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Editorial on the Research Topic

Clonality in the Anthropocene: adaptation, evolution, and functioning of
clonal plants from individuals to ecosystems
In the Anthropocene, plants on Earth face a number of challenges with ongoing global

changes in climate, land use, acidity, and toxin concentration. Clonal plants, capable of both

asexual (clonal) and sexual reproduction, exhibit a wide distribution and reveal considerable

benefits in many habitats, which may be connected with their distinctive characteristics of

clonality (Herben and Klimesǒvá, 2020; Roiloa et al., 2023). Clonal traits include clonal

regeneration (e.g., production of asexual individuals, called ramets), clonal integration (e.g.,

resource and signaling sharing between interconnected ramets of the same clone), clonal

resource foraging (e.g., selective positioning of ramets), clonal storage and resource reallocation

(e.g., reallocation of stored energy/nutrients between interconnected ramets), initiation of

meristem bud banks, and trade-offs between clonal and sexual reproduction, which enable

clonal plants to quickly adapt to environmental changes (Chen et al., 2019; Klimesǒvá et al.,

2021; Shi et al., 2021; Dong et al., 2022). The environmental conditions experienced by a

parental ramet of a clonal plant can be transmitted to its offspring via clonal reproduction (i.e.,

clonal parental effects), thereby influencing the phenotypes of the progeny (Latzel and

Klimesǒvá, 2010; Luo et al., 2022; Quan et al., 2022). These adaptations may enhance

survival, competitiveness, invasiveness, and the spread of clonal species across ecosystems, in

response to global climatic change during the Anthropocene (Wang et al., 2017; 2024; Zhang

et al., 2024). Numerous studies have sought to integrate clonality into the research agenda of

plant ecology, thereby offering a roadmap to gain valuable insights into the evolutionary

dynamics of plants (Cornelissen et al., 2014; Klimesǒvá et al., 2021; Roiloa et al., 2023).
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This Research Topic compiles research papers aimed at

understanding how clonal plants respond to environmental changes

and their contributions to patterns and processes at the population,

community, and ecosystem levels. It contributes to enhance our

understanding of the roles clonality plays in ecosystem functioning,

the influence of clonal growth on the invasiveness of alien plants and

the invisibility of native plant communities, as well as the mechanisms,

functioning, and adaptive strategies of plant clonality in response to

global change at various ecological levels.

Three papers delve into physiological adaptation and effects of

exogenous hormone on clonal plants under varying environmental

stress conditions. In their study on the stoloniferous herb Centella

asiatica, Duan et al. discovered that the external application of

abscisic acid (ABA) within the clonal network led to a significant

increase in biomass accumulation both in the below-ground parts

and across the entire clonal fragment of the plant. These findings

suggest that the rapid activation and sustained resistance responses

induced by local exogenous ABA application within the clonal

network may enhance the fitness of clonal plants exposed to abiotic

stress. By cultivating a clonal plant Alternanthera philoxeroides

under different submergence depths, Jing et al. demonstrated that

plants achieved greater growth at 2 m and 5 m submergence depths

compared to control plants (un-submerged), and gibberellin (GA)

induced the differential elongation of the internode as plant

submerged at a depth of 2 m had the highest GA accumulation.

Therefore, the effects of submergence depth and duration on stem

elongation have improved our understanding of the physiological

adaptation of clonal plants in deeply flooded environments. In field

populations, individual rhizome systems of clonal herb

Podophyllum peltatum were fed 14CO2 with different times of

demography, Watson and Vuorisalo showed that carbon fixed at

various times was utilized differently, with assimilates preferentially

moving into old rhizomes rather than supporting the formation of

new ramets. These findings suggest that demography influences,

integrative physiology, and physiological restrictions on within-

season redistribution of assimilates limit the capacities of clonal

plants to adapt to rapid environmental changes in the Anthropocene.

Four papers examine physiological integration, resource sharing,

and resource utilization of clonal plants across various vegetation

environments. In a pot experiment tracing the movement of 15N,

Zhao et al. found that 15N translocation between connected ramets

of moso bamboo (Phyllostachys pubescens) was determined by the

source-sink relationship in heterogeneous environments. The

allocation of 15N in the fertilized ramet was higher compared to

the connected unfertilized ramet. The findings suggest that

physiological integration significantly improved the nitrogen use

efficiency of moso bamboo, which has implications for fertilization

management in moso bamboo forests. Guo et al. demonstrated that

the dominant clonal grass Leymus chinensis benefited more from

physiological integration in sexual reproduction compared to

companion clonal species in an in situ 15N labeling experiment in

a grassland. Thus, differences in the ability of physiological

integration between the dominant and companion species may

explain the dominance of L. chinensis in the grassland. Yu et al.

found that the performance of a clonal fern Pyrrosia nudaa
Frontiers in Plant Science 026
increased with the developmental age of the ramets but decreased

with an increasing number of ramets in a clonal fragment. These

age-dependent impacts of clonal fragmentation provide insights

into the biodiversity conservation of epiphytes and forest

management in man-made plantations. Xing et al. showed that

neighboring touches on parental ramets of Glechoma longituba

influenced the performance of offspring ramets, and this effect was

depended on the light environment. These results suggest that the

interaction between neighboring touch and shade environment

influences the growth of understory plants.

One paper investigates the successful invasions of alien clonal

plants. Zhang et al. found that connection between ramets had a

more pronounced effect on the biomass allocation pattern of alien

invasive plants than disconnection, resulting in a greater increase in

biomass for invasive plants compared to native plants. These results

suggest that invasive clonal plants possess a greater capacity for

resource partitioning than native plants, which may confer a

competitive advantage and enable them to successfully invade in

some heterogeneous habitats, such as forest edges.

Three papers focus on the role of bud banks in clonal plants.

Through a chronosequence study of evergreen conifer plantations,

Song et al. found that close-to-nature and gap management modes

significantly facilitated the diversity of clonal plants, the overall

plant diversity of the communities, and various parameters of

ecosystem service functions in Cunninghamia lanceolata

plantations. The diversity of clonal plants was significantly

positively correlated with ecosystem service functions following

forest management. They suggest that the link between forest

management, diversity, and ecosystem functions should be

emphasize to elucidate the mechanism of traits-ecosystem

functioning relationships and the restoration of degraded

plantations. In a bamboo ecosystem, Zou et al. found that the size

of clonal fragments of Phyllostachys bissetii contributed more to the

soil nitrogen turnover process compared to clonal integration, while

it had the opposite effect on soil carbon availability. The findings are

critical for understanding the nutrient turnover of P. bissetii under

stressed conditions. Wu et al. discovered that vegetation attributes

significantly affected bud banks in wetland ecosystems, while soil

properties had a strong influence on bud banks in farmland and

alpine meadow ecosystems. These findings suggest that changes in

land use can impact the size and composition of bud banks.

Two papers focus on measurement tools, application, and

prediction for restoration and conservation of clonal plants.

Ohsowski et al. provided a rapid field-based clonal Typha

identification and biomass assessment tool targeted management

for regional conservation of T. latifolia and ecological restoration of

wetlands impacted by invasive Typha taxa. To understand the

relationship between plant phenological traits and phylogeny,

Shahzad et al. found that phylogeny, growth form, and functional

features influenced the diversity of flowering phenology within

species in conjunction with local climate circumstances. This

understanding aids in comprehending the evolutionary

conservation mechanisms of plant phenological traits, including

clonal traits, in relation to evolutionary processes across different

geographical and climatic zones.
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Adaptation, evolution, and functioning of clonal plants have drawn

increasing attention in recent years (Klimesǒvá et al., 2021; Roiloa et al.,

2023). However, there is still much to explore in this field within the

plant ecology agenda. The mechanisms at individual, population, and

community scales and their interactions across scales in the

Anthropocene, have rarely been discussed so far. We hope to

improve and expand our knowledge of this crucial issue in the future.
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Effects of physiological
integration on nitrogen use
efficiency of moso bamboo in
homogeneous and
heterogeneous environments

Jiancheng Zhao1* and Chunju Cai2*

1Zhejiang Provincial Key Laboratory of Bamboo Research, Northwest Zhejiang Bamboo Forest
Ecosystem Positioning Observation and Research Station, Zhejiang Academy of Forestry, Hangzhou,
Zhejiang, China, 2Key Laboratory of National Forestry and Grassland Administration/Beijing Bamboo &
Rattan Science and Technology, International Centre for Bamboo and Rattan, Beijing, China
Introduction: Moso bamboo is one of the important clonal plants with complex

underground rhizome-root system. Ramets connected by rhizome can

translocate and share nitrogen (N), which may affect the nitrogen use

efficiency (NUE) of moso bamboo. The aims of this study were to investigate

the mechanisms of N physiological integration and its relationship with NUE of

moso bamboo.

Methods: A pot experiment was conducted to trace the movement of 15N

between the connected ramets of moso bamboo in both homogeneous and

heterogeneous N environments.

Results: Results showed that N translocation within clonal fragments of moso

bamboo was detected in both homogeneous and heterogeneous environments.

The intensity of physiological integration (IPI) was significantly lower in

homogeneous environments than that in heterogeneous environments. 15N

translocation between the connected ramtes of moso bamboo was

determined by the source-sink relationship in heterogeneous environments,

and the 15N allocation of the fertilized ramet was higher than that of the

connected unfertilized ramet. The NUE of connected treatment was

significantly higher than that of severed treatment, which suggested that

physiological integration significantly improved the NUE of moso bamboo. In

addition, the NUE of moso bamboo was significantly higher in heterogeneous

environments than that in homogeneous environments. The contribution rate of

physiological integration (CPI) on NUE in heterogeneous environments was

significantly higher than that in homogenous environments.

Discussion: These results will provide theoretical basis for precision fertilization

in moso bamboo forests.
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1 Introduction

Bamboo, the fast-growing grass plant, is a precious treasure

bestowed upon humankind by nature and has significant ecological,

economic, and social benefits (Jiang, 2007). There are 1642 bamboo

species in the world and the area of bamboo forest is more than 35

million ha (Vorontsova et al., 2017). Bamboo culms are connected

with each other through the rhizome-root system, with strong

physiological integration functions and environmental

adaptability (Zhuang et al., 2011). Physiological integration is an

important characteristic of clonal plants, that refers to the

translocation and sharing of photosynthates, water and mineral

nutrients between the connected ramets by rhizomes, stolons, or

roots (He et al., 2010; Portela et al., 2021; Shi et al., 2021; Wang

et al., 2021; Li et al., 2022; Shi et al., 2022).

Moso bamboo (Phyllostachys edulis) is an important economic

bamboo species for the production of bamboo timbers and bamboo

shoots, which is widely distributed in southern China (Song et al.,

2011; Shi et al., 2022; Zhao et al., 2022). The 9th national forest

resources inventory shows that there is 4.68 million ha of moso

bamboo forest, accounting for 72.96% of the total area of bamboo

forest (National Forestry and Grassland Administration, 2019). As a

group of typical clonal plants, moso bamboo has many unique

properties that can effectively utilize resources in heterogeneous

habitats through physiological integration (Zhuang et al., 2011).

The integration between connected ramets can transfer nutrients to

each other and then increase the net growth rate of the population.

Moso bamboo forest is also a typical uneven-aged forest composed

of individuals of different ages due to its unique growth characteristics

and conventional managements (Su et al., 2019; Shi et al., 2022). The

ages of bamboo culms are expressed by “du” due to the growth cycle of

two years (on-year and off-year) in moso bamboo forests (Su et al.,

2019; Zhao et al., 2019; Li et al., 2021). In “on-year”, more than 90% of

new shoots are produced, followed by a few new shoots in “off-year”

(Tang et al., 2015). In addition, the growth of moso bamboo in both

diameter and height is completed within two months after shoot

sprouting, which is referred to as “explosive growth” (Song et al.,

2016; Shi et al., 2022). During the “explosive growth” period, the

nutrients for the growth of new individuals are supplied by the

connected older individuals through rhizome (Sun et al., 2019),

which has important ecological significance for the survival, growth,

reproduction, expansion and resource utilization of moso bamboo (He

et al., 2010; Portela et al., 2021; Wang et al., 2021; Li et al., 2022).

The special management measures in moso bamboo forest, such

as bamboo timbers cutting and bamboo shoots harvesting, brought

away large amount of nutrients, leading to an unsustainable level of

long-term productivity (Guan et al., 2017; Su et al., 2019).

Numerous studies showed that nitrogen (N) had the largest

demand in moso bamboo forests (Su, 2012; Zhao et al., 2016).

Therefore, the nitrogenous fertilizers were commonly applied in

moso bamboo forests (Su et al., 2019). Mao et al. (2016) investigated

the NUE of moso bamboo forests in homogeneous environments by

broadcast application, and the N use efficiency (NUE) was relatively
Frontiers in Plant Science 029
low. In order to improve the NUE of moso bamboo forests, furrow

application and hole application were used to determine the

appropriate fertilization placement and the target age (Su et al.,

2019). What’s more, cavity-injecting fertilization was conducted as

heterogeneous environments, and N allocation in bamboo

individuals of different ages was also conducted (Shi et al., 2022).

Their results showed that the N competitive ability and NUE of I

“du” (1–2 years old) bamboo were significantly higher than II “du”

(3–4 years old) and III “du” (5–6 years old) bamboos (Zhao, 2016;

Su et al., 2019). In addition, the unequal N translocation pattern

caused by physiological integration between two connected ramets

ensured necessary N supply for young moso bamboo growth, and

the demand-driven source-sink relationships significantly affected

N translocation in the clonal fragment of moso bamboo (Shi et al.,

2022). These results mainly focused on N translocation between

parent and offspring ramets, while little information was known

between two connected ramets with the same age.

In this study, we sought to investigate the characteristics of N

physiological integration between two connected ramets with the same

age and the effect of physiological integration on the NUE of moso

bamboo. To do this, we conducted a pot experiment using the clonal

fragments of moso bamboo with the same age in both homogeneous

and heterogeneous environments. Fertilizers (urea or 15N-labeled urea)

were applied, and rhizomes between two successive ramets were either

connected or severed. We aimed to answer the following specific

questions: (1) Is translocation of N in clonal fragments different

between homogeneous and heterogeneous environments? (2) Dose

physiological integration improve the NUE of moso bamboo forests in

both homogeneous and heterogeneous environments?
2 Materials and methods

2.1 Materials and experimental design

The experiment was conducted in Bamboo Botanical Garden

(120°03′42′′E, 30°22′25′′N), Zhejiang Academy of Forestry, China.

In April 2019, the seedlings of moso bamboo were cultivated by

semination technology. In May 2021, fifty healthy rhizomes were

selected and cut into 0.5 m, which had more than two rhizome buds.

Then, the selected rhizomes were placed on the seedbed and

covered with a thin layer of cultivation substrate. The cultivation

substrate was a mixture of red soil and fine sand by volume (3:1),

with a pH value of 5.83, organic carbon (C) concentration of 26.47 g

kg−1, N concentration of 1.59 g kg−1, P concentration of 0.48 g kg−1,

and K concentration of 14.25 g kg−1. In addition, proper water was

applied to keep moist, so as to promote the emergence of the

rhizome buds as soon as possible. In May 2022, the clonal fragments

with two successive ramets connected by rhizomes were selected

and transplanted in two non-woven bags (30 cm in diameter, 30 cm

in depth). The average height and ground diameter of ramets were

81.58 cm and 4.46 mm, respectively. The clonal fragments were

placed under a canopy in order to avoid rainfall interference.
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In June 2022, 24 clonal fragments with relatively consistent

growth were selected, which were divided into two groups

(connected and severed). For the severed group, rhizomes between

the two connected ramets were cut at the mid-point. In each group,

two contrasting treatment (homogeneous and heterogeneous

environments) were applied (Figure 1). In homogeneous N

environment, one ramet of each clonal fragment was applied 20 g
15N-labeled urea, while the other ramet was applied 20 g urea. In

heterogeneous N environment, one ramet of each clonal fragment

was applied 20 g 15N-labeled urea, while the other ramet was not

fertilized. Six replicates for each treatment were randomly arranged.

The 15N-labeled urea (10.18 at%) was provided by Shanghai Research

Institute of Chemical Industry, China. Fertilizers were irrigated into

the soil as an aqueous solution in June 2021.
2.2 Samples collection and analysis

In October 2022, rhizomes were cut at the mid-point of the two

connected ramets. Then, each ramet was harvested and separated

into leaves, culms (including branches) and rhizomes (including

rhizome roots). The soil particles attached to the rhizome and

rhizome root were washed with running water. All the samples were

dried at 65 °C in an oven (OF-12G, Lab Companion, South Korea)

to a constant mass for biomass determination. Then, the dried

samples were ground and sieved (100 mash). The total N

concentrations and the at% 15N were determined using an

Isotope Ratio Mass Spectrometer (Delta V Advantage, USA) at

Institute of Soil Science, Chinese Academy of Sciences.
2.3 Calculation methods

Ndff (the percentage of 15N derived from 15N-labeled urea, %)

was calculated by the following equation (Su et al., 2019):

Ndff ( % ) =
b − a
c − a

� 100
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where a is the at% 15N of the unlabeled ramet in severed

treatment at heterogeneous condition, b is the at% 15N of all the

sampling ramets, and c is the at% 15N of 15N-labeled urea (10.18 at

%).

Organ15N concentration(g kg−1)

= Organ N concentration(g kg−1)�Ndff � 10−2

Organ15N(g) = Organ biomass(g)

� Organ15N concentration(g kg−1)� 10−3

Ramet15N(g) = Leaf 15N(g) + Culm15N(g) + Rhizome15N(g)

NUE(% ) = (Labeled ramet15N

+ Unlabeled ramet15N)(g)=Fertilizer15N(g)� 100

The ratio of the amount of 15N translocated from labeled ramet

to unlabeled ramet to the amount of 15N absorbed by the clonal

fragment was calculated to represent the intensity of physiological

integration (IPI, %) according to the following equation (Saitoh

et al., 2006):

IPI ( % ) =
AMi

AMfrag
� 100

where AMi is the amount of 15N translocated from labeled

ramet to unlabeled ramet, and AMfrag is the total amount of 15N

absorbed per clonal fragment.

The percentage increase of NUE in connected treatment

compared with that in severed treatment was used to indicate the

contribution rate of physiological integration (CPI, %).

CPI ( % ) =
NUEcon − NUEsev

NUEsev
� 100

where NUEcon is the NUE in connected treatment, and NUEsev
is the NUE in severed treatment.
FIGURE 1

Schematic diagram of the experiment design.
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2.4 Statistical analysis

Two-way analysis of variance (ANOVA) was used to investigate

effects of rhizome connection status (connected vs. severed) and

environment status (homogeneous vs. heterogeneous) on biomass,
15N concentrations and uptakes of ramets, and biomass, 15N

uptakes and NUE of the whole clonal fragments. One-way

analysis of variance (ANOVA) and Duncan ’s multiple

comparisons were used to analyze the significant differences

between labeled and unlabeled ramets. In addition, differences in

IPI and CPI between homogeneous and heterogeneous conditions

were analyzed by One-way ANOVA. All analyses were conducted

using SAS 9.4 software. Figures were prepared using Origin

8.6 software.
3 Results

3.1 Biomass accumulation of the ramets
and the clonal fragment

For labeled ramet, no significant effects of rhizome status,

environment status and their interaction on leaf biomass, culm

biomass, rhizome biomass and total biomass were observed

(Table 1). No significant differences were found in leaf biomass,

culm biomass, rhizome biomass and total biomass among the four

treatment (Figures 2A–D). For unlabeled ramet, significant effect of

environment status on total biomass was observed (Table 1). Leaf

biomass, culm biomass and total biomass were not significantly

different among the four treatments (Figures 2E, F, H). However,

rhizome biomass of severed treatment under heterogeneous
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conditions was significantly lower than that of other treatments

(P< 0.05, Figure 2G). Additionally, no significant differences were

found in leaf biomass, culm biomass, rhizome biomass and total

biomass between labeled and unlabeled ramets under the same

treatment (Figure 2).

For the whole clonal fragment, no significant effects of

rhizome status, environment status and their interaction on leaf

biomass, culm biomass, rhizome biomass and total biomass were

observed (Table 2). No significant differences were found in leaf

biomass, culm biomass, rhizome biomass and total biomass

among the four treatments (Figure 3). In heterogeneous

conditions, leaf biomass, culm biomass, rhizome biomass and

total biomass under the connected treatment were higher than

those under the severed treatment, but no significant differences

were observed (Figure 3).
3.2 15N concentrations of the ramets

For labeled ramet, no significant effects of rhizome status,

environment status and their interaction on 15N concentrations in

leaf, culm and rhizome were observed (Table 1). 15N concentrations

in leaf, culm and rhizome were not significantly different among the

four treatments (Figures 4A–C). For unlabeled ramet, significant

effects of rhizome status, environment status and their interaction

on 15N concentrations in leaf, culm and rhizome were observed

(Table 1). 15N concentrations in leaf, culm and rhizome of

connected treatment in heterogeneous conditions were

significantly higher than those in homogeneous conditions (P<

0.05), while these variables of severed treatment had no significant

difference between homogeneous and heterogeneous conditions
TABLE 1 Results of significance test for biomass, 15N concentrations and uptakes of labeled and unlabeled ramets.

Organ

Labeled Ramet Unlabeled
Ramet

Rhizome status
(R)

Environment status
(E)

R×E Rhizome status
(R)

Environment status
(E)

R×E

Biomass Leaf 0.02 0.01 0.00 0.09 3.39 0.16

Culm 0.04 0.03 0.08 0.39 5.06 1.65

Rhizome 0.78 0.02 0.19 4.30 5.30 3.48

Total 0.19 0.02 0.10 1.88 7.12* 0.17

15N
concentration

Leaf 0.56 0.33 3.77 565.39*** 220.84*** 220.84***

Culm 0.03 0.58 1.07 1071.73*** 440.16*** 440.16***

Rhizome 0.22 0.01 0.02 970.86*** 505.07*** 505.07***

15N uptake Leaf 0.23 0.05 0.85 207.09*** 75.79*** 75.79***

Culm 0.01 0.24 0.66 713.74*** 281.47*** 281.47***

Rhizome 0.00 0.01 0.06 845.62*** 434.88*** 434.88***

Total 0.01 0.02 1.05 606.64*** 264.32*** 264.32***
fron
Values are F ratio and significance are indicated by ***(P< 0.001), *(P< 0.05).
The effects of rhizome status (connected vs. severed), environment status (homogeneous vs. heterogeneous) and their interaction were tested in two-way ANOVA.
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(Figures 4D–F). The 15N concentrations in leaf, culm and rhizome

of connected treatment were significantly higher than those of

severed treatment in both homogeneous conditions and

heterogeneous conditions (P< 0.05, Figures 4D–F). In addition,

the 15N concentrations in leaf, culm and rhizome of labeled ramet

were significantly higher than those of unlabeled ramet under the

same treatment (P< 0.05, Figure 4).
Frontiers in Plant Science 0512
3.3 15N uptakes of the ramets and the
clonal fragment

For labeled ramet, no significant effects of rhizome status,

environment status and their interaction on 15N uptakes in leaf,

culm and rhizome were observed (Table 1). 15N uptakes in leaf,

culm, rhizome and the total 15N uptake were not significantly
B

C

D

E

F

G

H

A

FIGURE 2

Leaf biomass (A, E), culm biomass (B, F), rhizome biomass (C, G) and total biomass (D, H) of the labeled (A–D) and the unlabeled (E–H) ramets in
homogeneous and heterogeneous environments. The labeled and unlabeled ramets were either connected or severed. Different uppercase letters in
each subgraph indicate statistically significant differences (P< 0.05) among the four treatments, and different lowercase letters indicate statistically
significant differences (P< 0.05) between labeled and unlabeled ramets under the same treatment.
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different among the four treatments (Figures 5A–D). For unlabeled

ramet, significant effects of rhizome status, environment status and

their interaction on 15N concentrations in leaf, culm and rhizome

were observed (Table 1). 15N uptakes in leaf, culm, rhizome and the

total 15N uptake of connected treatment in heterogeneous

conditions were significantly higher than those in homogeneous

conditions (P< 0.05), while these variables of severed treatment had

no significant difference between homogeneous and heterogeneous

conditions (Figures 5E–H). The 15N uptakes in leaf, culm, rhizome

and the total 15N uptake of connected treatment were significantly

higher than those of severed treatment in both homogeneous and

heterogeneous conditions (P< 0.05, Figures 5E–H). In addition, the
Frontiers in Plant Science 0613
15N uptakes in leaf, culm, rhizome and the total 15N uptake of

labeled ramet were significantly higher than those of unlabeled

ramet under the same treatment (P< 0.05, Figure 5).

For the whole clonal fragment, no significant effect of rhizome

status, environment status and their interaction on 15N uptakes in

leaf was observed, whereas significant effect on 15N uptakes in

rhizome was observed was found (Table 2). 15N uptakes in leaf was

not significantly different among the four treatments (Figure 6A).

However, the 15N uptakes in culm, rhizome and the total 15N uptake

of connected treatment in heterogeneous environments were

significantly higher than other treatments (P< 0.05, Figures 6B–

D). What’s more, the total 15N uptake of connected fragment was
TABLE 2 Results of significance test for biomass and 15N uptakes of the whole clonal fragments.

