1622 8.7 244
Libo, Guizhou LB 19.3 1299 59 270
Chenzhou, Hunan cz 175 1626 6.5 29.7
Table 2 Description of phenotypic traits, soil, and Climatic factors
Phenotypic trait Abbreviation Units Soil and climate factors Abbreviation Units
Leaf dry weight LDW g Potential of hydrogen pH /
Specific leaf area SLA cm?g™! Organic matter content oM gkg™
Leaf dry matter content LDMC gg”’ Total nitrogen content gkg™
Leaf sheath dry matter content LSDMC gg™! Total phosphorus content p gkg™!
Pinnated leaf number PN pieces Alkaline nitrogen content AN mg kg™!
Soil and plant analyzer development SPAD / Quick-acting phosphorus content AP mg kg™!
Node number NN number Average temperatures Ave tem C
Internode length Il cm Effective cumulative temperature effect.tem C
Stem dry weight SDW g Maximum temperature max.tem C
Wood density WD gcm™3 Minimum temperature min.tem C
Flagellum volume Fv cm? Relative humidity rela.humid %
Flagellum dry matter content FDMC gg! Measured quantity of rain precipitation mm
Root dry weight RDW g Solar radiation intensity solar.radia wm™?
Root dry matter content RDMC gg™!
Root density RD gcm™?

Geographical information including longitude, latitude,
elevation, and other geographical information of the plot
center was recorded using a Garmin 639csx handheld
GPS locator. Additionally, habitat characteristics includ-
ing stand depression, slope, slope position, and slope
direction were documented.

Sample collection and trait measurement

Plant samples of C. rhabdocladus were collected in the
field. Each plant was manually separated from its sup-
porting wood and laid flat on a flat surface. Three mature,
healthy, disease- and pest-free leaves were randomly
selected from the plant. The chlorophyll SPAD values of
10 randomly chosen leaflets were measured using a chlo-
rophyll meter (SPAD-502 Plus, Konica Minolta, Japan)
while the leaves were still fresh. The average SPAD value
of the 10 leaflets was calculated and used as the chloro-
phyll SPAD value for each leaf. After chlorophyll mea-
surement, the leaves were placed in a bag and transported
to the laboratory for the measurement of leaf functional
traits. The canes were truncated from the base of the

stem, and the number of leaves and nodes on each cane
were counted. The length between the nodes was mea-
sured with a tape measure. Stem segments, each 5 cm in
length, were cut from the cane at positions 1/4, 1/2 and
3/4 of the total length, placed in self-sealing bags and
brought to the laboratory for the measurement of stem
phenotypic traits. Three flagella used for climbing were
randomly selected, stripped from the cane plants, loaded
in self-sealing bags, and brought back to the laboratory
for the measurement of flagella functional traits. Soil
samples containing root systems were collected using a
70 mm diameter, 20 cm deep root drill, positioned 15 cm
from the plant. The soil was divided into three layers:
0-20 cm, 20—40 cm, and 40—60 cm. Roots were extracted
from each layer of soil, washed with water, and brought
back to the laboratory in self-sealing bags for measure-
ment of root phenotypic traits (Table 2).

The leaves, stems, sheaths, whips, and roots collected
in the wild were measured within 24 h of being brought
back to the laboratory. Leaf area was determined using
the photographic method: a digital camera was used to
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vertically capture an image of the entire leaf alongside a
reference object. The number of pixels in the leaf and ref-
erence images were measured using Photoshop CS5 soft-
ware, and the leaf area was calculated by comparing the
pixel count to the actual area of the reference.

The main phenotypic traits were calculated as follows:

1) Specific leaf area (SLA) =leaf area/dry leaf mass..

2) Leaf dry matter content (LDMC) =dry leaf mass/
fresh leaf mass..

3) Leaf sheath dry matter content (LSDMC) =dry leaf
sheath mass/fresh leaf sheath mass..

4) Wood density (WD) =dry stem segment mass/stem
segment volume..

5) Flagellum dry matter content (FDMC) = dried
flagellum mass/fresh flagellum mass..

6) Root dry matter content (RDMC) = dry root mass/
fresh root mass;.

7) Root density (RD) = dry root mass/root volume..

Measurement of soil samples

Soil samples from three layers at each sampling site, col-
lected using a root auger, were placed in a ventilated area
in the laboratory to dry naturally. Debris including roots,
stones, and plant and animal residues were removed. The
dried soil was the milled, pulverized, and passed through
a 0.149 mm soil sieve. Six soil factors were determined:
pH, organic matter (OM) content, total nitrogen con-
tent, total phosphorus content, alkali-dissolved nitrogen
content, and quick-acting phosphorus content (Table 2).
Soil pH was measured using the glass electrode method.
Organic matter content was determined by the potassium
dichromate oxidation-external heating method, while the
total nitrogen content was measured using the Kjeldahl
method. The total phosphorus and effective phosphorus
contents were determined by the molybdenum-antimony
anticolorimetric method. Lastly, alkali-dissolved nitro-
gen content was measured using the alkaline diffusion
method.

Acquisition of climate data

Climate data for the provenance sites were obtained
through the National Meteorological Administration
of China (http://data.cma.cn/). Seven climatic factors
were collected for each site, including mean temperature
("C), effective accumulated temperature (‘C), maximum
temperature (‘C), minimum temperature (‘C), relative
humidity (%), precipitation (mm), and solar radiation
intensity (Wm™2). The data covered a 10-year period
from 2012 to 2021.

Statistical analysis
Data was recorded and preprocessed using Excel 365.
Descriptive statistical analysis of the phenotypic trait
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data was performed using the ‘describe()’ function in R
4.2.2, specifically within the “pych” package. The coeffi-
cient of variation (CV) for each trait was calculated using
the formula CV= (SE / Mean) x 100%. The plasticity
index (PI) was calculated using the formula PI = (maxi-
mum value — minimum value) / maximum value [29]. The
correlation between cane phenotypic traits was analyzed
using Pearson’s method. Redundancy analysis (RDA)
was performed using the ‘rda()’ function in the “vegan”
package to examine the relationship between climatic
conditions, soil factors, and leaf functional traits of the
provenances. Permutation tests for the significance for
the RDA model and for each axis were conducted using
the ‘anova()’ function. Forward selection was carried out
using the using the ‘ordistep()’ function, with 999 random
permutations to test the marginal role of the explanatory
variables. The importance of R? in explaining phenotypic
trait variation according to the explanatory variables was
ranked. The ‘vif! function was used to perform a collin-
earity test within the ‘cca()’ function. Variance partition-
ing was conducted using the ‘varpart()’ function, and the
‘ggplot2’ package was used for mapping.

Results

Phenotypic trait variation in C. rhabdocladus provenances
Fifteen phenotypic traits were statistically analyzed for
10 provenances of C. rhabdocladus (Table 3). The coef-
ficient of variation among provenances ranged from 7.48
to 182.16%, with the largest variation observed in root
dry weight, followed by flagellum volume, and the small-
est variation in flagellum matter content. The threshold
for the coefficient of variation is generally considered to
be 20% [30—-31]. The coefficients of variation of leaf dry
weight, feather number, cane number, internode length
(IL), stem weight, flagellum volume, root dry weight
(RDW), root dry matter content, (RDMC) and root den-
sity (RD) were all above 20%, indicating a rich diversity
of phenotypes. In contrast, the coefficients of variation
for leaf matter content, specific leaf area, leaf sheath
matter content, chlorophyll SPAD value, wood density,
and flagellum matter content were below 20%, suggest-
ing that these six traits exhibit are less diverse among
provenances.