Organ Rhizome status (R) Environment status (E) R×E

Biomass Leaf 0.01 0.93 0.06

Culm 0.18 1.04 0.65

Rhizome 3.27 1.69 1.97

Total 0.90 1.66 0.90

15N uptake Leaf 3.82 1.56 0.33

Culm 7.35* 4.78 6.33*

Rhizome 15.97** 8.82* 9.71*

Total 8.77* 4.43 3.30
Values are F ratio and significance are indicated by **(P< 0.01), *(P< 0.05).
The effects of rhizome status (connected vs. severed), environment status (homogeneous vs. heterogeneous) and their interaction were tested in two-way ANOVA.
B

C D

A

FIGURE 3

Leaf biomass (A), culm biomass (B), rhizome biomass (C) and total biomass (D) of the clonal fragment in homogeneous and heterogeneous
environments. Different uppercase letters in each subgraph indicate statistically significant differences (P< 0.05) among the four treatments.
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higher than that of severed fragment in both homogeneous

environments and heterogeneous environments (Figure 6).
3.4 Distributions of 15N in the connected
clonal fragment

In homogeneous environments, the percentage of 15N absorption

by unlabeled ramet was lower than the percentage of 15N absorption

by labeled ramet (Figure 7). Approximately 92.85% of the recovered
15N was used by the labeled ramet, and its leaf, culm and rhizome

retained 56.68%, 9.65% and 26.51% of 15N, respectively. In contrast,

only 7.15% of the recovered 15N was moved to the unlabeled ramet,

and its leaf, culm and rhizome retained 3.55%, 0.80% and 2.80% of
15N, respectively. In heterogeneous environments, when 15N-labeled
Frontiers in Plant Science 0714
urea was applied to one ramet, about 72.14% of the recovered 15N was

stored in the labeled ramet, and the distributions of 15N in leaf, culm

and rhizome were 41.89%, 8.51% and 21.74%, respectively. However,

only 27.86% of the recovered 15N was moved to the connected ramet,

and the distributions of 15N in leaf, culm and rhizome were 11.51%,

2.79% and 13.56%, respectively. As a result, the intensity of

physiological integration (IPI) of the connected clonal fragments in

heterogeneous environments was significantly higher than that in

homogeneous environments (P< 0.05, Figure 8).
3.5 NUE of the clonal fragment

Significant effect of rhizome status on NUE was observed, while

no significant effects of environment status and their interaction on
B

C

D

E

F

A

FIGURE 4

The 15N concentrations in leaf (A, D), culm (B, E) and rhizome (C, F) of the labeled (A–C) and unlabeled (D–F) ramets in homogeneous and
heterogeneous environments. The labeled and unlabeled ramets were either connected or severed. Different uppercase letters in each subgraph
indicate statistically significant differences (P< 0.05) among the four treatments, and different lowercase letters indicate statistically significant
differences (P< 0.05) between labeled and unlabeled ramets under the same treatment.
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NUE were found (Table 3). The NUE of the connected clonal

fragment in heterogeneous environments was significantly higher

than that in homogeneous environments (P< 0.05), while no

significant difference was found in severed clonal fragment

between homogeneous and heterogeneous environments

(Figure 9). The NUE of the connected clonal fragment was
Frontiers in Plant Science 0815
significantly higher than that of the severed clonal fragment in

heterogeneous environments (P< 0.05), while no significant

difference was found in homogeneous environments (Figure 9).

In addition, the contribution rate of physiological integration (CPI)

in heterogeneous environments was significantly higher than that in

homogeneous environments (P< 0.05, Figure 10).
B
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FIGURE 5

The 15N uptakes in leaf (A, E), culm (B, F), rhizome (C, G) and total (D, H) of the labeled (A–D) and unlabeled (E–H) ramets in homogeneous and
heterogeneous environments. The labeled and unlabeled ramets were either connected or severed. Different uppercase letters in each subgraph
indicate statistically significant differences (P< 0.05) among the four treatments, and different lowercase letters indicate statistically significant
differences (P< 0.05) between labeled and unlabeled ramets under the same treatment.
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B

C D

A

FIGURE 6

The 15N uptakes in leaf (A), culm (B), rhizome (C) and total (D) 15N uptake of the clonal fragment in homogeneous and heterogeneous environments.
Different uppercase letters in each subgraph indicate statistically significant differences (P< 0.05) among the four treatments.
FIGURE 7

Distributions of the recovered 15N in the connected clonal fragment. Red arrows indicate 15N translocation and allocation in homogeneous
environments, and blue arrows indicate 15N translocation and allocation in heterogeneous environments. The values (%) from top to bottom
represent the proportion of 15N in leaf, culm and rhizome to the recovered 15N, respectively.
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4 Discussion

This study investigated the effects of physiological integration

on N translocation and NUE of moso bamboo in homogenous and

heterogeneous environments. However, the performance of N

translocation and NUE was inconsistent in homogeneous and

heterogeneous environments.

Previous studies showed that habitat heterogeneity was the

external driving force for spatial expansion of clonal plant, and

physiological integration was the internal driving force for clonal

growth in heterogeneous environments (Liu, 2011). In addition,

physiological integration was affected by the source-sink

relationship between the connected clonal ramets, and the

resource translocation was governed by sink strength (Chen et al.,

2015; Dong et al., 2015; Shi et al., 2021; Shi et al., 2022). In this

study, 15N translocation between labeled ramet and unlabeled ramet

within clonal fragments of moso bamboo was found in

heterogeneous environments (Figure 7). This discovery clearly

revealed that moso bamboo was able to transfer 15N between

labeled ramet and unlabeled ramet through rhizome in

heterogeneous environments. When 15N-labeled urea was applied

into one ramet (labeled ramet), approximately 27.86% of the

absorbed 15N was transferred to the other ramet (unlabeled

ramet), and 72.14% of the absorbed 15N was allocated to itself for

growth. In other words, ramet grown under high-nutrient

conditions could increase 15N uptakes as a compensatory

response to meet the demand of the other ramet grown under

low-nutrient conditions (He et al., 2010). This result indicated that

the 15N allocation of fertilized ramet (labeled ramet) was higher

than the connected unfertilized ramet (unlabeled ramet) for the
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growth of itself. The phenomenon with low rates of resource

sharing was also found in Fragaria chiloensis in heterogeneous

environments, which was called “selfish” (Alpert, 1999). Therefore,

the fertilized ramet could transmit nutrients to the connected

unfertilized ramet through physiological integration after meeting

its own growth, and then improve the adaptability of the clonal

fragment in heterogeneous environments.

Numerous studies showed that clonal plants rarely carried out

physiological integration or refused physiological integration in

homogenous environments (de Kroon et al., 1996; Alpert, 1999;

Gao et al., 2013). In the present study, 15N translocation between

labeled ramet and unlabeled ramet within clonal fragments of moso

bamboo was also found in homogenous environments (Figure 7).

This discovery clearly revealed that moso bamboo was able to

transfer 15N between labeled ramet and unlabeled ramet through

underground rhizome-root system in homogenous environments.

When 15N-labeled urea was applied into one ramet (labeled ramet),

only 7.15% of the absorbed 15N was transferred to the other ramet

(unlabeled ramet), and 92.85% of the absorbed 15N was allocated to

itself for growth. This phenomenon suggested that N transfer

occurred between the connected ramets within clonal fragment of

moso bamboo in homogeneous environments, but the amount was

relatively low. In other words, the unlabeled ramets did not require

a lot of N supply from labeled ramets in homogeneous

environments, which could decrease the cost of survival and

maintain their internal balance (Gao et al., 2013).In both

homogenous and heterogeneous environments, physiological

integration significantly increased the 15N uptakes of the

unlabeled ramets (Figure 5), which was potentially able to

increase the total 15N uptakes and then improve the NUE of the
FIGURE 8

Intensity of physiological integration (IPI) of the connected clonal fragment in homogeneous and heterogeneous environments. Different uppercase
letters indicate statistically significant differences (P< 0.05) between homogeneous and heterogeneous environments.
TABLE 3 Results of significance test for NUE of the whole clonal fragments.

Rhizome status (R) Environment status (E) R×E

NUE 8.77** 4.43 3.30
Values are F ratio and significance are indicated by **(P< 0.01).
The effects of rhizome status (connected vs. severed), environment status (homogeneous vs. heterogeneous) and their interaction were tested in two-way ANOVA.
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clonal fragments. Physiological integration had no significant effect

on the total 15N uptakes within the clonal fragments between

connected and severed treatment in homogenous environments,

while the total 15N uptake of connected treatment was significantly

higher than that of severed treatment in heterogeneous

environments (Figure 6). Although the source-sink relationship

was the driving force for physiological integration (Shi et al., 2021),

physiological integration also occurred in homogeneous

environments, with a lower intensity of physiological integration

compared to heterogeneous environments (Figure 8).

Physiological integration has been considered an important factor

in relation to altering nutrient use efficiency in clonal plants (He et al.,

2010; Shi et al., 2022). In this study, we found that the NUE of the

connected clonal fragment was significantly higher than that of the

severed fragment in both homogenous and heterogeneous

environments (Figure 9). This result indicated that there was a close
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link between NUE and physiological integration. In heterogeneous

environments, ramets grown in low-nutrient conditions could obtain
15N from high-nutrient conditions through physiological integration,

thus improving the NUE of the whole clonal fragment. Although the
15N uptakes of labeled ramets decreased, the 15N uptakes of unlabeled

ramets increased in both homogenous and heterogeneous

environments, and the increase in the unlabeled ramet was much

greater than the reduction in the labeled ramet (Figure 5). As a result, a

net benefit of physiological integration to the whole clonal fragment

was found (Wang et al., 2021), which improved the NUE of moso

bamboo. However, the contribution rate of physiological integration

(CPI) on NUE was not consistent between homogenous and

heterogeneous environments, and the difference was significant. Our

results also indicated that physiological integration was more likely to

occur in heterogeneous environments, while it rarely occurred in

homogeneous environments.
FIGURE 10

The contribution rate of physiological integration (CPI) of the connected treatments. Different uppercase letters indicate statistically significant
differences (P< 0.05) between homogeneous and heterogeneous environments.
FIGURE 9

Nitrogen use efficiency (NUE) of the clonal fragment in homogeneous and heterogeneous environments. Different uppercase letters indicate
statistically significant differences (P< 0.05) among the four treatments.
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5 Conclusion

This study clearly revealed the relationship between

physiological integration and N translocation and NUE of moso

bamboo in homogenous and heterogeneous environments. The N

translocation between the connected ramtes of moso bamboo was

determined by the source-sink relationship in heterogeneous

environments. Physiological integration was also occurred in

homogeneous environments, but its intensity was relatively low.

There was a close relationship between physiological integration

and NUE, and physiological integration significantly improved the

NUE of moso bamboo in both homogeneous and heterogeneous

environments. These results will provide theoretical basis for

precision fertilization in moso bamboo forests.
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Invasive clonal plants possess
greater capacity for division of
labor than natives in high patch
contrast environments

Jin Zhang, Wen-Hua You*†, Ning-Ning Li and Dao-Lin Du

Institute of the Environment and Ecology, College of the Environment and Safety Engineering,
Jiangsu University, Zhenjiang, China
Invasion success of clonal plants is closely related to their unique clonal life

history, and clonal division of labor is a crucial clonal trait. However, so far, it is

unclear whether invasive alien clonal species generally possess a greater capacity

for division of labor than native species and whether this pattern is affected by

environmental conditions. To test whether patch contrast affects the differences

in the capacity for division of labor between invasive alien and native clonal

plants, we selected five pairs of exotic invasive and native clonal plant species

that are congeneric and co-occurring in China as experimental materials. We

grew the clonal fragment pairs of these invasive and native plants under high,

low, or no contrast of reciprocal patchiness of light and nutrient, respectively,

with ramet connections either severed (division of labor prevented) or kept intact

(division of labor allowed). The results showed that connection significantly

decreased the proportion of biomass allocated to roots in distal (younger)

ramets, whereas it increased in proximal (older) ramets of all studied plants

under high -contrast treatments. This clear pattern strongly indicated the

occurrence of division of labor. Furthermore, the connection had a more

pronounced effect on the pattern of biomass allocation of invasive alien plants,

resulting in a greater increase in biomass for invasive alien plants compared to

native plants. These findings suggest that the invasive alien plants possess a

greater capacity for division of labor, which may confer a competitive advantage

to them over natives, thus facilitating their invasion success in some

heterogeneous habitats such as forest edges where light and soil nutrients

show a high negative correlation.
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Introduction

Biological invasions are reported to be a major threat to global

biodiversity and can cause serious economic and ecological damage

(Diagne et al., 2021; Li et al., 2022). Many studies have been

conducted to identify and understand the mechanisms underlying

the process of invasion, and some inherent traits associated with

clonal growth are widely recognized as critical determinants

contributing to plant invasiveness (Song et al., 2013; Roiloa, 2019).

The plausibility of this argument rests on the fact that many of the

most problematic invasive plant species exhibit clonal propagation

(Cadotte et al., 2006; Roiloa, 2019). Furthermore, recent studies have

demonstrated that clonal- introduced plants decrease the native

richness to a greater extent than non-clonal introduced plants

worldwide (Vilà et al., 2015; Franklin et al., 2021).

A crucial clonal trait is the capacity for division of labor

mediated by physiological integration and driven by source–sink

relationships (Hutchings and Wijesinghe, 1997; Xi et al., 2019). It is

defined as the specialization of resource uptake between

independent parts of the clonal plants (Stuefer, 1998; Roiloa et al.,

2016). In nature, resources essential for plant growth and survival,

such as light, water, and nutrients, are typically distributed unevenly

(Jackson and Caldwell, 1993; Peipoch et al., 2016). By means of

vegetative growth and reproduction, clonal plants have the ability to

occupy extensive areas, thus increasing their potential to encounter

environmental heterogeneity (Stuefer and Hutchings, 1994,

Marshall, 1999). In some environments, the availability of two

resources may be negatively correlated, especially when high

availability of one resource is accompanied by a decline in the

other (Friedman and Alpert, 1991; Struefer et al., 1996). For

instance, nitrogen-fixing shrubs could increase the effectiveness of

soil N but reduce the level of light under their canopy (Friedman

and Alpert, 1991; Roiloa et al., 2007; Wang et al., 2011). The

division of labor allows each ramet to capture locally abundant

resources, as resource uptake is more economical in more resource-

rich patches, and subsequent reciprocal transfer of resources

between ramets should improve the performance of the whole

clone (Stuefer et al., 1996; Huang et al., 2018; Roiloa, 2019).

Numerous studies have shown that the negative correlation

between the spatial distribution of different basic resources

induces a division of labor and that the division of labor

improves the performance of clonal plants (Friedman and Alpert,

1991; Wang et al., 2016; Huang et al., 2018; Lin et al., 2018).

Contrast, which refers to the extent of the relative variation in

resource availability between patches or between a patch and its

surrounding matrix, constitutes one aspect of environmental

heterogeneity (Struefer et al., 1996). Theoretical studies predict

that greater patch contrast may lead to a stronger division of

labor (Stuefer et al., 1998; Magyar et al., 2007). This is also

supported by experimental evidence. For example, Wang et al.

(2011) found that the division of labor occurred only when the

patch contrast exceeded a threshold in an environment where soil

nutrients and light were negatively correlated. Roiloa et al. (2007)

showed that clones from habitats with greater patch contrast had a

stronger division of labor than those from more homogeneous

habitats. More recently, a study by Roiloa et al. (2019) found that
Frontiers in Plant Science 0222
the highly invasive exotic clonal species Carpobrotus edulis

exhibited greater division of labor relative to the exotic non-

invasive clonal species Carpobrotus chilensis. This suggests that

the division of labor may be a feature of the correlation between

clonal growth and plant invasion (Roiloa et al., 2019). However, to

date, little is known about whether the capacity for division of labor

between invasive alien clonal plants and native plants differs in

certain regions and how it is affected by patch contrast.

In the present experiment, to avoid large differences between

invasive and native species in their habitat preferences and

phylogenetic relatedness (Felsenstein, 1985), we selected five pairs

of congeneric and co-occurring invasive and native clonal plant

species to serve as experimental material. We grew the clonal

fragment pairs of these invasive and native plants under high,

low, or no contrast of reciprocal patchiness of light and nutrient,

respectively, and with ramet connections either severed (division of

labor prevented) or kept intact (division of labor allowed). We

predicted that invasive plants have greater capacity for division of

labor than natives. Based on the theoretical studies, we further

predicted that the difference in the capacity for division of labor

would be greater under higher patch contrast.
Materials and methods

Species selection and cultivation

We chose five pairs of asexual clonal plants, three of which were

stoloniferous and the other two were rhizomes, as described in

Table 1. In each pair, one species is an invasive alien species, and the

other is a common native species in China that is co-occurring with

the invasive alien species in the wild. We opted for species within

the same family (or genus) in order to elucidate the phylogenetic

correlation between the two species within each pair. All plants used

were collected from the field in Jiangsu Province or Guangdong

Province (China). To enhance the probability of collecting plant

material from different genotypes (genes), we obtained multiple

fragments of each species from various locations separated by over

500 m. Then, the collected fragments were propagated asexually in a

greenhouse at Jiangsu University in Zhenjiang, Jiangsu Province,

China. In April 2022, 36 similarly sized pairs of plants of each

species were selected for the following experiment, each pair

consisting of two rooted, similarly sized ramets interconnected by

a single stolon or rhizome internode.
Experimental design

The experiment took place in the greenhouse at Jiangsu

University. In late April 2022, we transplanted each pair of

ramets into two plastic pots measuring 120×88×188 mm (top

bottom × bottom × height), with a small 2×2cm opening at the

top of each pot for the rhizome or stolon connecting the two ramets

to pass through. The substrate consisted of a blend of river sand and

yellow-brown soil in a 1:1 ratio by volume, with a very low nutrient

concentration (Xi et al., 2019).
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After a recovery period of approximately 1 week, we conducted

the experiment to assess the impacts of species origin, intact stolon/

rhizome, and patch contrast. We designated younger ramets

growing in high light and low nutrient patches as distal ramets

and older ramets growing in low light and high nutrient patches as

proximal ramets. The connection between the two ramets was

either severed in the middle (preventing division of labor) or kept

intact (allowing division of labor).

The light and nutrient addition protocols for all fragments in

the experiment are presented in Table 2. To create different patch

contrast environments, we used polypropylene shade nets of

varying shade intensities to cover the ramets, while controlling

nutrient effectiveness through the use of different quality of slow-

release fertilizers. For each combination of the experiment, we

established six replicates, resulting in a total of 360 ramet pairs

across 10 species. During the experimental period, regular watering

was provided to support plant growth, and the average light

intensity at noon was 1,200–1,400 µmol m−2 s−1, with a mean air
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temperature of 25°C–32 °C in the greenhouse. The experiment was

conducted for 9 weeks and ended in early July 2022.
Measurements

We harvested the distal and proximal ramets in each pair of

containers. The clonal fragments in each container were separated

into below-ground (root) and above-ground (shoot) parts. Different

plant parts were dried in an oven at 80°C for 72 h and then weighed

to obtain the dried biomass.
Statistical analysis

We used histograms and quantile–quantile plots to graphically

check whether the residuals of all models were normally distributed.

This was made using the ggplot function of the “ ggplot2” package
TABLE 2 Light exposures and nutrient concentrations applied to the ramets in three treatments with different patch contrasts (control, low, and high).

Proximal Distal

Patch contrast Light (% full sunlight) Nutrient (g) Light (% full sunlight) Nutrient (g)

Control 55 0.5 55 0.5

Low contrast 40 0.7 70 0.3

High contrast 10 0.9 100 0.1
Notes: The fertilizer used is slow-release fertilizer, OsmocoteR, N–P–K: 16–9–12.
TABLE 1 Clonal plant species used in the experiment.

Species Family Origin Native range Clonal
organ

Typical habitat

Sphagneticola trilobata (L.)
Pruski

Asteraceae Invasive
alien

North and South America Stolon Moist grasslands, edges of canals, roadsides

Sphagneticola calendulacea (L.)
Pruski

Asteraceae Native Asia Stolon Moist grasslands, edges of canals, crop fields,
roadsides

Alternanthera
philoxeroides (Mart.) Griseb

Amaranthaceae Invasive
alien

South America Stolon Wetlands, canals, nearby fields

Alternanthera sessilis
(L.) DC

Amaranthaceae Native Asia, Africa Stolon Wetlands, other moist habitats

Hydrocotyle verticillata Thunb. Araliaceae Invasive
alien

North America, Europe Stolon Wetlands, other moist habitats

Hydrocotyle sibthorpioides Araliaceae Native Asia Stolon Wetlands, other moist habitats

Paspalum notatum Flugge Poaceae Invasive
alien

North and South
America

Rhizome Roadsides and grasslands

Paspalum orbiculare (G. Forster)
Hackel

Poaceae Native Asia, Oceania Rhizome Roadsides, other moist habitats

Paspalum virgatum L. Poaceae Invasive
alien

South America Rhizome Moist grasslands

Paspalum distichum L. Poaceae Native Tropics and subtropics of Asia,
America

Rhizome Moist grasslands
Origin and habitat information are based on the Flora of China (www.iplant.cn), Scientific Database of China Plant Species (DCP) (http://www.plants.csdb.cn/eflora), and other reference (Wang
et al. (2017).
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(Wilkinsom, 2016) in R 4.2.0 (R Core Team, 2022). Data

transformation was performed to satisfy normality if necessary. We

analyzed the effect of treatments on the biomass and root to shoot ratio

using a linear mixed model with the lme function from the R package

“nlme” (Pinheiro et al., 2020). In these models, we used species origin

(invasive vs. native), intact (stolon/rhizome remaining connected or

severed), patch contrast (control vs. low contrast vs. high contrast), and

their interaction as fixed factors. To account for the differences between

species pairs and species, we included species nested within species pairs

as random factors in our model. In addition, since the variance varies

between species, we used the varIdent function of the “ nlme” package

to allow each species to have a different variance structure (Pinheiro

et al., 2020). The significance of fixed effects was assessed using

likelihood ratio tests when comparing models with and without the

effects of interest (Zuur et al., 2009). All analyses were performed using

the free software R (version 4.2.0; R Development Core Team, 2022).
Results

Overall, invasive plants had a greater biomass than native plants

(Figure 1). Connection (intact) significantly increased the root to

shoot ratio of proximal ramets, whereas it decreased in distal ramets

under high contrast, as indicated by significant intact × contrast

interaction (Table 3; Figure 2). The effect of connection on the root

to shoot ratio of proximal ramets was more significant in invasive

plants than in native plants under high contrast (significant origin ×

intact × contrast interactions in Table 3; Figures 2A, C). Similar

results also occurred in the distal ramets (Table 3; Figures 2B, D).

Moreover, the connection greatly increased the total biomass

(proximal biomass + distal biomass) of the whole clone under

high contrast, especially for invasive species (significant origin ×

intact × contrast interactions in Table 3; Figure 1).
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Discussion
Not entirely consistent with the conjecture, our results

suggested that in a patchy environment where light and nutrients

were negatively correlated, division of labor occurred only under

high- contrast treatments and that invasive alien plants had a

greater capacity for division of labor than native plants. We can

conclude that there is a difference in the capacity for division of

labor between invasive alien and native clonal plants, but this

difference is environmentally dependent.

No division of labor was observed in either the control or low-

contrast treatments. One possible explanation is that division of labor is

more likely to occur in patchy habitats where plant functions are

limited due to resource scarcity. Previous studies suggest that when

ramets are cultivated under optimal conditions, they do not exhibit

adaptive responses to heterogeneous environment (Zhang and He,

2009). However, this explanation appears somewhat implausible when

considering the findings of other researchers, who have demonstrated

that the resource settings in our control and low-contrast treatments

are indeed capable of reducing plant growth performance (Guo et al.,

2011). In a patchy environment with reciprocal resource distribution,

division of labor emerges as a vital mechanism for enhancing the

performance of clonal plants. Each ramet concentrates its efforts on

locally abundant resources. However, if the patch environment

undergoes changes or the connections between ramets are severed,

each ramet is then confronted with a scarcity of locally resources, at

which point the division of labor may become detrimental (Stuefer

et al., 1998; Magyar et al., 2007; Ikegami et al., 2008). Consequently,

division of labor occurs exclusively when the growth of ramets faces

significant constraints and the benefits derived from resource exchange

far outweigh the associated costs. This is the result of a clone-wide cost–

benefit tradeoff that is important for risk aversion, especially in

disturbed environments (Wang et al., 2011).

In fact, there are also studies showing that clonal plants can

significantly alter their distribution balance and show division of

labor even in homogeneous environments (Dong et al., 2015; Xi

et al., 2019). This phenomenon, known as “developmentally

programmed division of labor,” is inherently governed by the

plant’s internal developmental processes, independent of external

environmental factors (Liu et al., 2016). In addition, the division of

labor can be achieved not only by adjusting biomass allocation but

also by regulating certain physiological functions and may be easier

to express (Roiloa et al., 2007). Since physiological characteristics

are more readily reversible compared to morphological traits, the

risks to entire clones or clone fragments may be relatively lower

(Wang et al., 2011). For example, Wang et al. (2011) found that all-

lit connected ramets displayed significantly higher photosynthetic

capacity than isolated ramets in three different patch contrast

treatments of high, medium, and low, suggesting that the

connected ramets are specialized for photosynthesis.

Connection significantly increased the proportion of biomass

allocated to roots in proximal ramets and the proportion of biomass

allocated to shoots in distal ramets under high- contrast treatments.

This clear pattern strongly indicated the occurrence of division of labor.

Additionally, we observed a substantial increase in the overall biomass
FIGURE 1

Biomass of the whole clone of the invasive alien and native clonal
species when the clone was grown under high- contrast, low-
contrast, and control treatments with connections between the
proximal and distal ramets severed or remained intact. Values are
means ± standard error (SE).
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of the entire clonal fragment when connected. These findings align

with previous studies that have demonstrated the advantageous uptake

and exchange of resources among clonal plants in heterogeneous

resource environments, resulting in enhanced production efficiency,

increased biomass, and improved fitness of the entire clonal system

(You et al., 2013; You et al., 2014). Furthermore, our results highlighted

a noteworthy distinction: the resource uptake specialization was

significantly more pronounced in invasive alien plants compared to
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native plants. This suggests that invasive alien plants possesse a greater

capacity for division of labor, which also leds to a greater increase in

biomass for invasive species. The disparity in division of labor

capabilities may confer a competitive advantage to invasive plants

over native species, thereby facilitating their invasion.

Disregarding the division of labor, the invasive alien plants always

had a greater biomass than native plants. Our results do not directly

indicate that invasive plants are more competitive. In fact, a recent
D

A B

C

FIGURE 2

Effects of experimental treatments on the root to shoot ratio of proximal and distal ramets of the invasive alien (A, B) and native (C, D) clonal
species. The data indicate the means ± SE.
TABLE 3 Results of linear mixed models for effects of origin (invasive vs. native), patch contrast (control vs. low vs. high), and intact (connection vs.
severed) on the total biomass of the whole clone and the root to shoot ratio of distal ramets and proximal ramets.