The plasticity index threshold is generally considered
to be 0.20 [32]. The plasticity indices of flagellum volume
(EV), stem dry weight, root dry weight, leaf dry weight,
node number (NN), and number of pinnate leaves (PN)
were all above 0.60, indicating that these phenotypic
traits are highly plastic and environmentally adaptable.
In contrast, the plasticity indices of leaf dry matter con-
tent, flagellum dry matter content, and chlorophyll SPAD
value were all lower than 0.20, suggesting that these phe-
notypic traits were less diverse and less influenced by
environmental conditions.
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Table 3 Descriptive statistical analysis of phenotypic traits among provenances

SN Traits Min Max Mean sD cv plasticity index
1 LDW 7.02 131.18 4373 2645 60.47% 0.68
2 LDMC 042 0.64 0.53 0.04 7.68% 0.16
3 SLA 7858 186.17 122.68 22.71 18.51% 040
4 LSDMC 0.29 0.65 0.51 0.06 12.64% 0.24
5 PN 4 42 21 10.35 49.02% 0.63
6 SPAD 44.76 7012 55.64 6.1 10.88% 0.18
7 NN 10 202 60 35.72 59.29% 0.64
8 IL 7.07 24.18 12.81 345 26.94% 0.36
9 SDW 239 42.82 11.15 6.69 59.99% 0.70
10 WD 031 0.83 0.56 0.09 15.66% 0.29
1 Fv 3.00 374 82 71.46 87.23% 0.82
12 FDMC 044 0.62 052 0.04 7.48% 0.17
13 RDW 0.03 51.21 6.05 11.03 182.16% 0.69
14 RDMC 0.22 0.7 0.36 0.1 28.9% 0.22
15 RD 0.14 0.6 032 0.1 30.29% 032

Phenotypic trait correlation in C. rhabdocladus
provenances

Pearson’s correlation analysis of the phenotypic traits of
C. rhabdocladus showed varying degrees of significant
correlations among leaf, stem, flagellum, and root traits
(Fig. 2). LDW showed a very significant negative corre-
lation with SLA and LSDMC (p<0.001) but a very sig-
nificant positive correlation with PN, SPAD, NN, SDW
(p<0.001), and FV. LDMC has a very significantly posi-
tive correlation with both LSDMC and FDMC (p <0.001).
SLA was significantly negatively correlated with PN, NN,
SDW, and FV (p<0.01). LSDMC had a very significant
negative correlation with both SDW and FV (p<0.001)
but showed a very significantly positive correlation with
WD and FDMC (p<0.001). PN exhibited an extremely
significant positive correlation with SPAD, NN, IL, SDW,
and FV (p<0.001), and very significant negative cor-
relation with FDMC (p<0.001). SPAD had a very sig-
nificant negative correlation with FDMC (p<0.001). NN
showed an extremely significant positive correlation with
SDW, FV, RDW, RDMC, and RD (p<0.01). IL showed a
very significant negative correlation with SDW and WD
(p<0.001). SDW and FV were significantly positively
correlated with each other (p<0.01). WD was posi-
tively correlated with TDMC (p <0.05). RDW showed a
very significant positive correlation with RDMC and RD
(p<0.001), and RDMC was also very significantly posi-
tively correlated with RD (p <0.001).

Critical climatic drivers of phenotypic traits in C.
rhabdocladus

The results of RDA for climate factors and phenotypic
traits show that the eigenvalue on the first axis is 40.65%,
on the second axis is 33.28%, and together the first two
axes explain 73.93% of the total variance (Fig. 3). Nor-
mally, a redundancy analysis interpretation rate of 70% or

higher indicates a more reliable result. This suggests that
the influence of climate on phenotypic traits is well cap-
tured by the RDA model. According to the ranking dia-
gram, several key relationships were identified: the lowest
temperature is closely associated with wood density and
the number of rattan nodes; mean temperature, effective
temperature, accumulated temperature, solar radiation
intensity, and maximum temperature are strongly linked
to root traits; and rainfall is closely related to feather
number and chlorophyll SPAD value.

The corrected R* of the RDA model for climate and
phenotypic traits was 0.434, which meant that 43.4% of
the total variance in phenotypes of C. rhabdocladus can
be explained by climate factors. The results of the cova-
riance test showed a strong covariance between aver-
age temperature and effective cumulative temperature,
both of which had a similar degree of influence on the
phenotypes of C. rhabdocladus. However, the remain-
ing climate factors exhibited weak covariance (Table 4).
The effects of average temperature, effective cumulative
temperature, minimum temperature, relative humidity,
precipitation, and solar radiation intensity on the phe-
notypic traits of C. rhabdocladus were highly significant
(P<0.001), while the effect of maximum temperature
on was significant (0.001<P<0.01). The R? (explanation
rate) assigned to each explanatory variable was obtained
through RDA. The climatic factors were ranked in order
of importance according to R? size as follows: average
temperature > effective cumulative temperature >maxi-
mum air temperature > precipitation > minimum air tem-
perature >relative humidity >solar radiation intensity.
Based on these findings, average temperature was identi-
fied as the key climatic factor influencing the phenotypic
traits of C. rhabdocladus.
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Critical soil drivers of phenotypic traits in C. rhabdocladus

The relationship between soil factors and phenotypic
traits of C. rhabdocladus was analyzed using RDA. The
results showed that the eigenvalues on the first axis was
45.43% and 35.04% on the second axis, with the first two
axes cumulatively explaining 80.47% of the variance in
phenotypic traits (Fig. 4). This suggests that the effect
of soil on phenotypic traits of C. rhabdocladus is well
accounted for by the RDA model. As shown in the fig-
ure, soil total phosphorus content, total nitrogen content,
and effective phosphorus content were positively cor-
related with root traits. Soil organic matter content was
positively correlated with specific leaf area and negatively

correlated with flagellum volume. Soil effective nitrogen
content was positively correlated with leaf dry matter
content, leaf sheath dry matter content, and flagellum dry
matter content. Additionally, soil pH was positively cor-
related with the number of vine nodes.

The corrected R? of the RDA model for soil factors and
phenotypic traits was 0.204. the results of the covariance
test showed that the variance inflation factor (VIF) values
for all soil factors were below 10, indicating that there was
no significant covariance among the soil factors (Table 5).
The influence of soil pH, OM, nitrogen (N), and avail-
able nitrogen (AN) on the phenotypic traits of C. rhab-
docladus was extremely significant (P<0.001). The effect
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Fig. 3 Biplot of redundancy analysis between climatic factors and phenotypic traits of C. rhabdocladus

Table 4 Redundancy analysis of climate factors and phenotypic

traits

Climatic factor ~ VIF F P R? sort
Ave tem 1091.333 30249 0.001***  0.116 1
effect. tem 751354 23440  0001** 0090 2
max.tem 15.376 4.251 0.002** 0.075 3
min. tem 32.584 19.930  0.001*** 0044 5
rela. humid 6.075 12.466 0.0071%*** 0.026 6
precipitation 1.674 9.266 0.007%*** 0.065 4
solar. radia 13.774 14944 0001*** 0018 7

of soil P on C. rhabdocladus phenotype traits was highly
significant (0.001 < P<0.01), while the influence of avail-
able phosphorus (AP) was significant (0.01<P<0.05).
Based on the R? ranking of the importance of soil factors,
AN>OM>pH>N>P>AP, indicating that AN and OM
of the soil are the key factors influencing the phenotypic
traits of C. rhabdocladus.

Variance decomposition analysis
The results of the variance decomposition based on the
RDA of climate and soil factors on the phenotypic traits
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Table 5 Redundancy analysis of soil factors and phenotypic

traits

Soil factor VIF F P R? sort
pH 1.843 7.013 0.0071%** 0.029 3
oM 8.240 9.140 0.007%** 0.061 2

N 2458 8.533 0.0071%** 0.025 4

p 2476 5.709 0.002** 0.013 5
AN 5914 9.133 0.0071%** 0.068 1

AP 2.505 2314 0.034* 0.008 6

of C. rhabdocladus are shown in Fig. 5. The overall
explained variance of environmental factors on the phe-
notypic traits of the C. rhabdocladus was 49.8%. Specifi-
cally, soil factors accounted for 4.1% of the phenotypic
variation, the climate factor explained 31.4% of the phe-
notypic variation, and the combined effect of soil and
climate together explained 14.8% of the phenotypic varia-
tion. These results indicate that the effect of climate on
the phenotypic traits of C. rhabdocladus was more sig-
nificant than that of soil.
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Climate

0.148

Fig. 5 Wayne plots of variance decomposition for climate and soil factors

Discussion

Variation and plasticity of phenotypic traits in the C.
rhabdocladus

Plant traits are determined by genetic factors, environ-
mental conditions, and their interactions [11]. In this
study, the phenotypic traits of C. rhabdocladus among
provenances showed high diversity, with a variation
range of 7.48-182.16% observed among 15 traits. This
high diversity of phenotypic traits among provenances of
C. rhabdocladus may be attributed to heterogamous pol-
lination, seed reproduction, wide distribution, and long-
term geographic isolation [13].