Model terms
Fixed effects

df Root to shoot ratio of distal ramets
c2 p

Root to shoot ratio of proximal ramets
c2 p

Total biomass
c2 p

Intact (I) 1 18.412 <0.001 31.712 <0.001 19.067 <0.001

Contrast (C) 2 47.807 <0.001 20.319 <0.001 15.135 0.005

Origin (O) 1 0.687 0.407 5.244 0.022 10.959 0.009

I × C 2 29.779 <0.001 69.174 <0.001 23.061 <0.001

I × O 1 6.024 0.014 5.525 0.018 6.648 0.01

C × O 2 4.811 0.090 12.032 0.002 2.082 0.353

I × C × O 2 3.983 0.136 8.375 0.015 6.248 0.044

Random effects N SD SD SD

Taxonomic pair 5 0.552 0.155 0.833

Species identitya 10 0.066 0.019 0.382

Residual 0.428 0.099 0.546
fronti
Significant effects (p < 0.05) are shown in bold.
aThe SDs shown in the table are for the alien species Wedelia trilobata (L.) Hitchc, and the SDs for all species are shown in Supplementary Table S1.
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study by Wang et al. (2019) revealed that invasive clonal plants

exhibited increased biomass production and vegetative reproduction

when grown in the presence of interspecific competition compared to

intraspecific competition, while the opposite was observed for native

clones. This suggests that the invasive clonal plants are competitively

superior to concurrently co-occurring native plants. The high

intrinsic growth rates of the invasive plants may be the main driver

of its high competitive ability (Zhang and van Kleunen, 2019).

One notable aspect to consider is that our study solely focused

on the spatial heterogeneity of resource availability, disregarding

temporal heterogeneity. Consequently, this study may not

accurately reflect real-life habitat environments (Yu et al., 2018;

Wang et al., 2021). A modeling study conducted by Magyar et al.

(2007) indicated that the advantage of plasticity diminishes as the

rate of environmental change intensifies, suggesting that we may be

overestimating the benefits of division of labor. Therefore, future

studies should strive to provide additional experimental evidence to

further investigate this matter. Nonetheless, our empirical research

suggests that invasive clonal plants have a stronger capacity for

division of labor than native plants under high contrast.

Furthermore, Roiloa et al. (2016) found that the invasive clonal

plantC. edulis could benefit more from division of labor in the invasion

site compared to the native population through common garden

experiments, suggesting that the division of labor, which positively

contributes to the clonal growth and reproduction of clonal plants, has

evolved rapidly and adaptively in the invasion area. Nevertheless,

additional research is necessary to determine whether this adaptive

evolution is a common occurrence among other invasive species.

In conclusion, our results showed that in a patchy environment

where light and soil nutrients were highly negatively correlated, both

exotic invasive clonal plants and native clonal plants in China were able

to alleviate the pressure of resource scarcity and promote their own

growth through division of labor. More importantly, invasive clonal

plants had significantly greater capacity for clonal division of labor than

native plants, which also brought them greater biomass increase. The

difference in the capacity for clonal division of labor between exotic

invasive clonal plants and native clonal plants may explain the success

of invasion in certain habitats such as forest edge where light and soil

nutrients show a high negative correlation.
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Clonal dominant grass Leymus
chinensis benefits more from
physiological integration in
sexual reproduction than its
main companions in a meadow

Jian Guo1,2, Haiyan Li2*, Yunfei Yang2 and Xuechen Yang3

1School of Environmental Engineering, Xuzhou University of Technology, Xuzhou, China, 2Institute of
Grassland Science, Key Laboratory of Vegetation Ecology of the Ministry of Education, Jilin Songnen
Grassland Ecosystem National Observation and Research Station, Northeast Normal University,
Changchun, China, 3State Key Laboratory of Black Soils Conservation and Utilization, Northeast
Institute of Geography and Agroecology, Chinese Academy of Sciences, Harbin, China
The bioecological characteristics of plants determine their status and role in the

community. The advantages of dominant species in the community compared

with companion species in terms of physiological and ecological characteristics

remain unclear. When both dominant and companion species in grassland plant

communities are clonal, these plants are able to share resources within clones

(physiological integration). However, it is unclear how the clonal dominant and

companion species differ in the effect of their physiological integration on sexual

reproduction. We chose Leymus chinensis, the dominant species of the most

widespread meadow plant communities in the semiarid and arid regions of

northern China, and its main companion species L. secalinus, Calamagrostis

ripidula, C. pseudophragmites, and C. epigeios and conducted a series of in situ

field experiments in a homogeneous environment, including the determination

of the phenotypic characteristics of reproductive ramets with connected

(allowing physiological integration) and disconnected (preventing integration)

tillering nodes for each species, as well as 15N leaf labeling of ramet pairs at the

milk-ripe stage. In the clonal populations of the five grasses, physiological

integration between vegetat ive ramets and reproductive ramets

interconnected by tillering nodes significantly increased the leaf, stem,

inflorescence and ramet biomasses of reproductive ramets, and relative

changes in ramet biomass were greatest in L. chinensis. 15N labeling showed

that vegetative ramets supplied nutrients to reproductive ramets through tillering

nodes; the amount of translocated 15N per unit of reproductive ramet biomass

was highest in L. chinensis. Overall, our results indicate that in the five clonal

grasses, physiological integration between functionally different ramets under

tillering node connections had a significant positive effect on sexual

reproduction, indicating interspecific consistency in the contribution of

physiological integration to sexual reproduction between the dominant and

companion species, but this positive effect was greater in the dominant
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species L. chinensis than in the four main companion species. Therefore,

differences in the physiological integration ability between the dominant and

main companion species, identified for the first time in this study, may explain, at

least partly, the dominance of L. chinensis in the community.
KEYWORDS

dominant species, companion species, perennial herb, resource translocation, sexual
reproduction, tillering node connection, relative benefit
1 Introduction

Plants rarely grow alone and often cluster together to form

communities in nature. Based on the different statuses and roles of

species in the community, they can be classified as dominant

species, companion species and other types. Dominant species are

species that have a high abundance relative to that of other species

in a community and have obvious control over the community

structure and environmental conditions, and their status and

development trend in the community largely influence the

stability and species diversity of the community (Smith and

Knapp, 2003; Avolio et al., 2019). By contrast, companion species

are species that occur frequently in the community and exist in

companion with the dominant species but do not have major effects

on the community structure or environmental conditions (Yang

and Zhu, 2011). Although it is now recognized that dominant

species in any community have a significant competitive advantage

over their companion species, which is closely related to their large

number of individuals and high biomass, it is surprising that

relatively few studies have been conducted on the physiological

and ecological characteristics of dominant and companion species

in communities. In forest plant communities, dominant species in

the arboreal layer showed significant superiority in the maximum

net photosynthetic rate per unit leaf area (Zhang et al., 2017) and

specific leaf area (Wang et al., 2014) compared with those of

companion species. In grassland plant communities, both

dominant and companion species are capable of clonal growth.

However, little is known about whether clonal dominant species

have physiological and ecological characteristics superior to those of

companion species.

An important and unique feature of clonal plants is

physiological integration (intraclonal resource sharing), i.e., the

translocation of resources such as water, mineral nutrients and

carbohydrates between connected ramets of the same clone

(Ashmun et al., 1982; Alpert, 1996). For dominant plant species,

physiological integration has been repeatedly shown to promote the

establishment of newly produced daughter ramets (Evans and Cain,

1995; Dong and Alaten, 1999; Sun et al., 2022a), to increase the

growth of ramets in stressful or heterogeneous environments

(Roiloa et al., 2014; Zhou et al., 2014), and to enhance the fitness

of the whole clone (Song et al., 2013; Chen et al., 2015). Other

studies have shown that physiological integration can also greatly

increase the growth performance of cooccurring plant species
0229
(Wang et al., 2017a; Roiloa et al., 2019; Zhang et al., 2022). Most

previous studies on physiological integration focused on the

survival and growth of clonal plants. Sexual reproduction is an

important link in the life history of clonal plants (Eriksson, 1997),

an important means of their adaptation to unstable environments

and the geographical migration of species (Eckert, 2001), and

therefore, it is vital to population adaptation and evolution.

However, it is poorly understood how physiological integration

affects sexual reproduction in clonal plants and whether there are

differences in the physiological integration ability between clonal

dominant and companion species.

The nonzonal vegetation (i.e., meadows) in the semiarid and

arid regions of northern China is an important part of the terrestrial

ecosystem of the Eurasian steppe and is also the most widely

distributed natural vegetation. The dominant species of meadow

plant communities is perennial rhizomatous Leymus chinensis,

and the common main companion species are L. secalinus,

Calamagrostis ripidula, C. pseudophragmites, and C. epigeios (Li

et al., 2001); they are all typical clonal plants of Gramineae. L.

chinensis has high nutritional value and good palatability; therefore,

different types of L. chinensis meadows are excellent mowing and

grazing grounds (Jia, 1987; Zhu, 2004). Because of its economic and

ecological significance, L. chinensis has received considerable

attention (Guo et al., 2021; Meng et al., 2022; Sun et al., 2022b).

However, its main companion species, such as L. secalinus, C.

ripidula, C. pseudophragmites and C. epigeios, have received less

attention. For example, in terms of physiological integration

between connected ramets, Gao et al. (2014) found that

physiological integration increased the ramet biomass of L.

chinensis in environments with resource heterogeneity, and Zhou

et al. (2014) reported that physiological integration increased the

maximum net photosynthetic rate, apparent quantum efficiency,

respiration rate, water use efficiency, and chlorophyll content of L.

chinensis in environments with nutrient heterogeneity and

confirmed that differences in the physiological integration ability

between the two ecotypes resulted in their different performance

levels. Sui et al. (2011) found that physiological integration

enhanced the total biomass, belowground biomass, ramet number

and total rhizome length of L. secalinus under mechanical

stimulation. No studies on physiological integration have been

reported thus far in C. ripidula, C. pseudophragmites and C.

epigeios. Therefore, it is unclear how physiological integration

affects sexual reproduction in L. chinensis and its four main
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companion species as well as whether there are interspecific

differences in the physiological integration ability.

In this study, we grew L. chinensis and its main companion

species L. secalinus, C. ripidula, C. pseudophragmites and C. epigeios

in a homogeneous field environment and measured the phenotypic

characteristics of reproductive ramets with connected (allowing

physiological integration) and disconnected (preventing

integration) tillering nodes for each species. We also labeled the

vegetative ramets with an isotope (15N) at the milk-ripe stage to

verify whether vegetative ramets translocated resources toward the

connected reproductive ramets. The objectives of our study were (1)

to assess the effect of physiological integration on the sexual

reproductive performance of the dominant species L. chinensis

and its four main companion species and (2) to explore the

differences in the physiological integration ability among the

dominant species L. chinensis and its four main companion

species. Here, we hypothesize that (1) physiological integration

will increase the sexual reproductive performance of the dominant

species L. chinensis and its four main companion species and

(2) the positive effect of physiological integration will be greater

in the dominant species L. chinensis than in its four main

companion species.
2 Materials and methods

2.1 Study area

This study was conducted at the Jilin Songnen Grassland

Ecosystem National Observation and Research Station (44°38′N,
123°41′E), which is in the southern region of the Songnen Plain.

This area has a semiarid, semihumid, and temperate continental

monsoonal climate with rainy, hot summers and dry, cold winters.

The annual mean temperature ranges from 4.6°C to 6.4°C, and the

annual mean precipitation varies from 300 mm to 450 mm, with the

majority concentrated from June to September. The growing season

with a frost-free period is approximately 130-165 days (Li et al.,

2018; Guo et al., 2020a). The meadow vegetation in this study area is

dominated by L. chinensis, which is accompanied by L. secalinus, C.

ripidula, C. pseudophragmites, C. epigeios, Hierochloe glabra, etc.
2.2 Study species

A total of five species were included in this study, namely, L.

chinensis, L. secalinus, C. ripidula, C. pseudophragmites and C.

epigeios, all of which are main forage grasses in natural grassland.

L. chinensis is a perennial grass that is widely distributed in western

North Korea, the People’s Republic of Mongolia, northwestern

Siberia, the Inner Mongolian Plateau, and the Northeast Plain of

China (Kuo, 1987). L. chinensis has very strong adaptability and

tolerance to saline-alkaline, drought and low-temperature

conditions (Jin et al., 2008; Chen et al., 2013; Zhai et al., 2014);

thus, it often forms L. chinensis steppes and meadows as a dominant

species, among which L. chinensis meadows are the most widely

distributed natural vegetation in the study area. L. secalinus is a
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perennial grass that mainly occurs in typical steppe, sandy

grassland, mountain slope, farmland and roadside habitats in

northern China, Korea and Japan (Dong, 1999). L. secalinus has

strong tolerance to drought, low temperature, and light soil

salinization. C. ripidula, C. pseudophragmites and C. epigeios are

all perennial species that occur in natural grasslands, artificial forest

edges and understories in temperate regions of Eurasia and are

tolerant to saline-alkaline conditions and certain humidities (Jia,

1987). These five grasses are all typical clonal plants; the clonal

ramets are interconnected via rhizomes or tillering nodes (which

refer to the unelongated basal internodes of ramets). It is common

for the five grasses to have one reproductive ramet and one

vegetative ramet per tillering node. On the Songnen Plain, the

five grasses usually begin turning green in April, undergo heading in

May-June, and then flower and fruit in June-August (Zhu, 2004).
2.3 Experimental platform

A total of 75 experimental plots were established at the

beginning of May 2017. Each plot had an area of 1 m2 (1 m ×

1 m), and adjacent plots were at least 0.5 m apart. For each species,

vegetative ramets of a similar size were collected from fifteen

populations that were 50 m apart from each other in the natural

meadow, and thus, each species was represented by fifteen clones

(genotypes). We then adopted a completely randomized

experimental design and transplanted nine vegetative ramets of

any one species in each plot with rows 0.25 m apart and ramets

0.25 m apart. All of the experimental plots were manually irrigated

for several days after transplanting to ensure that the ramets

survived. Then, the plots were weeded regularly, without any

irrigation or fertilization, and the five species were not affected by

any pests or diseases. The soil type is sandy loam (Li et al., 2001;

Guo et al., 2020a). The soil of the top 30-cm-thick layer was

homogenous, and the total N content, total organic C content

and total P content were 1.05 ± 0.01 g kg-1, 5.82 ± 0.09 g kg-1, and

0.76 ± 0.01 g kg-1, respectively. The pH was 8.34 ± 0.04, the bulk

density was 1.18 ± 0.02 g cm-3, and the electrical conductivity was

75.03 ± 0.80 mS cm-1.
2.4 Intact and severed ramet design

To investigate the effect of physiological integration on sexual

reproduction as well as its interspecific differences, at the early

heading stage of each species in both 2018 and 2019, we used

colored tags to mark two ramet pairs with similar sizes at the edge of

each plot. Each ramet pair consisted of one reproductive ramet

(mother ramet) and one vegetative ramet (daughter ramet)

connected by a tillering node, and the inflorescence top of the

reproductive ramet reached approximately 1 cm above the flag leaf

sheath. The connection between the reproductive and vegetative

ramets of one ramet pair was left intact (allowing integration), while

the connection between the reproductive and vegetative ramets of

the other ramet pair was severed (preventing integration) with

scissors (Figure 1). We gently set aside the topsoil around the ramet
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pairs to expose the tillering nodes of the reproductive ramets to

verify that the vegetative ramets were indeed growing on the

tillering nodes of the reproductive ramets, then cut the vegetative

ramets from the tillering nodes with scissors, and finally, rapidly

restored the topsoil to its original position. Although the severing of

physical connections between the ramets may cause physiological

stress and make the plants more susceptible to disease infection

(Jónsdóttir and Watson, 1997), we did not observe any signs of

disease infection in the reproductive ramets throughout the

experiment, so severing the vegetative ramets did not cause harm

to the growth of the reproductive ramets. We transported the cutoff

vegetative ramets to the laboratory. All marked ramet pairs were

harvested at the seed-maturing stage of each species. The

reproductive ramet height and inflorescence length were

measured. Each reproductive ramet was separated into the leaves,

stem and inflorescence. Leaf biomass, stem biomass, inflorescence

biomass, reproductive ramet biomass, and vegetative ramet biomass

were measured after drying in an oven at 65°C for 48 h.
2.5 Stable isotope labeling

To verify whether vegetative ramets translocate their own

resources to the connected reproductive ramets during sexual

reproduction as well as their interspecific differences, an in situ

leaf labeling experiment was carried out at the milk-ripe stage of

each species in 2019. We randomly selected four out of fifteen plots

for each species to carry out the stable isotope labeling experiment.

Two ramet pairs with similar sizes (one ramet pair for the control

treatment and another for the 15N labeling treatment) were

randomly chosen at the edge of each plot, and each ramet pair

consisted of one reproductive ramet (mother ramet) and one

vegetative ramet (daughter ramet) connected by a tillering node.

The two ramet pairs were at least 50 cm apart. The control solution

was distilled water, and the 15N labeling solution was a solution of

urea (made at the Shanghai Research Institute of Chemical

Industry, China) with a concentration of 0.02 g·mL−1 and a 15N

abundance of 5.18%. The labeling method strictly followed the
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scheme of Guo et al. (2020a). The aboveground reproductive ramets

in both the control treatment and 15N labeling treatment in each

plot were harvested exactly 2 days after labeling. Each reproductive

ramet was de-enzymed at 105°C for 30 min and then dried at 65°C

for 48 h. We then measured the dry mass of each reproductive

ramet and ground it to a fine powder with a ball mill (MM 400

Retsch, Haan, Germany). For each sample, approximately 3 mg of

solid powder was loaded into a capsule, and then the isotope values

(d15N) were determined using a vario EL cube (Elementar,

Langenselbold, Germany) interfaced with an Isoprime 100

isotope-ratio mass spectrometer (Elementar, Langenselbold,

Germany), with an overall precision greater than 0.2‰. The

amount of 15N translocated from the labeled vegetative ramets

toward the unlabeled reproductive ramets was calculated following

the protocol of Guo et al. (2020a).
2.6 Statistical analysis

The statistical analysis was performed with IBM SPSS 20.0

(SPSS Inc., Chicago, IL, USA). All variables were tested for a normal

distribution and homogeneity of variances. All results were reported

as the means ± standard errors, and a significance level of P ≤ 0.05

was used for all analyses.

For each species, a paired-samples t test was used to determine

the differences in ramet height, inflorescence length, leaf biomass,

stem biomass, inflorescence biomass and ramet biomass between

tillering node connections that remained intact and were severed

and to test for differences in the d15N of reproductive ramets

between the control and 15N labeling treatments. One-way

analysis of variance (ANOVA) was performed to assess the effects

of species identity on the absolute and relative benefits of

reproductive ramets, the inflorescence biomass allocation of

reproductive ramets, the vegetative ramet biomass, the total

amount of translocated 15N, and the amount of translocated 15N

per unit of reproductive ramet biomass. Duncan’s multiple range

test was used to test for significant differences between the means of

multiple groups. The absolute benefit of reproductive ramets was
FIGURE 1

Schematic representation of the experimental design. Each clonal fragment of the five clonal plant species (Leymus chinensis, L. secalinus,
Calamagrostis ripidula, C. pseudophragmites and C. epigeios) consisted of one reproductive ramet and one vegetative ramet. Physiological
integration: connections between the reproductive ramet and vegetative ramet remained intact (allowing integration) (left) or were severed
(preventing integration) (right).
frontiersin.org

https://doi.org/10.3389/fpls.2023.1205166
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Guo et al. 10.3389/fpls.2023.1205166
calculated as the difference in the reproductive ramet biomass of

intact clones and the reproductive ramet biomass of severed clones.

The relative benefit of reproductive ramets (expressed as a

percentage) was calculated as the ratio of the reproductive ramet

biomass difference between the two connection treatments to the

reproductive ramet biomass of the severed clone. The inflorescence

biomass allocation (expressed as a percentage) was calculated as the

ratio of the inflorescence biomass to the reproductive ramet

biomass. The amount of translocated 15N per unit of reproductive

ramet biomass was calculated as the ratio of the total amount of

translocated 15N to the reproductive ramet biomass.
3 Results

3.1 Biomass production and growth
characteristics of reproductive ramets

In the five clonal plants L. chinensis, L. secalinus, C. ripidula, C.

pseudophragmites and C. epigeios, the leaf biomass (Figures 2A-E),

stem biomass (Figures 2F-J), inflorescence biomass (Figures 2K-O)

and ramet biomass (Figures 2P-T) of reproductive ramets under

severed tillering node connections were reduced compared with

those under intact connections over the two consecutive years.

Except for the leaf biomass of L. secalinus in 2018 and the leaf

biomass of C. epigeios in 2018 and 2019, all differences between the

two treatments reached a significant (P < 0.05) or extremely
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significant (P < 0.01) level. There was no significant difference

(P > 0.05) in the height or inflorescence length of reproductive

ramets between the tillering node connections that remained intact

and severed over the two consecutive years. These results indicated

that physiological integration had a significant effect on the biomass

production characteristics rather than on the growth characteristics

of the reproductive ramets in the five clonal grasses.
3.2 Benefit of reproductive ramets

The absolute change in the reproductive ramet biomass of C.

ripidula was significantly (P < 0.05) larger than that of the other

four clonal plants over the two consecutive years (Figures 3A1, A2).

The relative change in the reproductive ramet biomass of L.

chinensis was significantly (P < 0.05) larger than that of the other

four clonal plants, while the relative changes in the reproductive

ramet biomass of C. pseudophragmites and C. epigeios were

significantly (P < 0.05) smaller than those of the other three

clonal plants over the two consecutive years (Figures 3B1, B2).
3.3 Inflorescence biomass allocation of
reproductive ramets

The inflorescence biomass allocation of the reproductive ramets

of L. chinensis was significantly (P < 0.05) greater than that of the
A B D E

F G IH J

K L M N

C

O

P Q R S T

FIGURE 2

Comparison of the leaf biomass (A-E), stem biomass (F-J), inflorescence biomass (K-O) and ramet biomass (P-T) of reproductive ramets between
the tillering node connections that remained intact and were severed in the five clonal plants grown under the same environmental conditions in
2018 and 2019. Data are means ± SEs (n = 15). The P values are expressed as follows: **P < 0.01; *0.01 < P < 0.05; ns, P > 0.05.
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A

B

FIGURE 4

Comparison of the inflorescence biomass allocation of reproductive ramets among the five clonal plants in the intact and severed treatments in
2018 (A) and 2019 (B). Data are means ± SEs (n = 15). Different lowercase letters indicate significant differences (P < 0.05) between plant species.
A

B

FIGURE 3

Comparison of the absolute changes in ramet biomass (A1, A2) and relative changes in ramet biomass (B1, B2) among the five clonal plants in 2018
and 2019. Data are means ± SEs (n = 15). Different lowercase letters indicate significant differences (P < 0.05) between plant species.
Frontiers in Plant Science frontiersin.org0633

https://doi.org/10.3389/fpls.2023.1205166
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Guo et al. 10.3389/fpls.2023.1205166
other four clonal plants in both severed and intact clones over the

two consecutive years (Figure 4).
3.4 Biomass production of
vegetative ramets

The vegetative ramet biomass of C. ripidula was significantly

(P < 0.05) larger than that of the other four clonal plants, while the

vegetative ramet biomass of C. pseudophragmites and C. epigeios

was significantly (P < 0.05) smaller than that of the other three

clonal plants in both severed and intact clones over the two

consecutive years (Figure 5).
3.5 Transfer of 15N from vegetative ramets
to connected reproductive ramets

In the five clonal plants L. chinensis, L. secalinus, C. ripidula, C.

pseudophragmites and C. epigeios, reproductive ramets had a

significantly higher d15N level in the 15N labeling treatment than

in the control treatment (Table 1). These results demonstrated that

vegetative ramets connected to tillering nodes translocated their

own nutrients toward reproductive ramets through physiological

integration. The total amount of translocated 15N in the

reproductive ramets of L. secalinus and C. ripidula was larger

than that of the other three clonal plants, while the total amount

of translocated 15N in the reproductive ramets of C. epigeios was

smaller than that of the other four clonal plants (Table 2). The

amount of translocated 15N per unit of reproductive ramet biomass
Frontiers in Plant Science 0734
of L. chinensis was larger than that of the other four clonal

plants (Table 2).
4 Discussion

4.1 Physiological integration increases the
sexual reproductive performance of five
clonal plants

In grassland plant communities, many plant species are clonal,

and one of their unique traits is physiological integration, i.e., the

translocation and sharing of resources between ramets through

physical connections (Ashmun et al., 1982; Alpert, 1996). First,

from the perspective of ramet function (rather than the

developmental age of the ramet), two different types of

aboveground ramets are widely distributed in clonal plant

populations: reproductive ramets and vegetative ramets (Harper,

1977). Therefore, the so-called paired ramet system often includes

the following three cases: vegetative ramet–vegetative ramet,

reproductive ramet–reproductive ramet, and vegetative ramet–

reproductive ramet. Obviously, the first two cases are paired

ramet systems with the same function, and the third one is a

paired ramet system with different functions. Second, from the

perspective of physical connection, apart from rhizome or stolon

connections, tillering node connection is also a very common

connection form between clonal ramets. Under natural

conditions, vegetative ramets may grow on the unelongated basal

internodes of reproductive ramets, in which case the two types of

ramets are interconnected by tillering nodes. Studies have
A

B

FIGURE 5

Comparison of the vegetative ramet biomass of clones among the five clonal plants in the intact and severed treatments in 2018 (A) and 2019 (B).
Data are means ± SEs (n = 15). Different lowercase letters indicate significant differences (P < 0.05) between plant species.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1205166
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Guo et al. 10.3389/fpls.2023.1205166
repeatedly revealed that physiological integration between

vegetative ramets and vegetative ramets with the same function

via a rhizome or stolon has a positive effect on the survival and

growth of the ramets (Evans and Cain, 1995; Dong and Alaten,

1999; Song et al., 2013; Chen et al., 2015), but little research has been

performed on the effect of physiological integration between

vegetative ramets and reproductive ramets with different

functions by tillering node connection on sexual reproductive

performance. Our previous studies showed that physiological

integration between vegetative and reproductive ramets connected

by a tillering node increased sexual reproductive characteristics

such as inflorescence biomass, floret number, seed number, seed

biomass and the seed-setting rate in H. glabra (Guo et al., 2020b)

and L. chinensis (Guo et al., 2020c). In the present study, by severing

connections, we found that physiological integration between

vegetative ramets and reproductive ramets connected by a

tillering node significantly increased the leaf biomass, stem

biomass, inflorescence biomass, and ramet biomass of

reproductive ramets in L. chinensis, L. secalinus, C. ripidula, C.

pseudophragmites and C. epigeios (Figure 2), and these results

supported our first hypothesis. Most importantly, the consistent

finding that vegetative ramets are very advantageous for sexual

reproduction under tillering node connection in these five clonal

plants not only indicates interspecific consistency in the

contribution of physiological integration to sexual reproduction

in clonal grasses but also reflects the convergent adaptation of

physiological integration between the two types of ramets to the
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same habitat conditions in these five grasses. Our previous research

revealed that compared with reproductive ramets with different

numbers of connecting vegetative ramets, reproductive ramets with

zero connecting vegetative ramets in H. glabra had poorer

performance, and their inflorescence biomass was significantly

lower than that of reproductive ramets with 1, 2, and 3

connecting vegetative ramets (Guo et al., 2020b). These results all

imply that vegetative ramets play an important role in sexual

reproduction apart from the spatial expansion of clonal

plant populations.

The degree to which physiological integration affects sexual

reproductive performance varies with reproductive characteristics.

In this study, we found that physiological integration had no effect

on ramet height or inflorescence length but had significant effects

on biomass production characteristics such as leaf biomass, stem

biomass, inflorescence biomass and ramet biomass (Figure 2),

which may be due to the different growth properties and growth

times of each phenotypic characteristic. Under natural conditions,

the reproductive ramets of the five clonal grasses in this study area

usually stop increasing in ramet height and inflorescence length

before flowering (L. chinensis: mid-June, L. secalinus: late June, and

C. ripidula, C. pseudophragmites and C. epigeios: early July), and the

increases in leaf biomass, stem biomass, inflorescence biomass and

ramet biomass will continue until seed maturity (L. chinensis: mid-

July, L. secalinus: late July, and C. ripidula, C. pseudophragmites and

C. epigeios: early August). Thus, phenotypic characteristics such as

ramet height and inflorescence length are less affected by

physiological integration during growth because of the short

growth period, whereas phenotypic characteristics related to

biomass production are greatly affected by physiological

integration because of the long growth period.

Previous studies concerning the effects of the physiological

integration of clonal plants were mostly conducted using

greenhouse pot experiments (Zhou et al., 2014; Wang et al.,

2017a; Zhang et al., 2022), which enable easy manipulation but

do not readily result in vegetative ramet–reproductive ramet pairs

that meet the experimental requirements due to growth space,

growth period and microenvironmental limitations. Field

experiments can provide a more realistic test than greenhouse pot

experiments but are more difficult to conduct. In this study, we grew

five clonal grasses in a homogeneous field environment, and then at

the early heading stage of each species, we selected similarly sized,

synchronously heading ramet pairs (vegetative ramet–reproductive

ramet) as experimental samples, thus minimizing or eliminating the

effects of inherent differences and asynchronous heading on sexual

reproductive performance (Li et al., 2018). Moreover, the selected

ramet pairs were all located at the edges of the plots. Considering

the low density of ramets at the edge, the large interval between

ramets, and the proximity of resource supply, the other ramets had

minimal influence on sexual reproductive performance compared

with vegetative ramets growing on the tillering nodes. Therefore,

the field experiments that we conducted in a homogeneous

environment provide a more realistic test for assessing the effect

of physiological integration between different functional ramets

connected by tillering nodes on sexual reproductive performance.

The effect of physiological integration between different functional
TABLE 1 Comparison of the d15N of reproductive ramets between the
control and 15N labeling treatments in the five clonal plants grown under
the same environmental conditions in 2019 (means ± SEs, n = 4).

Species CK 15N labeling t P

Leymus chinensis 2.37 ± 0.19 125.26 ± 6.80 -17.63 <0.001

L. secalinus 3.51 ± 0.44 78.73 ± 5.38 -13.86 0.001

Calamagrostis ripidula 4.07 ± 0.63 92.06 ± 2.11 -39.44 <0.001

C. pseudophragmites 5.71 ± 0.67 122.75 ± 4.05 -30.85 <0.001

C. epigeios 3.01 ± 0.29 66.24 ± 6.69 -9.61 0.002
TABLE 2 Comparison of the amount of translocated 15N of reproductive
ramets among the five clonal plants grown under the same
environmental conditions in 2019 (means ± SEs, n = 4).

Species Total 15N
amount (mg)

15N amount per unit ramet
biomass (mg g-1)

Leymus chinensis 5.50 ± 0.15 bc 7.56 ± 0.53 a

L. secalinus 16.37 ± 1.46 a 4.66 ± 0.48 b

Calamagrostis
ripidula

13.50 ± 0.74 a 3.65 ± 0.33 bc

C.
pseudophragmites

7.53 ± 0.46 b 3.03 ± 0.13 cd

C. epigeios 3.75 ± 0.52 c 2.14 ± 0.35 d
Different lowercase letters indicate significant differences (P < 0.05) between different plant
species.
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ramets connected through rhizomes or stolons on sexual

reproductive performance in a heterogeneous environment can be

explored in the future.

Isotope labeling technology is an effective means of exploring

resource transfer between connected ramets of clonal plants (Zhang

et al., 2002). A study using 15N isotope labeling revealed that

vegetative ramets of the wetland clonal plant Iris laevigata could

translocate their resources to connected reproductive ramets (Wang

et al., 2017b). In this study, when the connected vegetative ramets

were labeled with 15N at the milk-ripe stage in clonal populations of

L. chinensis, L. secalinus, C. ripidula, C. pseudophragmites and C.

epigeios growing in a homogeneous field environment, significantly

larger amounts of 15N than the background value were detected in the

reproductive ramets (Table 1), indicating that vegetative ramets can

transfer their own resources to the connected reproductive ramets in

these five clonal grasses. The same results were obtained in our

previous study onH. glabra (Guo et al., 2020b). Most importantly, we

obtained consistent findings among these five clonal grasses,

indicating commonality among them; i.e., vegetative ramets with

tillering node connections can supply resources to reproductive

ramets through physiological integration at the most critical stage

of sexual reproduction, which is beneficial for sexual reproduction,

thus further verifying the convergent adaptation of physiological

integration between the two types of ramets to the same habitat

conditions in the five clonal grasses.
4.2 Differences in the capacity for
physiological integration between L.
chinensis and its major companion species

Differences in physiological integration ability among clonal

plants may determine their performance differences in the

community. Many invasive alien plants are clonal. A comparative

study on the physiological integration ability of invasive plants and

congeneric co-occurring native plants showed that invasive plants

had a higher physiological integration ability than native plants in

heterogeneous environments, and physiological integration

benefitted invasive clonal plants more than native plants and thus

may confer a competitive advantage to invasive plants (Wang et al.,

2017a). However, in grassland plant communities, when both

dominant species and companion species are clonal, it is not clear

whether the native dominant species have a higher physiological

integration ability than the companions. In the present study, we

found that the absolute change in reproductive ramet biomass was

the largest for C. ripidula rather than for the dominant species L.

chinensis (Figures 3A1, A2), indicating that the reproductive ramets

of C. ripidula benefit more from physiological integration in absolute

terms than those of the other four grasses. One potential mechanism

for the higher absolute benefit of physiological integration in C.

ripidula may be that this species has a higher capacity for resource

translocation from vegetative ramets to their connected reproductive

ramets than the other four grasses. We used isotope labeling to detect

the amount of resource translocation from vegetative ramets and

found that C. ripidula had a higher N translocation efficiency

(Table 2). Another potential mechanism may be that the vegetative
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ramets of C. ripidula can absorb and utilize resources such as

nutrients, water and light more efficiently than those of the other

four grasses, so that a stronger source of nutrients, water and

photosynthates could be created in the vegetative ramets of C.

ripidula than in those of the other four grasses. We found that the

vegetative ramet biomass of C. ripidula was significantly larger than

that of the other four grasses in both severed and intact clones

(Figure 5), confirming the plausibility of the secondmechanism. Both

a higher resource translocation capacity and a stronger source would

allow for higher resource translocation from the vegetative to the

reproductive ramets and thus benefit the growth of the latter.

Irrespective of the effect of physiological integration, we also

found that C. ripidula generally produced taller and heavier

reproductive ramets than the other four grasses (Figure 2). Our

finding that reproductive ramets of C. ripidula benefitted more

from physiological integration in absolute terms than those of the

other four grasses in a homogeneous environment (Figures 3A1,

A2) could therefore simply indicate that large plants benefit more

from physiological integration in absolute terms than small plants

in terms of sexual reproduction. In fact, an additional analysis

showed that the relative change in reproductive ramet biomass was

significantly larger in L. chinensis than in the other four grasses

(Figures 3B1, B2). Meanwhile, isotope labeling showed that the

amount of translocated 15N per unit of reproductive ramet biomass

was significantly larger in L. chinensis than in the other four grasses

(Table 2). Both results indicate that the reproductive ramets of the

dominant species L. chinensis benefit more from physiological

integration in relative terms than those of the other four grasses,

which supports our second hypothesis. The total amount of

translocated 15N or the absolute change in reproductive ramet

biomass is mainly caused by inherent differences in biology

between species, while the amount of translocated 15N per unit of

ramet biomass or the relative change in reproductive ramet biomass

better reflects differences in physiological integration ability and

their effects between species. Thus, the greater physiological

integration ability of L. chinensis may confer an advantage over

its four companion species in terms of sexual reproduction. This

study is the first to report differences in the physiological integration

ability of these five clonal grasses.
4.3 Analysis of the comprehensive reasons
for L. chinensis being a dominant species
in the meadow plant community

The bioecological characteristics of plant species determine

their status and role in the community. Their tolerances to

adversity, vegetative propagation characteristics, sexual

reproduction characteristics, and physiological characteristics are

important manifestations of their bioecological characteristics. L.

chinensis is the dominant species of the most widely distributed

natural meadow vegetation in the study area, while L. secalinus, C.

ripidula, C. pseudophragmites and C. epigeios are the common

companion species (Li et al., 2001). On the one hand, L. chinensis

is more tolerant to drought and saline-alkaline conditions in

representative habitats in the study area than L. secalinus, C.
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ripidula, C. pseudophragmites and C. epigeios (Jia, 1987). On the

other hand, the tillering nodes of L. chinensis ramets can propagate

for four generations (Yang et al., 2003), while those of L. secalinus

propagate for only two generations (Yang and Zhang, 2004) during

the growing season in sandy soil habitats with enough growing

space and no interspecies competition, implying that the tillering

nodes of L. chinensis have a higher capacity for vegetative

propagation than those of L. secalinus. In long-term mowed

meadows, the clonal ramets of L. chinensis populations

consisted of four age classes (Zhang et al., 2020), while the clonal

ramets of C. ripidula (Yang et al., 1998), C. pseudophragmites (Yang

and Zheng, 2000) and C. epigeios (Zhang et al., 2016) populations all

consisted of two age classes, indicating that the clonal ramets of L.

chinensis have a higher capacity for vegetative propagation than

those of C. ripidula, C. pseudophragmites and C. epigeios. Therefore,

these findings explain why L. chinensis became the dominant

species, while L. secalinus, C. ripidula, C. pseudophragmites and C.

epigeios became the companion species in the community from the

perspective of vegetative propagation.

Sexual reproductive capacity affects the competitiveness of plant

species in the community and their adaptability to changing

environments. In this study, although the inflorescence biomass

and ramet biomass of the reproductive ramets of L. chinensis were

lower than those of the other four grasses (Figure 2), the

inflorescence biomass allocation was significantly greater than

that of the other four grasses (Figure 4). Allocation to sexual

reproduction in L. chinensis is more advantageous than that in

the other four grasses. Previous studies also showed that the

inflorescence biomass allocation of reproductive ramets of L.

chinensis was significantly greater than that of L. secalinus (Hong,

2020), C. ripidula, C. pseudophragmites and C. epigeios (Li, 2002) in

this study area. In addition, we found that the amount of

translocated 15N per unit of reproductive ramet biomass was

significantly larger in L. chinensis than in the other four grasses

(Table 2), which means that the physiological integration ability and

its effects were evidently stronger in L. chinensis than in the other

four grasses. Therefore, differences in the tolerance, vegetative

propagation characteristics, sexual reproduction characteristics,

and physiological integration ability of the five clonal grasses

together determine their status in the community.
5 Conclusions

In clonal populations of the dominant species L. chinensis and

its main companion species L. secalinus, C. ripidula, C.

pseudophragmites and C. epigeios growing in a homogeneous field

environment, physiological integration between vegetative and

reproductive ramets connected by tillering nodes significantly

increased the leaf biomass, stem biomass, inflorescence biomass

and ramet biomass of reproductive ramets. Vegetative ramets

translocated their own resources to the connected reproductive

ramets through tillering nodes. The physiological integration ability

and its positive effect on sexual reproduction were stronger in the

dominant species L. chinensis than in the other four main

companion species. This study is the first to explain, from the
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perspective of physiological integration, the dominance of L.

chinensis and the companion status of L. secalinus, C. ripidula, C.

pseudophragmites and C. epigeios in the community. However, the

current study was carried out in a homogeneous field environment

with only one level of resource supply. Further studies that explore

the effects of physiological integration between different functional

ramets connected through rhizomes under different levels of

resource supply or a heterogeneous resource supply will help us

better understand the population adaptation and species evolution

of clonal dominant species and their companion species in

grassland plant communities in future environments.
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Jia-Bao Yao3* and Shao-Zhi Chen1*
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State Key Laboratory of Black Soils Conservation and Utilization, Northeast Institute of Geography
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Introduction: Climate change and mono-afforestation or mono-reforestation

have continuously caused a decline in biodiversity and ecosystem services on

forest plantations. Key plant functional traits in forests or plantations may affect

ecosystem functions after forest management practices. Plant clonality, a key

functional trait, frequently links to biodiversity and ecosystem functions and

affects the biodiversity–ecosystem functioning relationship. However, little is

known about how plant clonality affects ecosystem functions and services of

plantations after forest management.

Methods: We conducted a field experiment to discuss the diversity and

proportion of clonal plants, plant diversity of the communities, and ecosystem

service functions and their relationships under 10 years of close-to-nature (CTN)

management, artificial gap management, and control (i.e., without management)

in the three stages of C. Lanceolata plantations.

Results: Our results showed that CTN and gap management modes significantly

facilitated diversity of clonal plants, plant diversity of the communities, and

parameters of ecosystem service functions in C. lanceolata plantations.

Moreover, CTN management promoted plant community diversity, soil water

conservation, and carbon storage themost in the earlier stand stages. Diversity of

clonal plants was significantly positively correlated with ecosystem service

functions after forest management. Structural equation modeling analysis

indicated that forest gap or CTN management indirectly positively affected

ecosystem service functions through increasing diversity of clonal woody

plants and plant diversity of the communities.

Conclusion: Our results indicate a highly positive effect of gap or CTN

management on diversity and proportion of clonal plants and on plant diversity

of the communities, which link to improvements in ecosystem service functions
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(i.e., water and soil conservation and carbon storage). The link between forest

management, diversity, and ecosystem functions suggests that key functional

traits or plant functional groups should be considered to underline the

mechanism of traits–ecosystem functioning relationships and the restoration

of degraded plantations.
KEYWORDS

artificial gap management, biodiversity-ecosystem functioning, clonal plants, close-to-
nature management, plant diversity conservation, water and soil conservation,
carbon storage
1 Introduction

Climate change and human activities (such as urban expansion

and habitat destruction) have continuously affected global

vegetation in the past several decades, leading to a substantial loss

of biodiversity and a decline in ecosystem services (Montoya and

Raffaelli, 2010; Dıáz et al., 2019; Pan et al., 2022). Forest plantations,

as the most significant component of vegetation, are a key way to

restore degraded land and mitigate climate change (Canadell and

Raupach, 2008; Bastin et al., 2019; Cook-Patton et al., 2021; Feng

et al., 2022). Over recent decades, China has had the largest

plantations consisting of fast-growing pure stands worldwide (Bai

et al., 2020b). However, most pure plantations have suffered a severe

decline in ecosystem services, that is, productivity, biodiversity, and

carbon storage (Ming et al., 2019), which raised concerns about how

to promote the functions and services of forest plantations to ensure

effective strategic planning of afforestation and reforestation

practices (Zhao et al., 2013; Bai et al., 2020b; Feng et al., 2022;

Pan et al., 2022). Thus, understanding the effect of forest

management on forest biodiversity and other ecosystem functions

and services of plantations is critical to maintaining the sustainable

supply of multiple ecosystem services.

Forest improvement management modes, including artificial

gap regeneration, close-to-nature (CTN) transformation and

selective thinning, are employed in improving the structure and

functions of plantations, in which planting or increasing the growth

of different tree species will create a high biodiversity–ecosystem

functioning (BEF) relationship, such as production and carbon

storage (Loreau et al., 2001; Tilman et al., 2014; Feng et al., 2022).

The plantation and management types could alter the biotic and

abiotic circumstances, such as plantation models (mixed vs.

monoculture), plantation age, and management types (managed

vs. unmanaged), which might facilitate stability and plant diversity

(Felton et al., 2010; Li et al., 2012; Bonner et al., 2013; Liu et al.,

2018; Wang et al., 2022). Furthermore, CTN and artificial gap

regeneration management modes are commonly used in plantation

improvement in China (Zang et al., 2005; Liu, 2013), which can

improve the light interception capacity, soil moisture, and nutrients

of the understory, which increased tree growth and biomass

accumulation (Atauri et al., 2004; Brunet et al., 2010; Gong et al.,

2021), and consequently might largely increase ecosystem services,
0240
that is, forest carbon storage and soil and water conservation

(Cheng et al., 2017; Ming et al., 2019; Bai et al., 2020a; Bai et

al., 2020b).

However, compared to the total plant diversity–ecosystem

functions relationship, the effect of management on tree, shrub,

or herb diversity ecosystem functions relationship in different

development stages of plantations remains controversial (Powers

et al., 2011; Grossman et al., 2018; Huang et al., 2018; Gong et al.,

2021; Trogisch et al., 2021). Previous BEF forest management has

shown that tree diversity commonly increases ecosystem functions

and services (i.e., stand-level production) (Grossman et al., 2018;

Huang et al., 2018; Trogisch et al., 2021). Some studies have

indicated that managed forests are effective at maintaining carbon

storage (Johnson and Curtis, 2001; Bai et al., 2020b). However,

other studies suggest that long-term management decreased, and

thinning had little impact on carbon storage in red pine plantations

over a long period, no matter what tree or herb diversity changed

(Powers et al., 2011). However, some studies exhibited an increase

in water and soil conservation (such as water holding capacity and

soil nitrogen and phosphorus content) after management of

Chinese fir plantations, which may contribute to root and

litter decomposition of diverse tree species (Cheng et al., 2017;

Ming et al., 2019). Meanwhile, these relationships might alter

with the developmental stages of plantations. Therefore,

understanding the dynamics of plantations is crucial to

quantifying the diversity–ecosystem function relationship after

different management practices.

Plant functional traits including morphological and

physiological characteristics that directly influence plant growth,

and the efficiency of resource acquisition and utilization. These

traits commonly respond to environmental changes and drive a

variety of ecosystem processes such as ecosystem services (Pan et al.,

2022). In comparison to monoculture plantations, mixed

plantations with high plant diversity provide more diverse

functional groups to support diverse habitat structure, food, and

habitats to consumers and decomposers (Wang et al., 2019; Guo

et al., 2021; Rutten et al., 2021), which might lead to higher tree,

shrub, and herb diversity at the trophic levels. Moreover, clonal

growth plants (i.e., clonality), a significant functional group, are

present in the most productive ecosystems around the globe

(de Kroon and van Groenendael, 1997; Cornelissen et al., 2014;
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Moor et al., 2017; Dong et al., 2019; Zhao et al., 2020; Zhao et al.,

2023). They could form large vegetation, promoting biodiversity

and providing other ecosystem services, such as carbon

sequestration, and nutrient and water cycling (Duarte et al., 2013;

Cornelissen et al., 2014; Wang et al., 2016a; Wang et al., 2016b;

Wang et al., 2017; Chen et al., 2019; Ruiz-Reynés and Gomila, 2019;

Wang et al., 2019; Chen et al., 2023). Therefore, a series of traits for

special plant functional groups, that is, clonal plants, after forest

management provide an important link to ecosystem service trade-

offs, and clonal plants are conducive to the successful restoration of

degraded ecosystems (Duarte et al., 2013; Qi et al., 2021), stability of

community structure and the maintenance of ecosystem functions

(such as productivity, carbon sequestration, nitrogen cycle, etc.) (Yu

et al., 2010; Cornelissen et al., 2014; Dickson et al., 2014; Klimesǒvá

et al., 2018; Klimesǒvá et al., 2021). However, most studies focused

on the ecological effects of clonal plants at the individual or

population level (Wang et al., 2021), and there is little research

on the role of clonality functional type at the community or

ecosystem level (Cornelissen et al., 2014; Klimesǒvá et al., 2021).

Therefore, there is currently a lack of research on the impact and

mechanisms of clonal plants on the diversity–ecosystem function

relationship in managed plantations. Moreover, little was known

about the roles of clonality in ecosystem service and functioning,

including roles in nitrogen and phosphorus cycling, conservation of

water and soil, and carbon storage (for aim of carbon neutral) in

forest ecosystems.

Chinese fir [Cunninghamia lanceolata (Lamb.) Hook.]

plantations are typical sub-tropical evergreen conifer vegetation

with high-efficiency timber production (Yu, 1997; Farooq et al.,

2019), and ecological functions (Yao et al., 2015; Cheng et al., 2017).

However, it suffered the decline in productivity and soil fertility

deficiencies of monoculture and continuous planting (Wu et al.,

2017; Farooq et al., 2019). Thus, different plantation management

modes on Chinese fir plantations have continuously been

conducted. We conducted a field experiment to analyze the

diversity and proportion of clonal plants, plant diversity of the

communities, and ecosystem service functions under CTN

management or artificial gap management or control (i.e.,

without management) in the three stages of C. lanceolata

plantations. Specifically, we discussed the following questions: (1)

How do forest management modes and forest stages affect diversity

and proportion of clonal plants, plant diversity of the communities,

and ecosystem service functions in C. lanceolata plantations? (2) the

The relationships between diversity of clonal plants, plant diversity

of the communities, and ecosystem service functions under different

forest management modes, and (3) what is the key determinant and

link to promoting these relationships?

2 Materials and methods

2.1 Study site

The experiment was carried out in plantations of Chinese fir

[Cunninghamia lanceolata (Lamb.) Hook] at the Experimental
Frontiers in Plant Science 0341
Center of Subtropical Forestry of the Chinese Academy of

Forestry in Fenyi, Jiangxi Province, China (114°38’–114°40’E, 27 °

43’–27°45’N). This region is a typical location for C. lanceolata

plantings in Southeast China’s low mountains and hills. The average

annual temperature is 15.8°C, and the average annual rainfall is

1590 mm, making the climate a typical humid subtropical

monsoon. The mean annual relative humidity ranged from 80%

to 85% [data from the Fenyi meteorological station (No. 57792)

(114°41’E, 27 °43’N)]. Since 1957, C. lanceolata has been cultivated

across the research region (Li et al., 2019). The study stands were

constructed starting in 1987 from seedlings following recurrent

clear cutting and burning.

Meanwhile, many management modes, including CTN

improvement, artificial gaps, selective thinning, and so forth, have

been employed in C. lanceolata plantations to meet the need for

short-term timber, long-term large-diameter logs, and high-

ecological benefits (Bai et al., 2020b). In our study, we selected

three management modes: CTN management, artificial gap

management, and control (without the above two management

modes), and these management modes were conducted in the

young (6 years), mid-aged (15 years) and pre-mature (24 years)

phases of C. lanceolata plantations in 2012. Specifically, CTN

improvement mode was that Phoebe bournei (Hemsl.) Yang and

Schima superba Gardn. et Champ, dominant tree species of regional

climax, were replanted to C. lanceolata after thinning (with

accumulated thinning intensity of 30%–50% among stands) to

promote the stand condition and the growth of C. lanceolata.

Artificial gap improvement mode was thinning (with accumulated

thinning intensity of 30%–50% among stands) to form 50 m2 to 100

m2 canopy gap in each plot to promote the growth of C. lanceolata

and forest regeneration. Gap markers and borders were both C.

lanceolata. In contrast, in the control stands CTN or gap practices

were not conducted in the plots. All experimental stands had a

similar initial density of 1340–1833 trees ha−1.

In August 2022, we selected 36 20 m × 20 m plots for the three

management modes and for the three stand stages after 10-year

management based on a random design, that is, four plots for each

stand stage under each management. Therefore, there was a two

factorial experiment of three levels of management (control vs. gap

management vs. CTN management) and three levels of stand stage

[i.e., forest current stages, mid-aged (16 years) vs. pre-mature (25

years) vs. mature (34 years)].
2.2 Plant diversity investigation

In each 20 m × 20 m plot, the height, diameter at breast height

(DBH), and crown width of each tree individual were measured.

The average height, and coverage of each shrub species within each

of five random 5 m × 5 m subplots were investigated. Average

height, and coverage of each herb species, was measured in each of

five random 1 m × 1 m quadrats within the above 5 m × 5 m

subplot. We classified each species as clonal or non-clonal.

Meanwhile, the coverage of clonal herbs and herb layer in all
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quadrats was measured. Then, the importance values (IV) of species

were calculated using the following formulas:

IV tree layer  =  (relative height  +  relative dominance  +

 relative density) � 100=3;

IV shrub and herb layer 

=  (relative height  +  relative coverage)  � 100=2:

We used IV to calculate Shannon-Wiener (SW) diversity index

for the following parameters.