Traits including leaf dry weight, number of pinnate
leaves, number of nodes, internode length, stem dry
weight, flagellum volume, root dry weight, root dry mat-
ter content, and root density exhibited a broad genetic
base. In contrast, traits including leaf dry matter content,
specific leaf area, leaf sheath dry matter content, chloro-
phyll SPAD value, wood density, and flagellum dry mat-
ter content displayed a narrow genetic base, making then
less diverse. The coefficient of variation for 67.74% of
the quantitative traits of Artocarpus heterophyllus were
greater than 20%, which is consistent with the findings
of this study [33]. Similarly, the low coefficient of varia-
tion for leaf dry matter of C. rhabdocladus was consistent
with the low variability observed in the LDMC of Cun-
ninghamia lanceolata at the provenance level. LDMC
is closely related to plant growth rate and resource

Residuals = 0.498

utilization strategies [13]. High coefficients of variation
for several traits in Ceratonia siliqua strongly indicate
the presence of significant phenotypic variation, confirm-
ing the clear differences between Ceratonia siliqua popu-
lations across different geographic regions [34].
Phenotypic plasticity is essential for enabling plant
populations to respond to environmental changes in the
short term and for maintaining genetic diversity over the
long term. It serves as a key indicator of a plant’s ability
to adapt to its environment [29, 35]. Lianas, For instance,
lianas exhibit remarkable adaptability by adjusting the
plasticity of morphological structures including leaves
and stems, as well as biomass allocation in response to
varying environmental conditions [36—38]. In this study,
the plasticity indices of the phenotypic traits of C. rhab-
docladus ranged from 0.16 to 0.81. The traits with the
highest plasticity indices were the flagellum volume, stem
weight, root weight, leaf weight, number of nodes, and
number of plumes. This suggest that C. rhabdocladus
adapts to different geographic environments by adjust-
ing the plasticity in biomass allocation among its flagel-
lum, roots, stems, and leaves. This phenotypic plasticity
likely plays in the phenotypic traits is likely plays a key
role in the wide distribution of the C. rhabdocladus. As
a climbing organ, a large and robust flagellum enables
C. rhabdocladus to maintain a competitive advantage
over resources in the community. Supporting trees sig-
nificantly influence vine trait plasticity, increasing stem
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biomass partitioning and decreasing root partitioning.
Additionally, abiotic factors including soil and water
availability also impact the phenotypic plasticity C. rhab-
docladus vines [39]. In summary, the phenotypic trait
plasticity of C. rhabdocladus provides the biological basis
for its widespread distribution, while the biotic and abi-
otic environments within C. rhabdocladus communities
shape its phenotypic variation and plasticity.

Correlation between phenotypic traits of C. rhabdocladus
Plant traits are not isolated; instead, they are intricately
interconnected, with plant functional traits often adapt-
ing to specific environmental conditions through adjust-
ment and combination of these traits [20]. In this study,
we assessed multiple dimensions of phenotypic traits in
C. rhabdocladus, including traits localized to leaves, leaf
sheaths, stem segments, flagella, and roots, as well as
whole-plant traits including the number of pinnate leaves
and the number of nodes. The results revealed highly
significant correlations among many of these traits in C.
rhabdocladus.