2.2.1 Measurements of diversity indices of
plant communities

Richness and SW diversity indexes of tree, shrub, and herb

layers and all plants were employed to describe plant diversity

conservation functions in C. lanceolata plantations. The formulas

are as following (Li et al., 2012; Wang et al., 2012; Meng et al., 2015):

Richness index R  =  S

SW diversity index :H = −oPi ln Pi

Community-weighted SW diversity index: SW diversity index

based on the weighted parameters of tree (0.50), shrub (0.26), and

herb layers (0.24) (Wang et al., 2012), where Pi is the relative IV of

the species and S is the total species.

2.2.2 Measurements of diversity and proportion
of clonal plants

Diversity of clonal plants include richness, SW diversity index, and

the proportion of clonal woody plants, clonal herbs, and all clonal

plants, as well as the coverage and cover proportion of clonal herbs.

These parameters were calculated by the above diversity indices and

according to IV for all clonal plants in plots (Zhang and Wu, 2014).

The proportion of clonal woody plants, clonal herbs, and all clonal

plants was the ratio of the number of clonal woody plants, clonal herbs,

and all clonal plants to the number of woody plants, herbs, and all

plants. The cover proportion of clonal herbs was the same as in the

above formula.

2.2.3 Measurements of water
conservation functions

Water conservation functions include soil total porosity,

capillary porosity, mass of un- and partially decomposed litter,

and water holding capacity. Five random 1 m × 1 m quadrats within

each plot were used to collect the entire litter, including un-

decomposed and partially decomposed parts. Samples of litter

were taken to the laboratory and dried at 80°C to a constant

weight for the determination of dry matter. The maximum water-

holding content of litter was calculated to analyze the capacity of

litter retaining water based on the water soaking method (i.e., dried

litter in a nylon bag immersed in tap water, after which the wet

weight was recorded at 24h) (Zagyvai-Kiss et al., 2019). We used a

cutting ring to measure soil capillary porosity and total porosity.
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2.2.4 Measurements of soil conservation (nutrient
preservation) functions

Total nitrogen (N), total phosphorus (P), available N, and

available P were employed to describe soil conservation (i.e.,

nutrient preservation) functions in C. lanceolata plantations. Five

typical sampling points were used to create a mixed soil sample for

each plot. Chemical features of soil were measured in the laboratory

after air drying. Soil total N was determined using the Kjeldahl

method; soil available N in soil was measured using alkaline

hydrolysis diffusion method; total P was extracted with HF-

HNO3-HClO4 and then determined by molybdenum antimony

blue colorimetry; soil available P was extracted with 0.5

mol L−1NaHCO3 (pH 8.5) and measured by Mo-Sb anti-

spectrophotometry method (Brookes et al., 1982).

2.2.5 Measurements of carbon storage functions
Carbon storage functions include carbon storage for the whole

forest ecosystem and different components in C. lanceolata

plantations. In each 20 m × 20 m plot, based on the data of DBH

and height (H) of C. lanceolata, volume models in different stand

ages (Supplementary Table S1) were used to calculate tree volume

according to both volume table of the ministry of forestry and

previous studies on regional C. lanceolata plantations at different

stand stages (Yu, 1997; Lin, 2016).

The biomass model, which measured carbon storage of trees

using the biomass–expansion factor (BEF) (Fang et al., 1996), was

evaluated using the Intergovernmental Panel on Climate Change

method. The following is the formula:

B  =  V · BEF

BEF  =  WD · BEF1 · (1 + R)

in which B is biomass per unit area (t·hm−2), V is volume per

unit area (m3·hm−2), WD is the wood density of C. lanceolata per

unit area (t·hm−2) (value = 0.31), BEF1 is biomass expansion factor

for IPCC in 2006 (value = 1.53), R is root/shoot ratio (value

= 0.246).

C storage per unit area is calculated by multiplying B and CR in

different stand ages of C. lanceolata plantations (Bai et al., 2020b),

our former study on carbon storage in C. lanceolata plantations).

We collected all shrubs and herbs in sampled quadrats, respectively,

and then biomass of understory vegetation and litter were measured

by the dry combustion method. C content rate in shrubs, herbs, and

litter is according to IPCC 2006. Soil samples were taken in the

following three layers: 0 cm to 20 cm and 20 cm to 40 cm soil depth.

soil organic carbon (SOC) was measured by extracting soil samples

with K2Cr2O7 and H2SO4 (Brookes et al., 1982).
2.3 Statistical analyses

We used generalized linear models to analyze the effects of

forest management modes on parameters of clonality, plant
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diversity of the communities, and parameters of ecosystem service

functions such as water conservation, soil nutrient preservation,

and carbon storage in a chronosequence of C. lanceolata

plantations. Richness, SW diversity index, and the proportion of

clonal woody plants, clonal herbs, and all clonal plants, as well as

the coverage and cover proportion of clonal herbs were referred to

clonality parameters in these models. Plant diversity of the

communities, functions of water conservation, soil conservation,

and carbon storage were evaluated by parameters in sections 2.1–

2.5, respectively. In these models, we included stand stage [middle

aged (i.e., mid-aged) vs. pre-mature vs. mature], forest management

(control vs. gap management vs. CTN management), and their

interactions as fixed factors (Bai et al., 2020b; Shi et al., 2021; Wang

et al., 2022). Post-hoc multiple comparisons for each model were

separately conducted if there were significant differences between

treatments of stand stage or forest management. We tested above

effects using function Anova type II errors in the car package in R

4.1.1 (R Core Team, 2020).

We used Bray distances for plant clonality and for plant

diversity and ecosystem functions (including water conservation,

soil nutrient preservation, and carbon storage) data. Given these

distance matrices, we computed partial Mantel correlations between

plant clonality and plant diversity and between plant clonality and

ecosystem functions data using the linkET package in R. Partial

Mantel tests were also performed between the above two.

Structural equation modeling (SEM) was used to evaluate the

direct and indirect links between forest management, forest age,

plant clonality (richness of woody clonal plants), plant diversity of

the communities (tree richness), water conservation (capillary

porosity and water holding capacity of litter), soil nutrient

preservation (available N and available P), and carbon storage

(total ecosystem, trees, and 0 cm–20 cm soil). We built an a

priori conceptual framework model that included two main

pathways. Forest management, forest age, plant clonality, and

plant diversity of the communities directly affect ecosystem

functions of water conservation, soil nutrient preservation, and

carbon storage. In the second, forest management indirectly affects

ecosystem functions via influencing plant clonality and plant

diversity of the communities (Li et al., 2023). The effects of

different variables on ecosystem functions were determined by the

path standardized coefficient and associated P values. SEM was

conducted using the lavaan packages (Rosseel, 2012). All statistical

analyses were performed using the software R 4.1.1 (R Core

Team, 2020).
3 Results

3.1 Plant diversity

3.1.1 Diversity and proportion of clonal plants
Averaged across all treatments, richness, SW diversity index,

and the proportion of clonal woody plants, clonal herbs, and all

clonal plants, as well as the coverage and cover proportion of clonal
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herbs, were significantly higher with gap or CTN management than

without management (i.e., control), in the mid-aged or pre-mature

stage than in the mature stage (except for the proportion of clonal

herbs and cover parameters of clonal herbs) (Table 1 and Figure 1).

Interestingly, the positive effects of gap or CTN management on all

diversity parameters of clonal plants were significantly greatest in

the mid-aged stage (89.7%–650% or 184.9%–466.7%) and greater in

the pre-mature stage (75.9%–366.7% or 80.8%–450%) than in the

mature stage (18.0%–216.7% or 8.4%–216.7%) [significant stand

stage (S) × forest management (F) interaction in Table 1 and

Figure 1]. Moreover, all clonality parameters were greater under

gap management than under CTN management in the mid-aged

stage, while there were significant differences between the two

management modes in the pre-mature and mature stages

(significant S × F interaction in Table 1 and Figure 1). Even the

parameters of clonal woody plants were greater under CTN

management than under gap management in the pre-mature

stage (Figures 1C–E).

3.1.2 Plant diversity of the communities
Richness and SW diversity index of tree, shrub, and herb layers

and all clonal plants showed a similar pattern to diversity of clonal

plants and were significantly greater under gap or CTN

management and in the mid-aged stage (Table 2 and Figure 2).

Interestingly, the positive effects of gap or CTN management on

total richness, richness of tree layer and herb layer were significantly

greatest in the mid-aged (172%–208% or 192%–480%) stage and

greater in the pre-mature (135%–191% or 164%–300%) stage than

in the mature (100%–175% or 130%–300%) stage (S × F interaction

in Table 2 and Figures 2A, C, G, H). Moreover, total richness and

richness of tree layer showed greater differences between CTN and

gap management in the mid-aged and pre-mature stages than in the

mature stage (significant S × F interaction in Table 2 and

Figures 2A, C).
3.2 Ecosystem service functions

3.2.1 Water conservation
All water conservation parameters were significantly greater

under CTN and gap management than under control treatment

(Table 3 and Figure 3). Especially, mass of un-decomposed litter

and partially decomposed litter, and water holding capacity of litter

were greatest under CTN management (Figures 3A, B, E). Similarly,

the above three parameters in C. lanceolata plantations increased

with stand stage (Table 3 and Figures 3A, B, E). However, there was

no significant S × F interaction for all water conservation

parameters (Table 3).
3.2.2 Soil conservation (nutrient preservation)
All soil conservation parameters were significantly higher under

CTN and gap management than under control treatment (Table 4

and Figure 4). Interestingly, the positive effects of gap or CTN
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TABLE 1 Results of generalized linear models for effects of stand stage (mid-aged vs. pre-mature vs. mature), forest management (control vs. gap vs.
close-to-nature), and their interactions on diversity and proportion of clonal plants (i.e., plant clonality) of Cunninghamia lanceolata plantations.

Effects on function diversity
(clonality)

DF

Total
richness of

clonal
plants

Proportion
of

clonal
plants

Richness of
clonal
woody
plants

SW diversity
of clonal

woody plants

Proportion
of clonal
woody
plants

F P F P F P F P F P

Stand stage (S) 2 55.90
<
0.001

5.35 0.011 12.27
<
0.001

4.03 0.035 6.93 0.004

Forest management (F) 2 223.59
<
0.001

35.33
<
0.001

85.88
<
0.001

10.40 0.001 49.16
<
0.001

S × F 4 20.63
<
0.001

8.67
<
0.001

7.29
<
0.001

3.41 0.029 5.63 0.002

Whole model 8 80.18
<
0.001

14.50
<
0.001

28.18
<
0.001

7.13
<
0.001

16.83
<
0.001

Effects on function diversity (clonality) DF

Richness of
clonal herbs

SW diversity
of clonal
herbs

Proportion
of clonal
herbs

Coverage of
clonal herbs

Cover
proportion
of clonal
herbs

F P F P F P F P F P

Stand stage (S) 2 36.08
<
0.001

36.45
<
0.001

3.11 0.061 27.84 < 0.001 22.64
<
0.001

Forest management (F) 2 84.08
<
0.001

135.87
<
0.001

7.66 0.002 94.85 < 0.001 15.60
<
0.001

S × F 4 10.83
<
0.001

10.62
<
0.001

3.92 0.012 14.63 < 0.001 4.79 0.005

Whole model 8 35.46
<
0.001

48.39
<
0.001

4.65 0.001 37.99 < 0.001 11.96
<
0.001
F
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FIGURE 1

Diversity and proportion of clonal plants (A–J) under control, gap management, and close-to-nature (CTN) management treatments in different stand
stages of C. lanceolata plantations. Mean ± SE are given. Different letters above the bars indicate significant difference among treatments at P< 0.05.
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management on total N, available N, and available P were

significantly greater in the pre-mature stage (41.4%–54.2% or

43.2%–61.2%) and in the mature stage (40.6%–59.4% or 48.4%–

70.5%) than in the mid-aged stage (14.2%–20.6% or 14.5%–25%) (S

× F interaction in Table 4 and Figures 4A, C, D). Meanwhile, under

without management, total N, available N, and available P
Frontiers in Plant Science 0745
significantly decreased with the stand stages, while that is not the

true under forest management modes (Figures 4C, D).

3.2.3 Carbon storage
All carbon storage parameters were significantly higher under

CTN and gap management than under control treatment (expect
TABLE 2 Results of generalized linear models for effects of stand stage (mid-aged vs. pre-mature vs. mature), forest management (control vs. gap vs.
close-to-nature), and their interactions on plant diversity of the communities of C. lanceolata plantations.

Effects on plant diversity of the communities DF
Total

richness

Community-
weighted SW

diversity

Richness of
tree layer

SW diversity of
tree layer

F P F P F P F P

Stand stage (S) 2 74.54 < 0.001 18.17 < 0.001 13.23 < 0.001 3.61 0.041

Forest management (F) 2 580.57 < 0.001 301.09 < 0.001 118.02 < 0.001 96.40 < 0.001

S × F 4 6.68 0.001 0.985 0.432 5.04 0.004 0.92 0.465

Whole model 8 167.12 < 0.001 80.31 < 0.001 35.33 < 0.001 25.46 < 0.001

Effects on plant diversity of the communities DF

Richness of
shrub layer

SW diversity of
shrub layer

Richness of
herb layer

SW diversity of
herb layer

F P F P F P F P

Stand stage (S) 2 4.08 0.028 6.11 0.006 20.22 < 0.001 16.76 < 0.001

Forest management (F) 2 82.04 < 0.001 124.99 < 0.001 78.84 < 0.001 95.49 < 0.001

S × F 4 0.07 0.992 1.60 0.203 3.69 0.016 4.17 0.009

Whole model 8 21.56 < 0.001 33.58 < 0.001 26.61 < 0.001 30.15 < 0.001
front
Values are in bold when P< 0.05.
A B D

E F G H

C

FIGURE 2

Plant diversity of the communities (A–H) under control, gap management, and close-to-nature (CTN) management treatments in different stand
stages of C. lanceolata plantations. Mean ± SE are given. SW diversity: Shannon-Wiener diversity. Different letters above the bars indicate significant
difference among treatments at P< 0.05.
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for un-decomposed litter) (Table 5 and Figure 5). Especially, carbon

storage in forest ecosystem, trees, and partially decomposed litter

were greatest under CTN management (Figures 5A, B, E). Carbon

storage of forest ecosystem, trees, un-decomposed, and partially

decomposed litter, 0–20 and 20–40 cm soil increased with stand

stage (Table 5 and Figures 5A, B, E–H). Interestingly, the positive

effects of gap or CTN management on carbon storage of shrubs and

herbs were significantly greater in the mid-aged stage (5211%–

5352% or 2938%–3124%) and in the pre-mature stage (283%–718%

or 232%–561%) than in the mature stage (17%–68% or 9%–72%) (S

× F interaction in Table 5 and Figures 5C, D).
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3.3 Relationships between clonality and
plant diversity and between clonality and
ecosystem service functions

Across all treatments, most clonality parameters were significantly

positively related to plant diversity of the communities and ecosystem

service functions (i.e., water conservation, soil nutrient preservation,

and carbon storage) (Figure 6A), especially greater relationships (r >

0.4, P< 0.01) between richness and SW diversity of total, woody, and

herb clonal plants, and cover proportion of clonal herbs and plant

diversity of the communities, and between richness of woody and SW
TABLE 3 Results of generalized linear models for effects of stand stage (mid-aged vs. pre-mature vs. mature), forest management (control vs. gap vs.
close-to-nature), and their interactions on water conservation functions of C. lanceolata plantations.

Effects on water conservation
functions

DF

Mass of un-
decomposed

litter

Mass of
partially

decomposed
litter

Total
porosity

Capillary
porosity

Water holding
capacity of

litter

F P F P F P F P F P

Stand stage (S) 2 110.04 < 0.001 105.74 < 0.001 0.39 0.681 0.59 0.564 91.77 < 0.001

Forest management (F) 2 43.39 < 0.001 83.25 < 0.001 38.06 < 0.001 52.91 < 0.001 239.09 < 0.001

S × F 4 1.99 0.125 0.542 0.706 1.10 0.377 1.06 0.398 0.52 0.719

Whole model 8 39.35 < 0.001 47.517 < 0.001 10.16 < 0.001 13.90 < 0.001 82.98 < 0.001
fron
Values are in bold when P< 0.05.
A B D EC

FIGURE 3

Water conservation functions (A–E) under control, gap management, and close-to-nature (CTN) management treatments in different stand stages of
C. lanceolata plantations. Mean ± SE are given. Different letters above the bars indicate significant difference among treatments at P< 0.05.
TABLE 4 Results of generalized linear models for effects of stand stage (mid-aged vs. pre-mature vs. mature), forest management (control vs. gap vs.
close-to-nature), and their interactions on soil nutrient preservation functions of C. lanceolata plantations.

Effects on soil nutrient preservation functions DF
Total N Total P Available N Available P

F P F P F P F P

Stand stage (S) 2 0.13 0.881 0.20 0.819 2.10 0.142 1.07 0.356

Forest management (F) 2 75.89 < 0.001 3.52 0.044 122.84 < 0.001 75.07 < 0.001

S × F 4 5.34 0.003 0.91 0.471 7.90 < 0.001 2.78 0.047

Whole model 8 21.67 < 0.001 4.23 0.024 35.19 < 0.001 20.42 < 0.001
t

Values are in bold when P< 0.05.
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diversity of herb clonal plants and water conservation and soil nutrient

preservation (r > 0.4, P< 0.01). All diversity and proportion parameters

of clonal plants showed significantly positive correlations with carbon

storage (r > 0.2, P< 0.01). However, there were fewer relationships

between the proportion of total, woody, and herb clonal plants and

plant diversity of the communities and ecosystem service functions of

water conservation and soil nutrient preservation (P > 0.05). When

without management, there was less correlation between clonality

parameters and only a significantly positive relationship between

cover proportion of clonal herbs and carbon storage herbs (P<

0.05) (Figure 6B).
3.4 Key path of forest management
promoting ecosystem service functions

Forest gap or CTN management increased plant clonality (i.e.,

richness of woody clonal plants) [standardized total effect (ste) =
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0.666, P< 0.01] and plant diversity of the communities (i.e., tree

richness) (ste = 0.808, P< 0.01). However, plant diversity of the

communities had no significantly positive effect on plant clonality

(ste = 0.181, P > 0.05). Ecosystem service functions, that is, water

conservation, soil nutrient preservation, and carbon storage,

increased strongly with increasing plant clonality (ste = 0.361, P<

0.05; ste = 0.412, P< 0.05; and ste = 0.218, P< 0.05) and plant

diversity of the communities (ste = 0.42, P< 0.05; ste = 0.296, P<

0.05; and ste = 0.271, P > 0.05), respectively. Forest gap or CTN

management indirectly affected ecosystem service functions

through increasing plant clonality and plant diversity of the

communities. We observed that carbon storage increased

significantly with forest age (ste = 0.982, P< 0.01). Relative

influence of plant clonality and plant diversity of the

communities on ecosystem service functions, including capillary

porosity, water holding capacity of litter, available N, available P,

carbon storage of total ecosystem, trees, and 0 cm–20 cm soil, across

a chronosequence of C. lanceolata plantations (Figure 7).
TABLE 5 Results of generalized linear models for effects of stand stage (mid-aged vs. pre-mature vs. mature), forest management (control vs. gap vs.
close-to-nature), and their interactions on carbon storage functions of C. lanceolata plantations.

Effects on carbon storage functions DF
Total ecosystem Trees Shrubs Herbs

F P F P F P F P

Stand stage (S) 2 262.66 < 0.001 277.05 < 0.001 12.44 < 0.001 2.91 0.072

Forest management (F) 2 127.40 < 0.001 50.10 < 0.001 57.34 < 0.001 28.84 < 0.001

S × F 4 1.34 0.280 1.52 0.224 9.22 <0.001 5.59 0.002

Whole model 8 98.19 < 0.001 82.55 < 0.001 22.05 < 0.001 10.73 < 0.001

Effects on carbon storage functions DF

Un-decomposed
litter

Partially decomposed
litter

0 cm–20 cm
soil

20 cm–40 cm
soil

F P F P F P F P

Stand stage (S) 2 13.37 < 0.001 19.96 < 0.001 6.42 0.005 7.82 0.002

Forest management (F) 2 0.86 0.434 27.28 < 0.001 93.31 < 0.001 16.04 < 0.001

S × F 4 1.30 0.294 1.02 0.414 2.19 0.098 0.76 0.563

Whole model 8 4.21 0.002 12.32 < 0.001 26.03 < 0.001 6.34 < 0.001
front
Values are in bold when P< 0.05.
A B DC

FIGURE 4

Soil nutrient preservation functions (A–D) under control, gap management, and close-to-nature (CTN) management treatments in different stand
stages of C. lanceolata plantations. Mean ± SE are given. Different letters above the bars indicate significant difference among treatments at P< 0.05.
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4 Discussion

Our results showed that CTN and gap management modes

significantly facilitated diversity of clonal plants and parameters of

ecosystem service functions in C. lanceolata plantations.

Interestingly, CTN management promoted plant community

diversity, soil water conservation, and carbon storage the most in

the earlier stand stages. These findings imply that the link between a

series of traits (plant clonality) and plant diversity and between

plant clonality and ecosystem functions under forest management

may be a driver of BEF relationship and the restoration of

degraded plantations.
4.1 Diversity of clonal plants and
ecosystem service functions under
different forest management modes

Not surprisingly, we found that CTN and gap management

modes significantly increase diversity and proportion of clonal

plants, and plant diversity of community, water and soil

conservation and carbon storage in a chronosequence of C.

lanceolata plantations (Figures 2–5). This is consistent with

findings of previous studies on forest diversity (Felton et al., 2010;

Wu et al., 2013; Wang et al., 2018; Gong et al., 2021), water

conservation (Zagyvai-Kiss et al., 2019), soil nutrient preservation

(Jiang et al., 2019), and carbon storage (Bonner et al., 2013; Liu

et al., 2018; Bai et al., 2020b). More importantly, the positive effects

of CTN or gap management on diversity of clonal plants, plant

diversity, and carbon storage of shrubs and herbs significantly
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declined with the stand stages (Figures 1, 2, 5). Generally, after

CTN or gap management, the multi-species forest structure and

differentiation of the niche often caused light heterogeneity of

forests, leading to the coexistence of both shade-tolerant and

shade-intolerant plants, and consequently might increase the

diversity of woody and herbaceous plants (Gong et al., 2021),

along with the diversity of clonal plants (i.e., clonal growth plants

can easily and rapidly utilize light and soil water) (Shi et al., 2021).

Meanwhile, multi-species or heterogeneous forest structure might

affect soil moisture by modifying the re-distribution of rainfall and

root characteristics, which increase hydraulic conductivity and soil

water conservation by increasing the buffer and retention capacity

of the multi-species forest canopy and litters (Zhao et al., 2018;

Zagyvai-Kiss et al., 2019). In addition, in the forest management

process, multi-species forest structure and environmental

heterogeneity usually affect the growth period and the

distribution of root systems, and the decomposition rate of litter

and the root turnover rate, which increase woody growth, litter

accumulation and soil nutrients (Jiang et al., 2019), and then

increase ecosystem services such as forest carbon stock and soil

nutrient conservation (Cheng et al., 2017; Ming et al., 2019; Bai

et al., 2020b). Overall, the effects were consistent with a meta-

analysis that found that it would take at least ten years for mixed-

species plantations to significantly improve plant diversity and

other ecosystem functions (Gong et al., 2021). However, our

results indicated that these effects decreased in later

developmental stages. This was in line with the previous results

(Spake et al., 2019; Wang et al., 2022). As our study was conducted

after 10-year CTN or gap management improvements, the former

pre-mature stage (24 years) became mature age (34 years), meaning
A B D

E F G H

C

FIGURE 5

Carbon storage functions (A–H) under control, gap management, and close-to-nature (CTN) management treatments in different stand stages of C.
lanceolata plantations. Mean ± SE are given. UD litter: un-decomposed litter; PD litter: partially decomposed litter. Different letters above the bars
indicate significant difference among treatments at P< 0.05.
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that canopy coverage increased with plantation age, competition

became intenser, and less heterogeneous habitats and shelters could

support species.
4.2 Relationships between clonality and
plant diversity and between clonality and
ecosystem service functions

Our results indicated that there were significant links between a

series of functional traits (plant clonality) and plant diversity of the

communities and between plant clonality and ecosystem functions

under forest management (Figure 6A). However, there was less

relationship when under without management (Figure 6B). A

special plant functional groups, that is, clonal plants, showed

great increase after forest management (Shi et al., 2021). So, a

series trait of clonality directly influences plant growth, and the

efficiency of resource acquisition and utilization, which might
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provide an important link to parameters of ecosystem services

and their trade-offs. First, as a component of plant diversity of a

community, diversity of clonal plants certainly promotes the total

plant diversity. Meanwhile, clonal growth can change the

distribution of root and root length density, which can alter the

soil structure and then improve soil porosity and soil retention

capability (Cornelissen et al., 2014; Klimes ̌ová et al., 2018;

Klimesǒvá et al., 2021). Diversity of clonal woody plants and

herbs not only increased growth rate of vegetation and plant

community biomass but also enhance litter biomass, which in

turn regulates vegetation carbon and soil carbon and water

content (Yu et al., 2010; Cornelissen et al., 2014; Ruiz-Reynés and

Gomila, 2019). Plant canopy structure affected diverse clonal woody

plants might also determine hydrological regulating services by

heterogeneous canopy structure (Shi et al., 2021).

In our study, a key path analysis (Figure 7) indicated that after

CTN or gap management, an increase in clonal plants provides a

series of clonal traits, such as richness and diversity, to support
A

B

FIGURE 6

Relationships between plant clonality and plant diversity, and between plant clonality of the communities and ecosystem service functions (i.e., water
conservation, soil nutrient preservation, and carbon storage). (A) with management; (B) without management.
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different parameters of ecosystem service functions. Moreover,

clonal traits increase the relatively stable relationship with

ecosystem service functions. As clonal plants are helpful for the

effective restoration or improvement of many degraded ecosystems

(Duarte et al., 2013; Qi et al., 2021), They also support the stability

of community structure and the maintenance of ecosystem

productivity, carbon sequestration (Yu et al., 2010; Cornelissen

et al., 2014; Klimes ̌ová et al., 2018; Klimes ̌ová et al., 2021).

Therefore, our results exhibited the effect of clonal plants

ecosystem function, and relationships in managed plantations,

result in the strong link between forest management, diversity

(clonal plants and the communities), and ecosystem functions.
5 Conclusions

Our results indicate a highly positive influence of gap or CTN

management on diversity and traits of clonal plants and on plant

community diversity, which link to improvements in other

ecosystem service functions (i.e., water and soil conservation and

carbon storage). Forest gap or CTN management indirectly

promoted ecosystem service functions through increasing

diversity of clonal woody plants and plant diversity of the

communities. In many forests or plantations, gap regeneration,

CTN management, and other management practices may not only
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facilitate forest development but also change the key plant

functional groups and their relationship with ecosystem

functions. The link between forest management, diversity, and

ecosystem functions suggests that key functional traits or plant

functional groups, not only clonal plants but also groups of resource

conservation or resource utilization, and so forth, under forest

management should be considered to underline the mechanism of

traits-ecosystem functioning relationships and the restoration

of degraded plantations. Future studies on ecosystem

multifunctionality should also consider the impact of clonality in

forest multifunctionality and the trade-offs of ecosystem

service functions.
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Influence of the size of clonal
fragment on the nitrogen
turnover processes in a
bamboo ecosystem

Zan Zou1, Yang Li2* and Huixing Song1*

1College of Landscape Architecture, Sichuan Agricultural University, Chengdu, China, 2Key Laboratory
of Ecosystem Network Observation and Modeling, Institute of Geographic Sciences and Natural
Resources Research, Chinese Academy of Sciences, Beijing, China
Different sizes of clonal fragments contain various number of ramets with

different spacer lengths, which strongly affects the redistribution of

photosynthetic assimilates. Although clonal integration significantly affects

rhizosphere processes via microbial enzymes under heterogeneous conditions,

the effects of clonal fragment size (ramet number and spacer length) on

rhizosphere N turnover processes remain poorly understood. Here, we

sampled clonal fragments of Phyllostachys bissetii with different ramet

numbers and spacer lengths to determine the relative effects of clonal

integration and fragment size on rhizosphere processes and resource

availability. We found that clonal integration had positive effects on the C and

N availability of shaded ramets in clonal fragments with different ramet numbers,

owing to the large resource storage in the fragment. However, it only promoted

the dissolved organic carbon of the shaded ramets in clonal fragments with

different spacer lengths. Results of regression analyses indicated that the

response ratios of the soil variables of the shaded ramets first increased when

the spacer length was about less than 30 cm and then decreased when the

spacer became longer (about >30 cm), suggesting a cost–benefit tradeoff in the

fragment. The contribution of the size of clonal fragment to the soil N turnover

process was higher than that of clonal integration, whereas its contribution to soil

C availability had the opposite effect. These results further revealed the

mechanism of the size of clonal fragment in affecting the rhizosphere

processes of stressed ramets, which is critical for the adaptation of P. bissetii

to stressed habitats and further bamboo ecosystem N turnover under

climate change.

KEYWORDS

ramet number, spacer length, nitrogen turnover, heterogeneous light,

clonal integration
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1 Introduction

Clonal plant ramets are characterized by resource translocation

between connected ramets through stolons or rhizomes, including

photosynthetic products (Wang et al., 2004; Chen J. S. et al., 2015),

water (Hu et al., 2015), and organic matter nutrients (Li et al., 2018).

Such traits are crucial for clonal plants to adapt to the heterogeneous

light environments that are common in nature (Guan et al., 2023). In

heterogeneous environments, the uneven distribution of essential

resources increases the difficulty in plant absorption (Wang et al.,

2017; Chen et al., 2019; Liang et al., 2020). The source–sink gradient

in a clonal fragment enables ramets in resource-poor patches to

receive resource support from other ramets in resource-rich patches

(You et al., 2023; Zhang et al., 2023). Clonal plants always form

different sizes of fragments containing multiple ramets with different

spacer length. However, the combined effects of fragment size and

clonal integration on nitrogen turnover processes in the rhizosphere

remains poorly understood.

The size of clonal fragment may affect resource uptake and

translocation (Zheng et al., 2023), plasticity (Ganie et al., 2016), and

asexual reproduction (Alpert, 1999; Latzel and Klimesova, 2010).

Both spacer length and ramet number can affect the size of a clonal

fragment. Differences in spacer length may affect the energy

required for resource translocation and limit the intensity of

clonal integration (Liu et al., 2004; Li et al., 2008; Yu et al., 2020).

Previous studies have shown that the benefits of the physiological

integration of water in a clonal fragment of Indocalamus decorus

and Populus euphratica decrease when the spacer length increases

(Hu et al., 2015; Zhu et al., 2018). In addition, the ramet number can

also lead to differences in the sizes of clonal fragments. Each ramet

can serve as a source or sink for the entire clonal fragment, where a

very complex process of nutrient translocation occurs (Sheng et al.,

2007). As the source of nutrients may vary, the output of nutrients

that these ramets can provide and the input of resources from

connected ramets may also differ owing to the influence of different

generations and developmental stages (Wang et al., 2004). Thus,

resource redistribution among ramets and physiological integration

into clonal fragments are both influenced by the number of ramets

(Hutchings and Wijesinghe, 1997; Chen et al., 2010; Zhai et al.,

2022). However, to the best of our knowledge, no previous study has

tested the relative importance of spacer length and ramet number in

clonal integration or rhizosphere processes.

Nitrogen (N) is a limiting resource for clonal plants (Saitoh

et al., 2006; Tian et al., 2023), and is regulated by soil microbial

community and extracellular enzyme activity (Kuzyakov, 2002;

Jones et al., 2004; Sun et al., 2014). Previous studies have shown

that clonal integration leads to an increase in soil carbon (C)

availability in the rhizosphere of stressed ramets (Lei et al., 2014;

Chen J.S. et al., 2015), which could enhance extracellular enzymes

and further prime the decomposition of soil organic matter and the

transformation of nitrogen (Li et al., 2019). Numerous previous

studies have indicated that fragment size can strongly affect the

survival, regrowth, and biomass of clonal ramets based on the

tradeoff between costs and benefits (Dong et al., 2012; Lin et al.,

2012; Huber et al., 2014). Several studies have tried to reveal the
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influence of the size of clonal fragments on water integration (Hu

et al., 2015; Zhu et al., 2018). However, the effect of differences in the

sizes of clonal fragments on rhizosphere processes, such as nitrogen

turnover, remains largely unknown.

Bamboo, a typical rhizome clonal plant, can undergo clonal

integration through connected spacers (Song et al., 2016), resulting

in a higher ecological adaptability to heterogeneous light

environments (Saitoh et al., 2002; Zheng and Lv, 2023).

Phyllostachys bissetii is a dominant species in the middle and

lower canopy layers of forests and strongly influence ecosystem

functions of forest (Kang et al., 2019). In this study, we sampled

clonal fragments of P. bissetii of different sizes, including different

spacer lengths and ramet numbers, to determine the effect of the

size of clonal fragment on clonal integration and rhizosphere

processes. In this study, we aimed to 1) determine the effects of

clonal integration on rhizosphere C and N availability, 2) investigate

the effects of the size of clonal fragment on rhizosphere N turnover

processes, and 3) estimate the relative contributions of clonal

integration and size of clonal fragment to rhizosphere processes.

We hypothesize that 1) connected ramets promote rhizosphere

processes of shaded ramets through clonal integration, and 2) clonal

integration and size of clonal fragment affect rhizosphere

processes differently.
2 Materials and methods

2.1 Experimental design

P. bissetii is a perennial and monopodial bamboo species, which

is a woody clonal plant that propagates vegetatively by extending its

rhizome. P. bissetii forms dense rhizome networks in belowground,

and new ramets develop from active nodal buds on the rhizome. P.

bissetii has significant economic value and is one of the main food

sources for giant pandas.

The in-situ field experiment was conducted at Nanbaoshan

Town in Sichuan Province, China (103.019° E, 30.45° N, Figure 1A),

with an elevation of 1217 m. Mean annual precipitation and

temperature of this site is 1117.3 mm and 16.3°C, respectively (Li

et al., 2019). In 2017, clonal fragments of different sizes were

selected at this site, including clonal fragments with various

spacer lengths and numbers of ramets (Figures 1B, C). Clonal

fragments with different spacer lengths contained one exposed

ramet and one shaded ramet, whereas clonal fragments with

different ramet numbers included to 3–5 ramets. We recorded all

spacer lengths between any two connected ramets in all fragments.

Distant ramets were identified based on the direction of rhizome

growth (Chen B. J. W. et al., 2015; Zou et al., 2018). All distant

ramets at the end of each rhizome were shaded using black-shading

netting that transmitted only about 20% of the ambient

photosynthetically active photon flux density (PPFD). The

remaining ramets in the clonal fragments were placed under

natural light. Control treatments were established by severing the

rhizomes of connecting shaded ramets and others in each fragment

(Figure 1D). This experiment aimed to explore the effect of clonal
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integration on the rhizosphere process of shaded ramets. Therefore,

only the soil block (50 × 50 × 50 cm3) of shaded ramet was wrapped

to isolate the ramet from the environment and exclude external

influences. The top surface of the block was covered with a mesh to

get rid of any potential effects of leaf litter. Double-layered plastic

films were used to wrap the surfaces around the block and the

bottom. The length of clonal fragments with different spacer lengths

ranging from 6 to 40 cm. There were 20 clonal fragments in this

spacer length experiment, including 10 connected clonal fragments

and 10 severed ones. Each clonal fragment with different ramet

numbers was replicated three times, constituting 18 ramet pairs.

The control experiment was conducted in the autumn of 2017.
2.2 Soil sampling

In June 2018, the rhizosphere soil of shaded ramets was sampled

using the shaking root method (Riley and Barber, 1970).

Specifically, we removed non-adherent non-rhizosphere soil by

gently shaking it off the roots. The soil that strongly adhered to

the root was considered the rhizosphere soil and it was gently

brushed off with a sterile brush. Plant debris and gravel were

removed manually. The samples were then sieved (< 2 mm) and

stored at −20°C in the laboratory for chemical analyses.
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2.3 Rhizosphere soil properties

Total organic carbon (TOC) and total nitrogen (TN) were

measured using an element analyzer (Elementar vario MACRO

cube, Frankfurt, Germany). Dissolved organic carbon (DOC) and

dissolved organic nitrogen (DON) were extracted using KCl

solution and then measured using a TOC/TN analyzer (TOC-L

analyzer, Shimadzu, Kyoto, Japan). Microbiomass carbon (MBC)

and microbiomass nitrogen (MBN) were extracted using the

chloroform-fumigation extraction method at atmospheric

pressure (CFAP) (Witt et al., 2000; Setia et al., 2012), and their

DOC and DON levels with and without CFAP treatment were

determined using a TOC/TN analyzer. Soil microbial biomass was

measured using the chloroform-fumigation method reported by

Vance et al. (1987) and Wu et al. (1990).

The inorganic nitrogen (NH4
+-N and NO3

−-N) content of soil

samples (5 g/sample) was extracted using KCl solution and then

determined using indophenol-blue colorimetry and dual-

wavelength colorimetry (Carter and Gregorich, 2007). Equal

amounts of soil samples (5 g/sample) were incubated at 40°C for

seven days, and the contents of NH4
+-N and NO3

−-N were

measured after incubation. N mineralization (Nmin) and

nitrification (Nnitri) rates were calculated based on the method

reported by Zhou et al. (2011).
A B

D

C

FIGURE 1

Field design for this study. (A) Geographical locations of the experimental areas. (B) habitat of P. bissetii. (C) The rhizome of a clonal fragment of P.
bissetii. (D) The design of the field experiment included clonal fragments with different spacer lengths and ramet numbers. Shading treatment was
applied to the distal ramets. The soil blocks were wrapped in a double-layer plastic film.
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2.4 Soil enzyme activity

The activity of N-acetyl-b-D-glucosaminidase (NAGase) was

examined using the method developed by Parham and Deng (2000),

where 4-nitrophenyl-N-acetyl-b-D-glucosaminide (rNP-NAG)

was the substrate and the enzyme activity was expressed as mg
rNP g−1 soil h−1. Urease assay was performed as reported by

Kandeler and Gerber (1988) with urea as the substrate and

reported in mg NH4
+-N soil h−1. The activity of polyphenol

oxidase (POXase) was determined using catechol as the substrate

(Perucci et al., 2000), with the activity reported in mmol oxidized

catechol g−1 min−1.
2.5 Statistical analyses

All statistical analyses were performed using R (v.4.3.1; http://

www.r-project.org/), unless otherwise stated. The natural log-

transformed response ratio (log-RR) was used to evaluate the

effects of clonal integration on measured variables (Hedges et al.,

1999).

logeRR =   loge�Xconnected − loge �Xsevered

where �Xconnected and �Xsevered are the mean values of a given

variable in the connected and severed shaded ramets, respectively.

Random-effect models were used to test whether the effects of clonal

integration on measured variables differed from zero with the

function “rma” in the package “metafor” (Viechtbauer, 2010).

Linear relationships were tested between spacer length and log-

RR values of each variable. A linear mixed model was adopted to

test the effects of clonal integration and ramet number on the

measured variables. The linear mixed model included spacer length

as a random effect. The linear mixed models was implemented using

the function “lmer” in the package “lme4” (Bates et al., 2015).

Finally, variation partitioning was used to test the relative

contributions of clonal integration and size of clonal fragment

(spacer length and ramet number) on rhizosphere soil carbon

related processes, nitrogen pools, and nitrogen processes with the

function “varpart” in the package “vegan” (Oksanen et al., 2022).
3 Results

3.1 Effects of clonal integration on
measured variables

For clonal fragments with different ramet numbers, urease,

POXase, NAGase, NO3
−-N, DON, and Nnitri were significantly

affected by connected or severed rhizomes. All variables of the

shaded ramets were significantly higher when the rhizomes were

connected (p< 0.05; Figure 2A). However, MBN, MBC, NH4
+-N,

DOC, TN, TOC, and Nmin were not significantly affected by the

connected or severe treatments (p > 0.05, Figure 2A). For clonal

fragments with different spacer lengths, a significant effect was

observed only for DOC (p< 0.05; Figure 2B). By combining all
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clonal fragments with different ramet numbers and spacer lengths,

POXase, NAGase, NO3
−-N, DON, and DOC of connected ramets

were significantly higher than those of severed ramets (p<

0.05; Figure 2C).
3.2 Relationships between RR
and spacer length

Regression analysis indicated that the response ratios of

NAGase, POXase, DOC, DON, Nmin and Nnitri of the shaded

ramets were significantly correlated with spacer length (p< 0.05;

Figures 3A, B, E, F, I, J). Results showed that the response ratios of

these soil variables first increased and then decreased with the size

of clonal fragment, indicating unimodal relationships between all

response ratios of these soil variables and spacer length with

maximum values. However, no significant differences were

observed among the other soil traits, such as urease, MCN,

NH4
+-N and NO3

−-N (p > 0.05, Figures 3C, D, G, H).
3.3 Contributions of clonal integration and
size of clonal fragment to soil variables

Based on linear mixed models, we disentangled the relative

effects of clonal integration and size of clonal fragment (combining

the contributions of ramet number and spacer length) on variations

in soil variables. The contribution of the size of clonal fragment to

MBN, MBC, NO3
−-N, NH4

+-N, DON, DOC, TN, TOC, and Nmin

was higher than that of clonal integration. Conversely, the

contribution of the size of clonal fragment to urease, POXase,

NAGase and Nnitri expression was lower than that to clonal

integration. Furthermore, ramet number mainly contributed to

DOC, TOC, and Nmin, whereas spacer length mainly contributed

to MBN, MBC, NO3
−-N, and DON (Figure 4).

Clonal integration and size of clonal fragments together

explained 60, 27, and 80% of the total variation in C availability, N

availability, and N turnover processes, respectively (Figure 5). For the

rhizosphere soil C availability of the shaded P. bissetii ramets, the

contribution of clonal integration was higher than that of the size of

clonal fragment (0.54 > 0.11, Figure 5A). However, for the soil N

turnover process, the contribution of clonal integration was lower

than that of the size of clonal fragment (0.14< 0.74, Figure 5C).

Similar contributions were observed between clonal integration, size

of clonal fragment, and rhizosphere N availability (Figure 5B).
4 Discussion

We found that clonal integration significantly increased the soil

enzyme activity and resource availability in the rhizosphere of

shaded ramets, supporting our first hypothesis. Substrates

translocate among rhizome-connected ramets in heterogeneous

environments, significantly increasing C availability in shaded

ramets (Zou et al., 2018). On the one hand, increased C can serve
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as a convenient substrate for microbes and stimulate microbial

activities in the rhizosphere (Kaiser et al., 2010), especially

extracellular enzyme activities, which play pivotal roles in soil

organic matter degradation and N cycling processes (Hu et al.,

2023). However, nitrogen uptake and utilization by shaded ramets

may also be enhanced by clonal integration with increased C

availability (Li et al., 2018). Thus, clonal integration enables

ramets in resource-poor patches to receive support from ramets

in resource-rich patches, thereby enhancing the adaptability of the

entire clone fragment to heterogeneous habitats (Song et al., 2013;

Lu et al., 2020; You et al., 2023).

Our results showed that clonal fragments with different ramet

numbers had greater promoting effects on rhizosphere soil properties

than clonal fragments with different spacer lengths. This phenomenon

can be attributed to the following factors. Each connected ramet serves as

a source or sink for an entire clonal fragment (Sheng et al., 2007). Thus,

entire clonal fragments with large ramet numbers are more likely to

acquire, store, and allocate resources (Dong et al., 2010; Luo and Zhao,

2015), leading to stronger physiological integration (Zhou et al., 2017).

This implies that larger clonal fragments have the potential to produce

more biomass and exhibited greater competitive ability, especially under

low-nutrient conditions (Roiloa and Retuerto, 2005; Zhang et al., 2019).

By contrast, a large number of ramets in clonal fragments may also lead

to intense intraspecific competition for space and nutrients between
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sibling ramets (Hellstrom et al., 2006; Zhang et al., 2020). Therefore, the

positive effects of clonal fragments with different numbers of ramets are

context-dependent and require further attention.

In addition, spacer length influences the effects of clonal integration

on the shaded P. bissetii ramet. It is noteworthy that these resources are

not transmitted indefinitely. According to the results, the response ratio

gradually decreased with increasing spacer length in the later stages,

indicating a tradeoff strategy between the cost and benefit of clonal

integration. This tradeoff is due to the fact that resources translocate to

distant ramets in the energy-consumption process. All clonal fragments

must adopt a cost–benefit tradeoff strategy when the costs outweigh the

benefits of resource translocation (Wang et al., 2014; Zhang et al.,

2020). Results showed that this cost–benefit tradeoff strategy occurred

when the spacer length was approximately 30 cm (Figure 3), which was

different from the results for Populus euphratica (20–30 m) (Zhu et al.,

2018), Halophila stipulacea (2.7 cm), and Cymodocea nodosa (81 cm)

(Marba et al., 2002). This may be due to differences in species of clonal

plants (D’Hertefeldt et al., 2014; You et al., 2014). Furthermore, to

balance the cost and benefit, clonal fragments may even generate new

ramets instead of resource translocation (Zhai et al., 2022). Therefore,

spacer length strongly affected the clonal integration intensity of P.

bissetii and had a negative effect over a longer distance.

Clonal integration and fragment size had different effects on

rhizosphere processes. The results showed that clonal integration
A B D

E F G

I

H

J

C

FIGURE 3

The relationships between spacer length and response ratio of soil (A) NAGase, (B) POXase, (C) Urease, (D) MCN, (E) DOC, (F) DON, (G) NH4
+-N, (H)

NO3
−-N, (I) Nmin, (J) Nnitri. Mean regression lines (solid lines) and associated 95% confidence intervals (between two dashed lines) were estimated

from the regression analysis with the best goodness-of-fit. Bold values denote the relationship with R2 > 0.5 and p < 0.05. MCN, microbiomass
carbon: nitrogen ratio. All other abbreviations are as in Figure 2.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1308072
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zou et al. 10.3389/fpls.2023.1308072
mainly affected the rhizosphere soil enzyme activity related to soil

organic matter decomposition (Kaiser et al., 2010; Chen J. S. et al.,

2015; Xue et al., 2018). It has been suggested that C assimilates are

the major substrates translocated between connected ramets under

heterogeneous light conditions (Li et al., 2019). Photosynthetic

carbon is an indispensable part of the carbon cycle in the plant–

soil system, which is translocated from exposed ramets and

compensates for the decreased C inputs to the soil in shaded

ramets (Lei et al., 2014; Wang et al., 2019). Thus, clonal

integration could supply substrates for microbes and facilitate

enzyme activity and further organic matter decomposition in the

rhizosphere of the shaded ramets. By contrast, the size of clonal

fragment strongly contributed to rhizosphere N turnover. Nitrogen

is always heterogeneously distributed in the soil matrix, which

increases the difficulty in the accessibility of N to plants.

Therefore, clonal fragments may change the placement of ramets,

ramet generation, and spacer length to acquire essential nutrients,

leading to a strong contribution to rhizosphere N processes (Ma

et al., 2023). In addition, the size of clonal fragment also contributes

more greatly to the soil variables (such as inorganic N, DOC and

DON) than clonal integration. This further implies the potential

role of fragment size and structure in adapting to heterogeneous

habitats. In total, through resource translocation and regulation of
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the size of clonal fragment, clonal plants can strongly affect

rhizosphere C and N availability and other processes, which

eventually enhance the adaptability of the entire clonal fragment

to heterogeneous habitats.
5 Conclusions

Through field experiments, our study revealed the relative

effects of clonal integration and fragment size on rhizosphere

processes and resource availability in bamboo ecosystems. We

found that clonal integration significantly modified the soil

properties of the shaded ramets, whereas the positive effects

differed across clonal fragments with different ramet numbers and

spacer lengths. Clonal fragments with more ramets could provide a

better support to stressed ramets owing to higher resource storage

in the fragment. The contribution of spacer length to clonal

integration indicated a cost–benefit tradeoff in the fragment.

These results advance our knowledge on the mechanism of

influence of the size of clonal fragment on rhizosphere processes

of stressed ramets, which is critical for the adaptation of P. bissetii to

stressed habitats and further C cycling through the bamboo

ecosystem under climate change.
FIGURE 4

Variation partitioning showing the contribution of clonal integration
(connection) and size of clonal fragment (ramet number + spacer
length) to soil variables. Green, light blue, dark blue and gray
columns represent connection, ramet number, spacer length, and
unexplained experiment result, respectively. Abbreviations are as in
Figure 2.
A

B

C

FIGURE 5

Variation partitioning showing the contribution of clonal integration
(connection) and size of clonal fragment (ramet number + spacer
length) to soil (A) C availability, (B) N availability, and (C) N turnover
process. Green and blue circles represent connection and size of
clonal fragment treatments, respectively.
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Belowground bud banks and
land use change: roles of
vegetation and soil properties
in mediating the composition
of bud banks in
different ecosystems
Jing Wu 1, Xianzhang Hou1, Lan Xu2, Quanlai Zhou3,
Yongcui Wang3, Ziwu Guo4, Michael Opoku Adomako 1,5*

and Qun Ma3*

1Zhejiang Provincial Key Laboratory of Plant Evolutionary Ecology and Conservation, School of
Life Sciences, Taizhou University, Taizhou, China, 2Department of Natural Resource
Management, South Dakota State University, Brookings, SD, United States, 3Institute of Applied
Ecology, Chinese Academy of Sciences, Shenyang, China, 4Research Institute of Subtropical
Forestry, Chinese Academy of Forestry, Hanzhou, China, 5Institute of Wetland Ecology and
Clone Ecology, Taizhou University, Taizhou, China
Introduction: Belowground bud banks play integral roles in vegetation

regeneration and ecological succession of plant communities; however,

human-caused changes in land use severely threaten their resilience and

regrowth. Although vegetation attributes and soil properties mediate such

anthropogenic effects, their influence on bud bank size and composition and

its regulatory mechanisms under land use change have not been explored.

Methods:We conducted a field investigation to examine impacts of land use

change on bud bank size and composition, vegetation attributes, and soil

properties in wetlands (WL), farmlands (FL), and alpine meadow (AM)

ecosystems in Zhejiang Province, China.

Results:Overall, 63 soil samples in close proximity to the vegetation quadrats

were excavated using a shovel, and samples of the excavated soil were

placed in plastic bags for onward laboratory soil analysis. The total bud

density (1514.727 ± 296.666) and tiller bud density (1229.090 ± 279.002) in

wetland ecosystems were significantly higher than in farmland and alpine

meadow ecosystems [i.e., total (149.333 ± 21.490 and 573.647 ± 91.518) and

tiller bud density (24.666 ± 8.504 and 204.235 ± 50.550), respectively]. While

vegetation attributes critically affected bud banks in WL ecosystems, soil

properties strongly influenced bud banks in farmland and alpine meadow

ecosystems. In wetland ecosystems, total and tiller buds were predominantly

dependent on soil properties, but vegetation density played a significant role

in farmlands and alpine meadow ecosystems. Root sprouting and rhizome

buds significantly correlated with total C in the top 0 – 10 cm layer of
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farmland and alpinemeadow ecosystems, respectively, and dependedmainly

on soil properties.

Discussion: Our results demonstrate that land use change alters bud bank

size and composition; however, such responses differed among bud types in

wetland, farmland, and alpine meadow ecosystems.
KEYWORDS

bud density, clonal organs, land use change, storage organs, vegetation density
Introduction

Human-derived modifications of terrestrial ecosystems,

including land use changes, underlie the altered belowground bud

bank densities, vegetation regeneration, and ecological succession,

leading to global biodiversity loss and ecosystem services (Allan et al.,

2015; Newbold et al., 2015; Chang and Turner, 2019; Winkler et al.,

2021; Simkin et al., 2022). Agricultural activities (e.g., pesticides and

herbicide application) and expansion of arable croplands have

predominantly shifted many crucial attributes of the natural

vegetation (Zhao et al., 2023), with substantial implications on

belowground bud banks (storage organs e.g., rhizomes, corm, and

ramets) that are vital for vegetation regrowth, aboveground

recruitment, productivity (Li et al., 2018; Qian et al., 2021; Hou

et al., 2022). Although expanding the arable cropland greatly affects

many plant species and bud banks, their responses may differ across

ecosystems due to differences in the vegetation cover and soil

characteristics that support plant growth (Newbold et al., 2015;

Semenchuk et al., 2022). Likewise, the land use intensity and

impacts on belowground bud banks may also differ between such

ecosystems. Despite these differential responses to land use change,

the role of vegetation and soil attributes in mediating bud bank

responses in different ecosystems has not been explored. In light of

the ongoing environmental change on a worldwide scale, it is

imperative to comprehend the role of vegetation and soil

characteristics to develop appropriate management techniques that

will increase their ecological relevance.