For leaf traits, leaf dry weight represents the con-
stant weight of a single leaf, which generally increases
with increasing leaf area. Specific leaf area indicates the
maximum extent to which the leaf can be expanded at a
constant weight, and thus has a highly significant nega-
tive correlation with leaf dry weight. As leaves and leaf
sheaths are closely connected, there is a significant posi-
tive correlation between leaf dry matter content and leaf
sheath matter content. Specific leaf area was negatively
correlated with the dry weight of a single leaf, but posi-
tively correlated with the total number of leaves of the
whole plant. This suggests that both specific leaf area and
the total number of leaves reflect the plant’s ability to uti-
lize light energy. The number of pinnate leaves showed an
extremely positive correlation with the chlorophyll SPAD
value, which is also related to the plant’s ability to capture
light [40, 41]. Light competition among plants is univer-
sal, and traits including large leaf area, high leaf numbers,
and high chlorophyll content can help C. rhabdocladus
form dense canopies that effectively intercept light [42].
Regarding leaf sheath traits, leaf sheath dry matter con-
tent was highly significantly negatively correlated with
leaf dry weight, but highly significantly positively corre-
lated with leaf dry matter content. Regarding stem traits,
the stem serves as a critical organ for structural support
and nutrient transport in C. rhabdocladus. Stem traits
not only reflect the plant’s efficiency in transporting
water and nutrients but also its ability to withstand exter-
nal disturbances. Stem dry weight was highly significantly
positively correlated with leaf dry weight, number of
pinnate leaves, number of nodes, and flagellum volume,
reflecting an important trade-off in growth rate. Wood
density was also highly significantly positively correlated
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with leaf sheath dry matter content and flagellum dry
matter content, indicating similar biomass allocation to
stems, leaf sheaths, and flagella in C. rhabdocladus. The
highly significant negative correlation between wood
density and internode length suggests that as the inter-
node length increases, wood density decreases, leading
to a more sparsely organized structural characteristic.
Regarding flagellum traits, the flagellum is an important
climbing organ of the cane vine, and its traits are related
to the ability to climb tall trees to capture light from high
elevations. In this study, flagellum volume was highly
significantly positively correlated with the dry weight of
leaves, the number of pinnate leaves, the number of cane
nodes, and the dry weight of stems. Flagellum dry matter
content was highly significantly positively correlated with
leaf dry matter content, leaf sheath dry matter content,
and wood density, suggesting a convergence in the allo-
cation of dry matter content across stems, leaf sheaths,
and flagella in C. rhabdocladus. In terms of root traits,
roots characterize the plant’s ability to absorb water and
nutrients. Notably, the root traits were not significantly
correlated with most of the aboveground organs, but they
were positively correlated with the number of nodes. This
finding suggests that taller plants have a more developed
root system, and the number of nodes might be related
to the age of the plant. Therefore, it is assumed that older
plants may have more developed root systems [43].

In summary, there was a strong positive correlation
among several leaf traits involved in light energy capture
and nutrient production in C. rhabdocladus, with con-
vergent trends observed in stems, leaf sheaths, and fla-
gella. Root traits, however, were more independent and
less strongly correlated with aboveground organs. There
was a significant positive correlation between traits char-
acterizing growth rate, as well as among traits character-
izing survivorship. However, traits characterizing growth
rate and traits characterizing survivorship showed a sig-
nificant negative correlation, consistent with the princi-
ples of the “Leaf Economic Spectrum Theory” [44]. The
correlations between traits have important implications
for practical applications. For example, easily measurable
traits including leaf dry weight can be used to assess the
growth status of stems, sheaths whips, and other traits
that are more challenging to measure, providing valuable
assistance to breeders in selecting high-quality varieties.
Overall, the correlations between phenotypic traits in C.
rhabdocladus reflects its survival strategies in response
to environmental changes.

Effect of climate factors on cane phenotypic traits

The geographic differentiation patterns of functional
traits under different climatic conditions reflect dif-
ferences in their growth strategies. Changes in tem-
perature and moisture are the most common ecological
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constraints of plant production potential [45]. In this
study, minimum temperature showed a significant posi-
tive correlation with wood density in C. rhabdocladus.
This correlation is likely due to the influence of heat levels
on the vine’s ability to absorb and transport nutrients and
store energy [46]. Higher temperatures lead to an ear-
lier onset cambial activity, accelerating cell division and
resulting in the production of more wood cells, which
increase C. rhabdocladus tissue density in areas with suf-
ficient heat. This response is a unique adaptation strategy
of lianas to tropical climates. This finding aligns with the
positive correlation observed between wood density and
temperature in Picea crassifolia [47], but contrasts with
results of other tree species including Picea abies, for
which wood density increases as temperatures decrease
[45].