Soil characteristics (e.g., moisture, nutrients, and particle sizes)

constitute an essential component driving the structure and

vegetation cover, as well as nutrient availability of terrestrial

ecosystems (Wu et al., 2020; Adomako et al., 2021; Inoue et al.,

2022), and play critical roles in regeneration, growth, and

productivity of plants (Zuo et al., 2009; Hoover et al., 2014). Soil

properties are important ecological parameters that determine the

magnitude, distribution pattern, and vegetation succession, which are

a function of soil aggregate particles, belowground bud bank density,

and resprouting ability (Clarke et al., 2013; Wu et al., 2020). For

example, in a soil substrate heterogeneity study, Adomako et al.

(2021) reported that a ceramsite-quartz mixture with larger aggregate

particle sizes significantly decreased ramets growth of Leymus
0263
chinensis compared to plants grown in field soil with relatively

smaller particle sizes, as the former substrates have greater

mechanical resistance to seed or vegetative sprouting than the latter

substrates (Semchenko et al., 2008). Moreover, higher clay and low

nutrient content in wetland soils may decrease resprouting and

growth of tiller buds than resprouting and growth of tillers in

farmlands and alpine meadows (Reddy et al., 2013; Mobilian and

Craft, 2021). The soil physicochemical properties strongly influence

the aboveground vegetation recruitment from seeds or belowground

bud banks (Adomako et al., 2021; Inoue et al., 2022; Wu and Yu,

2022). Such driving force underpins aboveground vegetation

recruitment dynamics, vegetation density, and productivity of plant

species in natural ecosystems (Peng et al., 2015; Adomako et al.,

2021). However, information regarding interaction effects of land use

change and soil characteristics on bud banks across varying

ecosystem types is limited in our current understanding.

In natural systems, belowground bud banks play a pivotal role in

maintaining plant biodiversity against anthropogenic and natural

disturbances, such as farming and climate change (Plue and Cousins,

2018; Ott et al., 2019). Particularly in vegetations dominated by

perennial species, belowground bud banks serve as ecological

insurance against short- and long-term disturbances such as drought,

wildfire, and grazing (Deng et al., 2014; Hoover et al., 2014; Ott et al.,

2019). Although long-term effects of some ecological perturbations can

adversely affect bud bank density (VanderWeide and Hartnett, 2015;

Qian et al., 2023), they may likely differ between ecosystems owing to

differences in vegetation cover, species composition, and soil

characteristics. These differential responses of bud banks across

varying ecosystems may explain variations in resilience and

resprouting capacity after disturbances (Xu et al., 2021). For instance,

plants adapted to grow in drier conditions (i.e., alpine meadow in our

study) showed strong resistance to chronic drought stress compared to

wetland plants growing under the same stressful condition (Luo et al.,

2023; Ren et al., 2023). Likewise, the abundance and density of

belowground organs (e.g., rhizomes and tillers) of species may also

differ in their responses to disturbance in their respective ecosystems

(Xu et al., 2021; Qian et al., 2022; Klimesǒvá et al., 2023). Despite the

critical roles of belowground bud banks to plant community stability

and productivity, how vegetation and soil characteristics mediate their

responses to land-use changes are poorly understood.
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Bud types (e.g., rhizome, tiller, and root sprouting buds) play

different functional roles and determine diverse adaptive strategies

under variable ecosystems (Zhang et al., 2019). Belowground bud

banks are widely sourced from rhizome and tiller buds (Zhang et al.,

2009; Ott and Hartnett, 2015). In addition to adventitious root

buds, tiller buds derived from the base of the parent shoots for

hemicryptophyte, rhizome buds, and root sprouting buds mainly

initiate from underground roots and rhizomes for geophyte.

Previous studies reported that tiller buds are more closely related

to vegetation attributes, while rhizome and root sprouting buds are

sensitive to water or nutrient concentrations in surrounding

habitats (Passioura, 1988). However, how vegetation attributes

and soil properties interact to determine the responses of different

bud bank types under the ongoing land use changes is unknown.

To explore the changes in bud bank size and composition and its

regulatory mechanism under land use change, we selected two plots

in Linhai and Taizhou sampling sites for wetlands (WL), farmlands

(FL), and alpine meadows (AM), respectively. We took 63 sampling

points in total for the bud demographic. We also measured biotic

(vegetation density, aboveground biomass, and Shannon-Weiner

diversity index) and abiotic parameters (soil moisture content,

total carbon (C), and total N) relevant to the bud bank density for

different plant functional groups. Specifically, we aim to explore (1)

changes in/patterns of the bud bank traits among different land use

types and (2) the role of vegetation attributes and soil properties in

determining bud demographic and bud densities of different bud

bank types under land use change.
Frontiers in Plant Science 0364
Materials and methods

Study sites

The study was conducted in Linhai and Taizhou City (120°17′-
121°56′E, 28°01′-29°20″N), southeastern Zhejiang Province, China

(Figure 1A). In response to rapid modern development and

urbanization of China, Linhai and Taizhou Cities located along

the coast are undergoing massive expansion of industries and

settlement, cascading potential impacts on its vegetation structure

and succession. Therefore, we conducted this field study to examine

how the rapid land use change may influence belowground bud

banks to highlight the long-term effects on vegetation structure and

dynamics in this area and beyond. The region has a typical

subtropical monsoon climate with moderate annual temperatures,

abundant sunshine, and precipitation; thus, the growing season lasts

from late April to late September before the yearly winter

commences. The landscape consists of a mosaic of forests, arable

lands, and wetlands. Six sample sites in total were selected in Linhai

and Taizhou City: two alpine meadows sites located in Kuocang

Mountain and Lantian Mountain, two farmland sites located next to

residential quarters at the foot of mountain, and two wetland sites

situated next to Xiaozhi reservoir and Jiaojiang river, respectively

(Figure 1B). The dominant vegetation at the wetland site comprises

Phragmites communis, Arundo donax, Imperata cylindrica,

Solidago canadensis, and other herbaceous plants. Some perennial

and annual herbs, such as Juncus effusus, Imperata cylindrica,
FIGURE 1

Location of Zhejiang Province (A) and the six sampling sites (B), including two sites for farmland (red label) in Taizhou City, two sites for Alpine
meadow (green label) in Linhai City, one site for wetland (blue label) in Taizhou city and one site for wetland (blue label) in Linhai city, respectively.
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Lysimachia fortune, and Rubus phoenicolosius, dominate the alpine

meadows’ vegetation. The vegetation in WL, FL, and AM

ecosystems experience the same climatic conditions, i.e., similar

rainfall patterns, temperature, and humidity.
Field observations and bud bank sampling

In August 2022, we selected two plots for WL, FL, and AM in

each sampling site and established transects 10 m apart between

each chosen plot. In each plot, 22 sampling points were selected for

wetlands, 24 for farmlands, and 17 for alpine meadows, making 63

sampling points in total. In each sampling point, 1 × 1 m quadrats

were established to record the vegetation composition, identify all

species within each community, and record the number of each

species identified and their abundance, as well as their average

height and plant density. With grasses and sedges, we counted and

recorded the number of ramets (e.g., Phragmites communis) and

calculated the number of individuals for discrete species. We used

the number of all ramets/individuals/m2 in all quadrats to estimate

the vegetation density. Additionally, we sampled soils between the

top 0 – 10 cm to measure soil water and nutrient content from each

ecosystem using a ring cutter and soil drill with a diameter of 7 cm.

We dug 25 × 25 × 25 cm quadrats in each vegetation quadrant to

record the belowground bud bank composition at each sampling

point, totaling 63 quadrats in the three ecosystems. All samples were

processed within two weeks, and no rotting was observed during this

period. Only turgid bud tissue was counted, and tissues with necrotic

signs or visibly dead tissues were discarded. We defined three types

of bud banks according to the morphological characteristics of bud-

bearing organs: rhizome buds (axillary buds and apical buds on

hypogeogenous rhizomes), tiller buds (axillary buds at the shoot

bases of caespitose species and rhizomatous grasses); and root-

sprouting bud (adventitious bud formed mainly endogenously on

roots of forb or shrub). In contrast to counting buds directly on

rhizomes, stems, and roots, dissecting those at the base of shoots was

necessary to estimate the number of tillers and root buds.
Biomass and diversity calculation

The aboveground biomass per quadrat wasmeasured by clipping

the plants at ground level. The respective biomass was dried at 70°C

to constant weight. We measured species diversity indices for each

quadrat using the following equations (Li et al., 2014):

Importance value (IV)  ¼  (relative height þ  relative density)=2

Shannon�Wiener Index (H)  ¼  �  o(Pi ln Pi) 

Pi is the relative importance value of the ith species in

the community.
Data analysis

The original dataset of bud densities was converted into

numbers of buds per square meter. The average bud density of
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each sampling position was then calculated for further analysis.

One-way ANOVA was applied to analyze differences in

belowground bud bank density, vegetation characteristics

(vegetation density, aboveground biomass, and Shannon-Weiner

diversity index), and soil properties (soil water content, total C, total

N) among WL, FL, and AM ecosystems. One-way ANOVA and

Tukey’s honestly significant difference post hoc test were performed

using SPSS 18.0 (SPSS Inc., USA). Redundancy Analysis (RDA) was

used to examine the correlations between belowground bud bank

and aboveground vegetation, soil, and properties in the WL, FL, and

AM ecosystems. Aboveground vegetation information included

vegetation density, Shannon-Weiner diversity index, and

aboveground biomass, soil properties embraced soil water content

of 0 − 10 cm layer, total C of 0−10 cm layer, and total N of 0−10 cm

layer. The original data was log-transformed and normalized before

RDA. Some environmental factors were deleted by Monte Carlo

selection under P< 0.05. We selected variables with high canonical

loading factors, confirmed by a cutoff value of 0.35, and parameters

highly correlated with canonical variables detected by high

standardized coefficients (r > 0.4). RDA was performed using

CANOCO v. 4.5.
Results

Change in bud bank traits among different
land use types

We found rhizome, tiller, and root sprouting buds in WL, FL,

and AM ecosystems; however, land use change affected the bud

bank structure, with tiller buds accounting for the majority

(81.14%) of total buds in WL ecosystems and sprouting buds

(60.93%) showed dominance in FL ecosystems. In contrast,

rhizome buds accounted for the highest proportion in the AM

ecosystem (Figure 2). Bud bank density and soil properties differed

significantly among WL, FL, and AM ecosystems (Table 1). The

total bud density (1514.727 ± 296.666) and tiller bud density

(1229.090 ± 279.002) in WL were significantly higher than that in

FL and AM (P< 0.01, Figure 3). Additionally, rhizome bud density

(220.235 ± 53.516) and root sprouting bud density (149.294 ±

46.496) in AMwere significantly higher than that inWL and FL (P<

0.01; Figure 3). The bud densities of all bud types showed relatively

lower in FL ecosystems compared WL and AM. The soil moisture

content at the 0 − 10 cm layers in WL was significantly higher than

that in FL and AM, while total C at the 0 − 10 cm layers and total N

at 0 − 10 cm layers in AM were markedly higher than that in WL

and FL (P< 0.05; Table 1).
Effects of vegetation attributes and soil
properties on bud banks

In WL ecosystems, all factors combined explained 83.2% of the

total variation in bud banks. The soil water content at the 0 − 10 cm

layer, vegetation density, and aboveground biomass were significantly

correlated with bud banks (P< 0.05). Vegetation density was the most
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critical factor affecting bud banks, explaining 62.2% of the variation of

bud banks. Moreover, soil water content at the 0 – 10 cm layer

explained 11.9% of the variation of bud banks, whereas the total C at

the 0 − 10 cm layer, total N at the 0 − 10 cm layer, and plant diversity

had no significant effect on bud banks. The contribution of vegetation

attributes and soil properties to the variation in bud bank were 59.1%,

84.5%, and 15.5%, respectively (Table 2; Figure 4).
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All factors in the FL ecosystem explained 35.1% of the total

variation in the bud bank. The total N at the 0 − 10 cm layer was

significantly correlated with the bud bank (P< 0.05), and it was the

decisive factor in affecting the bud bank, explaining 12.6% of the

variation of the bud bank. The contribution of vegetation attributes

and soil properties to the variation in bud bank was 31.5% and

68.5%, respectively (Table 2; Figure 5).
FIGURE 2

Percentage of belowground bud bank density of different bud types in wetland (WL), farmland (FL), and Alpine meadow (AM) ecosystems.
TABLE 1 One-way ANOVA of soil characteristics, vegetation characteristics, and bud bank density of different bud types in wetland (WL), farmland
(FL), and Alpine meadow (AM) ecosystems.

Soil characteristics FL WL AM F P

Soil moisture content (0 − 10cm) (%) 15.458 ± 1.442 36.529 ± 2.764 35.899 ± 2.907 27.634 .000

Total carbon (0 − 10cm) (g/kg) 1.634 ± 0.123 1.605 ± 0.051 3.252 ± 0.351 22.928 .000

Total nitrogen (0 − 10cm) (g/kg) 0.223 ± 0.043 0.159 ± 0.006 0.304 ± 0.028 4.622 .014

Vegetation characteristics FL WL AM F P

Vegetation density (No./m^2) 407.000 ± 32.157 943.272 ± 151.363 544.941 ± 32.335 9.114 .000

Shannon-Weiner diversity index 1.234 ± 0.080 0.894 ± 0.118 1.055 ± 0.031 3.863 .026

Aboveground biomass (g) 123.371 ± 9.591 218.081 ± 57.535 93.882 ± 8.887 3.229 .047

Bud density FL WL AM F P

Total bud (No./m^2) 149.333 ± 21.490 1514.727 ± 296.666 573.647 ± 91.518 15.313 .000

Rhizome bud (No./m^2) 33.666 ± 10.959 173.818 ± 53.100 220.235 ± 53.516 5.626 .006

Tiller bud (No./m^2) 24.666 ± 8.504 1229.090 ± 279.002 204.235 ± 50.550 15.207 .000

Root sprouting bud (No./m^2) 91.000 ± 19.091 98.181 ± 58.992 149.294 ± 46.496 0.475 .642
The samples were 22 for AM, 24 for WL, and 17 for FL ecosystems. Values are mean ± SE, and the difference was considered significant if P< 0.05.
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All factors in the AM ecosystem explained 64.5% of the total

variation in the bud bank. The soil water content at the 0 − 10 cm

layer, total C at the 0 − 10 cm layer, and plant diversity were

significantly correlated with bud banks (P< 0.05). The soil water

content at the 0 − 10 cm layer was the most critical factor affecting

bud banks, explaining 28.3% of the variation of bud bank, followed

by total C at the 0 − 10cm layer, plant diversity explained 14.8% and

15.0% of the variation of bud bank, respectively. The contribution of

vegetation attributes and soil properties to the variation in bud bank

were 29.6% and 70.4%, respectively (Table 2; Figure 6).
Effect of aboveground vegetation and soil
properties on bud bank densities of
different types

In the WL ecosystem, the densities of total bud and tiller bud

were significantly positively correlated with the soil water content (0

− 10 cm layer), vegetation density, and aboveground biomass (P<

0.05), and vegetation density was the most critical factor to explain

the density variation of total bud and tiller bud. Still, the rhizome

bud and root sprouting bud density had no significant relationship

with all factors (Table 3; Figure 4).

In the FL ecosystem, the density of the total bud was

significantly positively correlated with the total N at the 0 − 10

cm layer, and the density of the root sprouting bud was significantly

positively correlated with the total C at the 0 − 10 cm layer.

However, rhizome bud and tiller bud density had no significant

relationship with all factors (Table 4; Figure 5).
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In the AM ecosystem, the densities of total bud and tiller bud

were significantly positively correlated with the soil water content (0

− 10 cm layer) and vegetation density (P< 0.05), and the soil water

content at the 0 − 10 cm layer was the most critical factor that

explains the density variation of total bud and tiller bud. The

rhizome bud density was significantly positively correlated with

total C at the 0 −10 cm layer (P< 0.05). Still, the density of root

sprouting bud had no significant relationship with all factors

(Table 5; Figure 6).
Discussion

Land use change alters the characteristics
of bud bank composition and size

Land use change significantly altered the total bud bank density

and the bud densities of all types (rhizome bud, tiller bud, and root

sprouting bud) across all ecosystems; however, such impacts were

higher in WL and AM than in the FL ecosystems. While total bud

density, tiller buds, and moisture content were significantly higher

in wetland ecosystems, bud densities of all bud types were relatively

lower in FL. These results are consistent with previous findings that

human-caused disturbances have remarkable adverse effects on

belowground bud banks, which have substantial implications on

bud regrowth, productivity, and ecological succession (Dalgleish

and Hartnett, 2009; Collins and Calabrese, 2012; Deng et al., 2014;

Chen et al., 2020). Similarly, results provide empirical evidence that

various ecosystems differ in their responses to land use effects,
FIGURE 3

Difference in bud density of different bud types in WL, FL, and AM ecosystems. Lowercase letters indicate significant differences (P< 0.05) in bud
density among land use types. Bars represent error bars.
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suggesting that variation in species composition and soil

characteristics across diverse terrestrial ecosystems underlie their

differential responses during ecological perturbation, as observed by

previous studies (Lavorel et al., 1997; Boer and Stafford

Smith, 2003).

The differential responses of the studied ecosystems (i.e., WL,

FL, and AM) can be explained on the following account: firstly, tiller

buds in WL accounted for approximately 80% of the total bud

densities because of high levels of soil moisture content, total C, and

total N at the top 0 −10 cm layer, facilitating plant establishment

and population reproduction (Li et al., 2014; Adomako et al., 2020;

Ma et al., 2021). These growth and productivity drivers (moisture,

total C, and N) primarily promote the build-up of bud density in

WL vegetation compared to AM and FL ecosystems (Dalgleish and

Hartnett, 2006; Ding et al., 2019). Secondly, higher rhizome and

sprouting bud densities in FL and AM compared to WL ecosystems

suggest that rhizomes and sprouting buds are highly sensitive to

water and nutrient availability (Hiiesalu et al., 2021; Adomako et al.,

2022), conditions that are ubiquitously higher in the WL ecosystem

and favor tiller buds as grass functional groups represent the
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dominant populations in wetland vegetation (Williams et al.,

2017). Thirdly, FL had relatively the lowest bud densities of all

bud types, and this can be attributed to high levels of human-caused

disturbances (e.g., grazing, plowing, bush fire, herbicide

application) or land use intensification in farmland vegetation

compared to low farming activities in wetland zones (Allan et al.,

2015). Our results suggest that plant species composition

(functional groups) and soil physicochemical parameters

determine the resilience and variation in response of ecosystems

to anthropogenically mediated disturbances.
Land use change alters the relative
contributions of vegetation attributes and
soil properties on bud bank

Vegetation attributes and soil properties strongly correlated

with bud banks; however, bud bank demography in the three

ecosystems (WL FL, and AM) with different vegetation attributes

and soil properties, we found that vegetation density, soil moisture
TABLE 2 Explanations and contributions of impact factors to the total variation in bud bank for wetland (WL), farmland (FL), and Alpine meadow
(AM) ecosystems.

Controlling Factors Parameters Explanations
(%)

Contributions
(%)

F P

WL Environment M10 11.9** 14.3 8.766 0.006

C10 0.3 0.36 0.654 0.494

N10 0.7 0.84 0.246 0.766

Vegetation VD 62.2** 74.7 32.943 0.002

BM 5.8* 6.9 5.264 0.048

SH 2.2 2.6 2.131 0.138

Total 83.2 100

FL Environment N10 12.6* 35.8 3.332 0.040

C10 8.3 23.6 1.998 0.140

M10 3.2 9.1 0.871 0.400

Vegetation VD 5.8 16.5 1.573 0.212

BM 5.2 14.8 1.441 0.248

SH 0.1 0.2 0.021 0.992

Total 35.1 100

AM Environment M10 28.3** 43.8 6.971 0.004

C10 14.8* 22.9 2.641 0.070

N10 2.4 3.7 0.717 0.572

Vegetation VD 3.3 5.1 1.037 0.374

BM 0.7 1.0 0.193 0.894

SH 15.0* 23.2 4.651 0.010

Total 64.5 100
fr
M10, soil moisture content (0 − 10cm) (%); C10, total carbon (C, 0 − 10cm) (g/kg); N10, total nitrogen (0 − 10cm) (g/kg); VD, vegetation density (No./m^2); SH, Shannon-Weiner diversity
index; BM, aboveground biomass (g). Values are bold if significant.
* P< 0.05. ** P< 0.01.
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content, and total N was the most critical factors in WL, AM, and

FL ecosystems, explaining 62.2, 28.3 and 12.6% accordingly. Higher

resource (i.e., soil moisture, total N, and C) availability or growth

drivers promoted plant growth, biomass accumulation, and

increased vegetation cover and stability (Adomako et al., 2021;

Liu et al., 2021; Ma et al., 2021). It is, therefore, plausible to suggest

that higher levels of these growth resources invariably increase the

vegetation density of the wetland ecosystems, which can also be a

function of a greater abundance of belowground bud banks (Liu

et al., 2021; Ma et al., 2021), particularly tiller buds that accounted

for about 81.14%. Previous studies have indicated that belowground

bud banks positively correlate with the net aboveground primary

productivity (Qian et al., 2021; Wu and Yu, 2022). Notably, results

suggest that wetlands’ maintenance, stability, and productivity are

tightly linked with a balance of soil characteristics, bud type, and

vegetation attributes (Ma et al., 2021).

Furthermore, studies have indicated that soil moisture is an

essential driving force for vegetation succession in the alpine

meadow (Heisler-White et al., 2008; An et al., 2019; Zhang et al.,

2020; Zhang et al., 2022). In the present study, our analysis

indicated that soil water content at the top 0 − 10 cm soil layer

significantly influences bud banks, explaining 28.3% of variation of

bud banks in the alpine ecosystem. Consistent with most previous

studies that reported similar patterns at the top 0 − 10 cm of the soil

layer, our results suggest that hydrological regimes can potentially
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modulate and constrain plant growth, community structure, and

stability of alpine meadow ecosystems (Heisler-White et al., 2008;

An et al., 2019; Ren et al., 2023), as soil moisture is critical for

resprouting and growth of belowground bud banks of all bud types.

Additionally, total C, plant diversity, and soil moisture significantly

correlated with bud banks, indicating that vegetation and soil

physicochemical attributes play crucial roles in ecological

succession and productivity output of meadow ecosystems (Hong

et al., 2012; Xie et al., 2018; Świerszcz et al., 2019; Plue et al., 2021).

Lastly, total N strongly correlated with and was the most crucial

factor influencing bud banks, explaining 12.6% of bud bank variation

in farmlands and provides empirical evidence of the extent and

magnitude of human-derived disturbances via nutrient enrichments

in agrosystems (Isbell et al., 2013; Ren et al., 2019; Adomako et al.,

2022). Although N limitation substantially limits plant growth (De

Tezanos Pinto and Litchman, 2010; Bracken et al., 2015; Fay et al.,

2015; Du et al., 2020; Adomako et al., 2022) and increased

fertilization aimed at increasing agricultural output in agrosystems

may promote the proliferation of bud banks in short-term period (Liu

et al., 2021; Qian et al., 2021; Adomako and Yu, 2023), the long-term

effects of N influxes in farmland ecosystems can trigger land

degradation (Hamilton et al., 2020; Qian et al., 2021; Owusu et al.,

2024). Notably, the FL ecosystem had the least attributes of all bud

types measured, which can likely be linked to land use intensification.

Our results confirm previous and current findings that N enrichment
FIGURE 4

Redundancy Analysis (RDA) of the relationship between bud bank density of different bud types and environmental factors in WL ecosystem. M10,
soil moisture content (0 − 10cm) (%); C10, total carbon (0 − 10cm) (g/kg); N10, total nitrogen (0 − 10cm) (g/kg); VD, vegetation density (No./m^2);
SH, Shannon-Weiner diversity index; BM, aboveground biomass (g); Total, total bud density; rhizome, rhizome bud density; Tiller, tiller bud density;
Sprouting, root sprouting bud density.
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disrupts plant community composition and plant-microbial

interactions, promoting loss of global biodiversity and soil

multifunctionality (Galloway et al., 2008; Qian et al., 2021).
Mechanisms underlying factors affecting
bud banks of wetland, alpine meadow, and
farmland ecosystems

Overall, soil properties significantly influenced root sprouting

and rhizome buds of FL and AM, consistent with previous studies in

dune ecosystems (Wu et al., 2021). Themeasured soil properties (soil

moisture, total C and N) represent important factors that plays a

pivotal role in many ecosystem processes, such as organic matter

mineralization, litter decomposition, and biogeochemical cyclings

(Wu et al., 2020; Inoue et al., 2022), which influence nutrient

availability and the spatial distribution of resprouting buds and

rhizome buds (Xie et al., 2018; Xiao et al., 2021). For example, in a

recent study, Xiao et al. (2021) reported a significant influence of soil

properties on the spatial distribution of Moso bamboo rhizomes.

Total buds and tiller buds were more strongly correlated with soil

qualities in FL and AM ecosystems than aboveground vegetation

parameters in WL ecosystems. Strong aboveground recruitment and

productivity are tightly linked with the abundance of belowground
Frontiers in Plant Science 0970
bud banks, especially tiller buds. Tiller buds constitute

hemicryptophytes, and buds emanate from the shoot bases of the

mother plant and are protected by leaf sheaths. Therefore, connected

tiller buds can receive substantial growth resources from the

connected mother plant, facilitating its expansion within plant

communities (Ott and Hartnett, 2012). Conversely, in geophytes,

root-sprouting and rhizome buds are primarily initiated from

subterranean roots and rhizomes (Ott and Hartnett, 2012). These

belowground structures are sensitive to water and nutrient availability

in their ambient environment (Passioura, 1988; Wu et al., 2020).