Minimum temperature was significantly negatively
correlated with the number of rattan nodes, which were
characterized by periodic changes in their growth and
development. The number of rattan nodes was influ-
enced by temperature rhythms, with prolonged periods
of high temperature leading to a decrease in the num-
ber of nodes. This may represent an adaptive strategy in
tropical environments [12]. In addition, average tempera-
ture, effective accumulated temperature, solar radiation
intensity, and maximum temperature showed significant
negative correlations with root traits. Low tempera-
tures limit the size of eucalyptus leaves and may inhibit
the growth of plant leaves, stems, and other organs [48].
Consequently, more resources need to be allocated to
root development, which increases root volume and root
density. This is an adaptive strategy of the C. rhabdocla-
dus to survive in low-temperature environments. Rainfall
showed a significant positive correlation with the number
of pinnate leaves and chlorophyll SPAD values. In regions
with high rainfall, light conditions may not always be
optimal, and to adapt to low light conditions, C. rhabdo-
cladus increases its investment in pinnate leaf number
and chlorophyll content to capture more light resources,
thereby optimizing its photosynthetic rate and light uti-
lization [42]. The average air temperature represents the
heat conditions of a region and has a significant impact
on the morphology and resource allocation of rattan. It
can explain the regional differences in the phenotypic
traits of C. rhabdocladus [49]. Similar studies support
the conclusions of this study; for example, average tem-
perature significantly affected leaf size and leaf nutrient
content in Cunninghamia lanceolata, with temperature
showing a more significant impact on functional traits
than precipitation [13]. Similarly, temperature was iden-
tified as the main driver affecting the functional traits of
leaves in Dicranopteris pedata [20].

Page 12 of 15

Effect of soil factors on phenotypic traits of C. rhabdocladus
Soil provides essential nutrients to plants, and soil physi-
cochemical properties are closely related to plant traits
[50]. Root, being in direct contact with soil, mainly per-
form the function of acquiring soil resources. Previous
studies have shown that phosphorus is essential for pro-
moting root development. In turn, root secretions can
change local soil pH to make phosphorus more effective
[43, 51]. Consequently, soil total phosphorus content and
effective phosphorus content are closely related to the
root traits of rattan. Within a given range, soil organic
matter is an indication of soil fertility level, whereas spe-
cific leaf area can accurately represent plant adaptation
to the environment, resource acquisition, and self-pro-
tection under intense light, and is closely related to pho-
tosynthesis and primary productivity [52]. In areas with
high soil organic matter content and nutrient enrich-
ment, C. rhabdocladus invests in greater specific leaf
area to maximize photosynthetic rate, which facilitates
resource acquisition and promotes plant growth and
development. Interestingly, flagellum volume was nega-
tively correlated with soil organic matter. As the climbing
organ of C. rhabdocladus, the flagellum tends to degrade
in fertile soils where the plant does not have to com-
pete as intensely with other plants for light. In contrast,
in poorer soils with limited below-ground nutrients, C.
rhabdocladus relies more on energy obtained through
photosynthesis, resulting in generally larger flagellum.
Soil nitrogen content is positively correlated with the
dry matter content of leaves, leaf sheath, flagella, and
other organs. In areas with high soil nitrogen content,
higher dry matter content supports the construction of
protection tissue structures in plants, which help resist
adverse environment conditions and maintain their life
span [53]. Soil pH affects the solubility and morphology
of most nutrients in the soil, which in turn affects the
plant nutrient absorption. For example, the effective-
ness of phosphorus decreases in acidic soils, while the
effectiveness of nitrogen and potassium reaches its peak
in partially-neutral soils [11]. The number of cane nodes
increases with soil pH within a certain range, likely due
to the enhanced effectiveness of soil nutrients that pro-
mote the overall growth and development of the cane
vine plant. The results of the RDA model analysis showed
that soil AN and OM were the key soil factors influenc-
ing the phenotypic traits of C. rhabdocladus. On a large
geographic scale, soil AN and OM can represent the soil
fertility status in different regions and affect the growth
and development of several organs of C. rhabdocladus.

Major factors explaining the pattern of geographic
divergence in phenotypic traits of C. rhabdocladus
The variance decomposition analysis revealed that
the effect of climate on the phenotypic traits of C.



Nong et al. BMC Plant Biology (2025) 25:365

rhabdocladus was more significant than that of soil. On
a larger scale, climate is the main macro-environmen-
tal filter influencing changes in plant phenotypic traits
[21]. The pattern of variation in the phenotypic traits of
C. rhabdocladus largely follows the gradient of climatic
stability, resulting in a pattern of geographic divergence
of these traits as a result of climate change. This study
validates previous findings that plants were more sig-
nificantly affected by climate at larger scales, with tem-
perature and precipitation differences creating a filtering
effect on phenotypic trait patterns of forest vegetation in
different regions [21]. Climatic factors are important fac-
tors in determining ecosystem species composition and
drive ecophysiological processes that influence the over-
all function and stability of the ecosystem. For instance,
climatic characteristics significantly affect the radial
growth and wood yield of Picea abies trunks [44]. Addi-
tionally, climate is the main factor explaining variation
in plant seed size [54], and is the most important factor
influencing variation in wood density among individuals
within Pinus sylvestris populations [55].

The results of this study provide valuable insights for
evaluating the germplasm of C. rhabdocladus from dif-
ferent geographical provenances and enhance our under-
standing of the species’ ecological strategies in adapting
to various habitats under climate change. However, there
are still limitations in this study. While it identifies the
primary environmental factors influencing phenotypic
variation in C. rhabdocladus, the specific mechanisms
by which different environmental conditions affect plant
responses remain unclear and require further investiga-
tion. In the future, path analysis can be used to determine
the direct and indirect effects of climatic and soil factors
on phenotypic traits. Additionally, the traits analyzed
in this study are limited in number and scope, focusing
primarily on easily measurable morphological traits and
lacking biochemical indicators. In order to comprehen-
sively evaluate the traits of C. rhabdocladus, biochemi-
cal traits including leaf nitrogen content should be tested
in the future. The period of this study is relatively short,
and it is only clear that the phenotypic traits change on
the spatial scale, while it is uncertain whether the phe-
notypic traits maintain stable changes on the temporal
scale. In the future, long-term continuous monitoring of
the changes of traits and environment is needed. Seeds
from different geographical sources could be collected
and cultivated in the same environment, and long-term
provenance tests can be conducted to accumulate rich
and reliable experimental evidence. This would help
clarify the stability of phenotypic traits in response to
environmental factors. Previous studies have shown that
species with a wide range of distribution are affected
by geographical isolation, and gene flow is not smooth,
and there may be different genotypes, so the phenotypic
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differentiation may be influenced by multiple factors
including genes or environment. As for the sources of
intraspecific variation of the phenotype of C. rhabdo-
cladus, this study only provides environmental factors,
and the genotypes of C. rhabdocladus from different
geographical sources are still unknown. In the future,
sequencing technology is needed to identify the genomic
regions of related traits, and further studies are needed
to distinguish the relationship between the three dimen-
sions of heredity, soil and climate, and explore the main
sources of phenotypic trait variation of C. rhabdocladus.
In the future, with the help of molecular marker means -
SNP, high-density genetic linkage map is drawn to deter-
mine the gene loci, which is conducive to more accurate
and reliable mining of excellent germplasm and applied
to the improvement of C. rhabdocladus varieties.

Conclusion

The phenotypic traits of C. rhabdocladus among prov-
enances exhibited high variability and plasticity, with sig-
nificant correlations among leaf, stem and thorn traits.
Among the climatic factors, average temperature had the
most substantial influence on phenotypic traits, while
effective nitrogen content and organic matter content
were the most significant soil factors. Overall, climate
had a greater impact than soil on the phenotypic traits of
C. rhabdocladus at a larger scale. These findings highlight
the importance of climatic adaptation in shaping pheno-
typic diversity and suggest that future research should
explore the genetic mechanisms underlying these traits
and their interactions with environmental factors at finer
spatial scales.
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