Therefore, bud banks can be a major driving force limiting

productivity in wetland ecosystems. Unlike in FL and AM

ecosystems, many wetland species are adapted to modifications in

soil conditions and human-caused disturbances resulting from land

use intensification. Thus, tiller buds connected to parent plants can

obtain parental resource nourishments and withstand land use

pressures in their ecosystem (Ott andHartnett, 2012;Wu et al., 2020).

In contrast, as rhizome buds and root sprouting buds mainly

initiate from underground roots and rhizomes, they could directly

forage water or nutrients in the surrounding soil (Vesk and Westoby,

2004; Deng et al., 2013). Previous studies demonstrated that plants

tend to produce more rhizome buds to increase foraging for favorable

patches for persistence and regeneration in a resource-poor region,

while in a relatively low resources environment, more tiller buds are
FIGURE 5

Redundancy Analysis (RDA) of the relationship between bud bank density of different bud types and environmental factors in FL ecosystem. M10, soil
moisture content (0 − 10cm) (%); C10, total carbon (0 − 10cm) (g/kg); N10, total nitrogen (0 − 10cm) (g/kg); VD, vegetation density (No./m^2); SH,
Shannon-Weiner diversity index; BM, aboveground biomass (g); Total, total bud density; rhizome, rhizome bud density; Tiller, tiller bud density;
Sprouting, root sprouting bud density.
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FIGURE 6

Redundancy Analysis (RDA) of the relationship between bud bank density of different bud types and environmental factors in AM ecosystem. M10,
soil moisture content (0 − 10cm) (%); C10, total carbon (0 − 10cm) (g/kg); N10, total nitrogen (0 −10cm) (g/kg); VD, vegetation density (No./m^2);
SH, Shannon-Weiner diversity index; BM, aboveground biomass (g); Total, total bud density; rhizome, rhizome bud density; Tiller, tiller bud density;
Sprouting, root sprouting bud density.
TABLE 3 Explanations and contributions of impact factors to the total variation in bank density of different wetland types (WL).

Bud type Controlling Factors Parameters Explanations (%) Contributions
(%)

F P

Rhizome Environment C10 10.5† 20.7 3.380 0.080

M10 13.2† 26.1 3.475 0.090

N10 14.7† 29.1 3.441 0.084

Vegetation VD 5.9 11.6 1.675 0.224

BM 5.9 11.6 1.602 0.214

SH 0.3 0.5 0.105 0.746

Total 50.6 100

Tiller Environment M10 12.5** 14.6 11.001 0.004

C10 0.10 0.1 0.084 0.774

N10 0.40 0.4 0.493 0.518

Vegetation VD 65.8** 76.7 38.493 0.002

BM 6.6* 7.6 7.812 0.016

SH 0.4 0.4 0.482 0.548

(Continued)
F
rontiers in Plant Sc
ience
 1071
 fron
tiersin.org

https://doi.org/10.3389/fpls.2023.1330664
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wu et al. 10.3389/fpls.2023.1330664
TABLE 3 Continued

Bud type Controlling Factors Parameters Explanations (%) Contributions
(%)

F P

Total 85.8 100

Root sprouting Environment M10 9.8† 17.7 3.075 0.092

C10 5.7 10.2 0.282 0.574

N10 3.6 6.4 1.097 0.326

Vegetation VD 13.4† 24.2 3.217 0.082

BM 15.2† 27.4 4.304 0.070

SH 7.7 13.8 1.669 0.256

Total 55.4 100

Total Environment M10 13.7* 17.0 8.490 0.014

C10 0.1 0.1 0.091 0.774

N10 0.5 0.5 0.407 0.538

Vegetation VD 55.8** 69.3 25.244 0.002

BM 7.7* 9.5 0.031 0.040

SH 2.7 3.4 2.292 0.134

Total 80.5 100
F
rontiers in Plant Sc
ience
 1172
 fron
M10, soil moisture content (0 − 10cm) (%); C10, total carbon (0 − 10cm) (g/kg); N10, total nitrogen (0 − 10cm) (g/kg); VD, vegetation density (No./m^2); SH, Shannon-Weiner diversity index;
BM, aboveground biomass (g). Values are bold if significant. * P< 0.05. ** P< 0.01. † P< 0.10.
TABLE 4 Explanations and contributions of impact factors to the total variation inbank density of different types of farmland (FL).

Bud type Controlling Factors Parameters Explanations (%) Contributions
(%)

F P

Rhizome Environment C10 0.3 1.5 0.057 0.826

M10 5.0 26.0 0.115 0.754

N10 <0.1 <0.1 0.002 0.976

Vegetation VD 12.0† 62.5 3.004 0.086

BM 5.6 29.1 1.426 0.232

SH 0.8 4.1 0.195 0.626

Total 19.2 100

Tiller Environment M10 0.80 4.3 0.194 0.636

C10 0.4 2.2 1.000 0.318

N10 0.3 1.6 0.075 0.780

Vegetation VD 12.7† 69.0 3.213 0.081

BM 4.0 21.7 0.103 0.738

SH 0.1 0.5 0.018 0.896

Total 18.4 100

Root sprouting Environment M10 9.5 20.5 3.187 0.102

C10 14.2* 30.8 3.651 0.042

N10 10.0† 21.5 2.785 0.088

Vegetation VD 10.6† 22.9 3.272 0.092

(Continued)
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TABLE 4 Continued

Bud type Controlling Factors Parameters Explanations (%) Contributions
(%)

F P

BM 1.90 4.1 0.570 0.440

SH <0.1 <0.1 0.008 0.912

Total 46.3 100

Total Environment M10 6.6 19.8 1.776 0.215

C10 6.2 18.7 1.450 0.230

N10 13.4* 40.4 3.503 0.044

Vegetation VD 2.5 7.5 0.674 0.428

BM 4.2 12.7 1.136 0.322

SH 0.4 1.2 0.093 0.774

Total 33.2 100
F
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M10, soil moisture content (0 − 10cm) (%); C10, total carbon (0 − 10cm) (g/kg); N10, total nitrogen (0 − 10cm) (g/kg); VD, vegetation density (No./m^2); SH, Shannon-Weiner diversity index;
BM, aboveground biomass (g). Values are bold if significant. * P< 0.05. † P< 0.10.
TABLE 5 Explanations and contributions of impact factors to the total variation in bank density of different types for Alpine meadow (AM).

Bud type Controlling Factors Parameters Explanations (%) Contributions
(%)

F P

Rhizome Environment C10 25.0* 54.74.990 0.042

M10 8.5 18.6 3.246 0.170

N10 5.7 12.5 1.168 0.278

Vegetation VD 1.5 3.2 0.276 0.628

BM 2.6 5.7 0.512 0.166

SH 2.5 5.5 0.513 0.438

Total 45.7 100

Tiller Environment M10 25.7* 35.3 6.996 0.016

C10 9.6 13.2 1.825 0.184

N10 0.1 0.13 0.059 0.794

Vegetation VD 16.9 23.2 3.053 0.126

BM 0.1 0.14 0.052 0.838

SH 20.3* 27.9 8.848 0.020

Total 72.8 100

Root sprouting Environment M10 6.9 22.3 1.118 0.280

C10 9.7 31.3 1.634 0.204

N10 4.4 14.2 0.714 0.396

Vegetation VD 8.1 26.1 1.340 0.256

BM 1.8 0.1 0.287 0.610

SH <0.1 <0.1 0.003 0.968

Total 31.0 100

Total Environment M10 39.4** 51.1 12.706 0.004

(Continued)
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produced to increase dominance and resource capture (Qian et al.,

2017; Wu et al., 2021). Our study further illustrates that root

sprouting buds are related to the soil nutrient content of the top

(0 − 10 cm) layer because of direct roots sensitivity to soil nutrients

(Klimes ̌ and Klimesǒvá, 1999; Ma et al., 2019).
Conclusions

Exploring belowground bud bank responses in different

ecosystems is essential for understanding the adaptive strategies

and vegetation restoration under the ongoing land use changes. We

found that land-use change alters bud bank composition and size

characteristics and alters the relative contributions of vegetation

attributes and soil properties on bud banks. In WL environments,

vegetation density is a crucial determinant; soil conditions are the

most important factor affecting bud banks in FL and AM habitats.

For different bud types, total buds and tiller buds rely more on

vegetation density in WL ecosystems, but total buds and tiller buds

are more related to soil properties in ecosystems of FL and AM.

Rhizome and root sprouting buds could buffer vegetation

restoration under land use change. Results indicate that

vegetation and soil attributes play critical roles, underly the

differential responses and the composition of bud banks of

different ecosystems. Given the predicted climate change impacts

and rapid expansion of industrialization and settlements, similar

studies involving more climate change factors under varying

climatic conditions may be highly informative and insightful.
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TABLE 5 Continued

Bud type Controlling Factors Parameters Explanations (%) Contributions
(%)

F P

C10 17.2† 22.3 3.122 0.100

N10 <0.1 <0.1 0.051 0.546

Vegetation VD 0.40 0.50 0.189 0.668

BM <0.1 <0.1 0.101 0.940

SH 20.1** 26.1 11.179 0.008

Total 77.1 100
fron
M10, soil moisture content (0 − 10cm) (%); C10, total carbon (0 − 10cm) (g/kg); N10, total nitrogen (0 − 10cm) (g/kg); VD, vegetation density (No./m^2); SH, Shannon-Weiner diversity index;
BM, aboveground biomass (g). Values are bold if significant. * P< 0.05. ** P< 0.01. † P< 0.10.
tiersin.org

https://doi.org/10.3389/fpls.2023.1330664
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wu et al. 10.3389/fpls.2023.1330664
References
Adomako, M. O., Xue, W., Du, D.-L., and Yu, F.-H. (2021). Soil biota and soil
substrates influence responses of the rhizomatous clonal grass Leymus chinensis to
nutrient heterogeneity. Plant Soil 465, 19–29. doi: 10.1007/s11104-021-04967-0

Adomako, M. O., Xue, W., Du, D.-L., and Yu, F.-H. (2022). Soil microbe-mediated N:
P stoichiometric effects on Solidago canadensis performance depend on nutrient levels.
Microbial Ecol. 83, 960–970. doi: 10.1007/s00248-021-01814-8

Adomako, M. O., Xue, W., Tang, M., Du, D.-L., and Yu, F.-H. (2020). Synergistic
effects of soil microbes on Solidago canadensis depend on water and nutrient
availability. Microbial Ecol. 80, 837–845. doi: 10.1007/s00248-020-01537-2

Adomako, M. O., and Yu, F.-H. (2023). Functional group dominance-mediated N:P
effects on community productivity depend on soil nutrient levels. Rhizosphere 26,
100692. doi: 10.1016/j.rhisph.2023.100692

Allan, E., Manning, P., Alt, F., Binkenstein, J., Blaser, S., Blüthgen, N., et al. (2015).
Land use intensification alters ecosystem multifunctionality via loss of biodiversity and
changes to functional composition. Ecol. Lett. 18, 834–843. doi: 10.1111/ele.12469

An, Y., Gao, Y., Liu, X. H., and Tong, S. Z. (2019). Interactions of soil moisture and
plant community properties in meadows restored from abandoned farmlands on the
Sanjiang Plain, China. Community Ecol. 20, 20–27. doi: 10.1556/168.2019.20.1.3

Boer, M., and Stafford Smith, M. (2003). A plant functional approach to the
prediction of changes in Australian rangeland vegetation under grazing and fire. J.
Vegetation Sci. 14, 333–344. doi: 10.1111/j.1654-1103.2003.tb02159.x

Bracken, M. E. S., Hillebrand, H., Borer, E. T., Seabloom, E. W., Cebrian, J., Cleland,
E. E., et al. (2015). Signatures of nutrient limitation and co-limitation: responses of
autotroph internal nutrient concentrations to nitrogen and phosphorus additions.
Oikos 124, 113–121. doi: 10.1111/oik.01215

Chang, C. C., and Turner, B. L. (2019). Ecological succession in a changing world. J.
Ecol. 107, 503–509. doi: 10.1111/1365-2745.13132

Chen, X., Zhu, L., Deng, Z., Xie, Y., Chen, X., Li, F., et al. (2020). Effects of clipping on
bud bank and population regeneration of Triarrhena lutarioriparia in Dongting Lake
wetland, China. Wetlands 40, 2635–2642. doi: 10.1007/s13157-020-01311-7

Clarke, P. J., Lawes, M. J., Midgley, J. J., Lamont, B. B., Ojeda, F., Burrows, G. E., et al.
(2013). Resprouting as a key functional trait: how buds, protection and resources drive
persistence after fire. New Phytol. 197, 19–35. doi: 10.1111/nph.12001

Collins, S. L., and Calabrese, L. B. (2012). Effects of fire, grazing and topographic
variation on vegetation structure in tallgrass prairie. J. Vegetation Sci. 23, 563–575. doi:
10.1111/j.1654-1103.2011.01369.x

Dalgleish, H. J., and Hartnett, D. C. (2006). Below-ground bud banks increase along a
precipitation gradient of the North American Great Plains: a test of the meristem
limitation hypothesis. New Phytol. 171, 81–89. doi: 10.1111/j.1469-8137.2006.01739.x

Dalgleish, H. J., and Hartnett, D. C. (2009). The effects of fire frequency and grazing
on tallgrass prairie productivity and plant composition are mediated through bud bank
demography. Plant Ecol. 201, 411–420. doi: 10.1007/s11258-008-9562-3

Deng, L., Sweeney, S., and Shangguan, Z. P. (2014). Grassland responses to grazing
disturbance: plant diversity changes with grazing intensity in a desert steppe. Grass
Forage Sci. 69, 524–533. doi: 10.1111/gfs.12065

Deng, Z. M., Chen, X. S., Xie, Y. H., Li, X., Pan, Y., and Li, F. (2013). Effects of size
and vertical distribution of buds on sprouting and plant growth of the clonal emergent
macrophyte Miscanthus sacchariflorus (Poaceae). Aquat Bot. 104, 12–14. doi: 10.1016/
j.aquabot.2012.08.004

De Tezanos Pinto, P., and Litchman, E. (2010). Interactive effects of N:P ratios and
light on nitrogen-fixer abundance. Oikos 119, 567–575. doi: 10.1111/j.1600-
0706.2009.17924.x

Ding, X., Su, P., Zhou, Z., and Shi, R. (2019). Belowground bud bank distribution and
aboveground community characteristics along different moisture gradients of alpine
meadow in the Zoige Plateau, China. Sustainability 11, 2602. doi: 10.3390/su11092602

Du, E., Terrer, C., Pellegrini, A. F. A., Ahlström, A., Van Lissa, C. J., Zhao, X., et al.
(2020). Global patterns of terrestrial nitrogen and phosphorus limitation. Nat. Geosci.
13, 221–226. doi: 10.1038/s41561-019-0530-4

Fay, P. A., Prober, S. M., Harpole, W. S., Knops, J. M. H., Bakker, J. D., Borer, E. T.,
et al. (2015). Grassland productivity limited by multiple nutrients. Nat. Plants 1, 15080.
doi: 10.1038/nplants.2015.80

Galloway, J. N., Townsend, A. R., Erisman, J. W., Bekunda, M., Cai, Z., Freney, J. R.,
et al. (2008). Transformation of the nitrogen cycle: Recent trends, questions, and
potential solutions. Science 320, 889–892. doi: 10.1126/science.1136674

Hamilton, D. J., Bulmer, R. H., Schwendenmann, L., and Lundquist, C. J. (2020).
Nitrogen enrichment increases greenhouse gas emissions from emerged intertidal
sandflats. Sci. Rep. 10, 6686. doi: 10.1038/s41598-020-62215-4

Heisler-White, J. L., Knapp, A. K., and Kelly, E. F. (2008). Increasing precipitation
event size increases aboveground net primary productivity in a semi-arid grassland.
Oecologia 158, 129–140. doi: 10.1007/s00442-008-1116-9
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(2021). Hidden below-ground plant diversity buffers against species loss during land-
use change in species-rich grasslands. J. Vegetation Sci. 32, e12971. doi: 10.1111/
jvs.12971
Frontiers in Plant Science 1475
Hong, J., Liu, S., Shi, G., and Zhang, Y. (2012). Soil seed bank techniques for restoring
wetland vegetation diversity in Yeyahu Wetland, Beijing. Ecol. Eng. 42, 192–202. doi:
10.1016/j.ecoleng.2012.01.004

Hoover, D. L., Knapp, A. K., and Smith, M. D. (2014). Resistance and resilience of a
grassland ecosystem to climate extremes. Ecology 95, 2646–2656. doi: 10.1890/13-
2186.1

Hou, L., Kong, W., Qiu, Q., Yao, Y., Bao, K., Zhang, L., et al. (2022). Dynamics of soil
N cycling and its response to vegetation presence in an eroding watershed of the
Chinese Loess Plateau. Agriculture Ecosyst. Environ. 336, 108020. doi: 10.1016/
j.agee.2022.108020

Inoue, T., Akaji, Y., Kohzu, A., Hinokidani, K., Adachi, H., Kezuka, M., et al. (2022).
Relationship between plant growth and soil chemical properties in a mangrove
afforestation stand, Kiribati. Plant Soil 479, 559–571. doi: 10.1007/s11104-022-05545-8

Isbell, F., Reich, P. B., Tilman, D., Hobbie, S. E., Polasky, S., and Binder, S. (2013).
Nutrient enrichment, biodiversity loss, and consequent declines in ecosystem
productivity. Proc. Natl. Acad. Sci. 110, 11911–11916. doi: 10.1073/pnas.1310880110
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Timing of systemic resistance
induced by local exogenous ABA
application within clonal network
of stoloniferous herb Centella
asiatica subjected to low
water availability
Su-Juan Duan1,2, Gui-Jia Sun3, Yi Dan2, Jie Deng2,
Dong-Wei Yu2, Qin Wei4, Chang-Fan Chen2, Jie Jiang2,
Xue-Mei Wang2, Ting-Ju Ren2, Yong-Mei Liao1*

and Jin-Song Chen2*

1Key Laboratory of Southwest China Wildlife Resources Conservation, China West Normal University,
Ministry of Education, Nanchong, China, 2College of Life Science, Sichuan Normal University,
Chengdu, China, 3Shi Fang Municipal People’s Government Office, Deyang, China, 4State Key
Laboratory of Grassland Agro-ecosystems, College of Pastoral Agricultural Science and Technology,
Lanzhou University, Lanzhou, China
Resistance traits of plants can be activated both at the damaged site and

undamaged parts. Systemic resistance induced by local exogenous abscisic

acid (ABA) application alleviated negative effect of low water availability on

growth performance of clonal plant. However, timing of systemic resistance

was poorly understood. Timing of systemic resistance refers to its activation and

decay time within clonal network. Clonal fragment of Centella asiatica with four

successive ramets (including first-oldest, second-older, third-old and fourth-

young ramets) subjected to lowwater availability (20% soil moisture content) was

used to explore effects of local exogenous ABA application on the timing of

resistance activation and decay. Systemic resistance activated by local

exogenous ABA application after 4 days remained at least 28 days. Compared

with control, biomass accumulation of whole clonal fragment, root biomass and

ratio of belowground to aboveground biomass significantly increased by local

exogenous ABA application after 28 days. It is suggested that rapid activation and

delay of resistance response induced by local exogenous ABA application within

clonal network may improve fitness of clonal plant subjected to abiotic stress.
KEYWORDS

clonal integration, resistance activation, resistance delay, chlorophyll fluorescence,
photosynthetic parameters
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1 Introduction

Non-resource substances (such as defense or stress signal) can be

transmitted or shared between interconnected ramets of clonal plant as

well as resource substances (Stuefer et al., 2005; Jelinkova et al., 2012;

Liu et al., 2015). With the increase of foliar tannin content, growth

performance of interconnected young ramets was improved by local

herbivory on old ramets of stoloniferous herb Trifolium repens (Gomez

et al., 2008). Similarly, damage of caterpillarGynaephora rnenyuanensis

herbivory on young ramets of rhizomatous sedge Carex alrofusca was

significantly alleviated by local application of jasmonic-acid to

interconnected old ramets (Chen et al., 2011). Systemic defense or

resistance within clonal networks induced by transportation or sharing

of non-resource substances (such as defense or stress signal) may be

very important for improving fitness of clonal plant subjected to biotic

or abiotic stress (Gomez et al., 2007; Koubek and Herben, 2007; Sharifi

and Ryu, 2021).

Systemic defense of soybean (Glycine max) induced by Mexican

bean beetle (Epilachnavarivestis) herbivory after damage by 3 days

gradually decayed by 15 days after damage (Underwood, 1998).

With enhanced expression of defense-related genes, phytohormone

concentration of leaf tissue (such as jasmonic acid and linolenic

acid) significantly increased when leaf of hybrid poplar saplings was

exposed to volatile compounds (cis-3-hexenyl acetate) for 72-96

hours (Frost et al., 2008). Foliar palatability of stoloniferous herb T.

repens decreased local herbivory attack of Mamestra brassicae

larvae after damage by 38-51 hours, which lasted for 28 days at

least among interconnected undamaged ramets (Gomez et al.,

2010). Therefore, rapid activation and delay of systemic defense

induced by local herbivory within clonal network may improve

fitness of clonal plant subjected to abiotic stress.

Exposure to volatile organic compounds (bacterial volatile blends

from Bacillus subtilis GB03 and Bacillus amyloliquefaciens IN937a) from

rhizobacteria for as little as 4 days was sufficient to activate induced

systemic resistance in Arabidopsis seedlings (Ryu et al., 2004). Melatonin

application improved the activity of antioxidant enzymes [APX

(ascorbate peroxidase), CAT (catalase), DHAR (dehydroascorbate

reductase), GST (glutathione S-transferase), GR (glutathione

reductase), MDHAR (monodehydroascorbate reductase), POD

(peroxidase), and SOD (superoxide dismutase)] and their relative

genes expression when tomato seedlings were subjected to drought

stress (Altaf et al., 2022). With systemic resistance activation, oxidative

stress (O2
•− production rate and MDA content) in the leaf of the old,
Frontiers in Plant Science 0278
mature and young ramets was significantly alleviated by exogenous ABA

application to the oldest ramets of stoloniferous herbC. asiatica subjected

to low water availability (Wei et al., 2019). However, timing of systemic

resistance (activation and decay time) induced among interconnected

ramets was poorly understood.

Production of highly oxidizing ROS immediately affected

photosynthesis when the plant was subjected to biotic or abiotic

stress (Singh and Thakur, 2018; Qamer et al., 2021; Sachdev et al.,

2021). Activation of MPK3/MPK6 can rapidly alter the expression of

photosynthesis-related genes and inhibit photosynthesis when

Arabidopsis thaliana was subjected to Pseudomonas syringae

infection (Su et al., 2018). Young leaves of A. thaliana acclimate

better to the onset of water deficit by dissipating the excess excitation

energy by NPQ (Sperdouli and Moustakas, 2011). Therefore, plant

subject to biotic or abiotic stress can also be evaluated by measuring

photosynthetic efficiency such as maximum quantum yield of PSII (Fv/

Fm), effective PSII quantum yield (FPSII), photochemical quenching

(qP) and non-photochemical quenching (NPQ)(Corcuera et al., 2011;

Lucas et al., 2014; Chen et al., 2016; He et al., 2018).

The phytohormone abscisic acid (ABA) is a key endogenous

messenger in plants’ responses to biotic and abiotic stresses such as

various pathogens, heat, drought and high salinity (Yoshida et al., 2010;

Osakabe et al., 2014; Lievens et al., 2017; Hu et al., 2018). It is rapid

accumulation in response to stresses and mediation of many stress

responses that help plant survival over the stresses (Sreenivasulu et al.,

2012). Abscisic acid (ABA) as a stress hormone in plant responses to

water shortage were well documented (Zhang et al., 2006; Zou et al.,

2010; Yoshida et al., 2019). A greenhouse experiment with local

application of exogenous ABA was conducted to investigate the

timing of systematic resistance within clonal networks (Figure 1). We

focused on (1) activation time of systemic resistance by local exogenous

ABA application within clonal network of C. asiatica; (2) delay time of

systemic resistance within clonal network after local exogenous ABA

application. This research will help us to realize the mechanism for

growth and fitness of clonal plant subjected to environmental stress.
2 Materials and methods

2.1 Plant material

As a perennial stoloniferous herb, C. asiatica was widely

distributed in woodlands, forests edge, damp grass and roadsides
FIGURE 1

Schematic representation of the experimental design. 5 mL ABA solution (0.1mM) was applied to the first-oldest ramets; Same volume distilled water
was employed as control.
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or creeks. It usually takes root on each node of stolon when in

contact with a moist substratum, forming a sympodial network

above the ground (Li et al., 2018).

Clonal fragments of C. asiatica were collected from a forest

edge, located in Chengdu, Sichuan province, China (30°05′~31°26′
N; 102°54′~104°53′E). Each clonal fragment comprises four rooted

ramets with different age (first-oldest, second-older, third-old and

fourth-young ramets).
2.2 Experimental design

The container (dimensions: 10 cm × 8.5 cm × 15 cm) separated into

4 equal pots was used for the experiment. On 18 October 2021, four

successive ramets of each clonal fragment were planted into the pots

respectively. The pots were filled with substrate in a 3:1mixture of humus

soil and sand. 0.2 g Peters Professional (20%N, 20%P, 20%K; The Scotts

Company, LLC., Marysville, OH, USA) was added to each pot at the

beginning of experiment. The volumetric soil moisture content of each

pot was maintained at 20% (volume of water present/the total volume).

In the everyday morning (9:00-11:00 h), all pots were measured with a

portable soil moisture meter (TDR-300, Spectrum, USA) and watered to

maintain corresponding soil moisture. During the experiment, the mean

temperature was 28.5 ± 1.4°C, and light intensity was equivalent to

approx. 90% of full daylight outside the greenhouse (minimum and

maximum photosynthetic photon flux density in the greenhouse was

136.2 and 325.1 mmol m -2 s-1 respectively).

In the experiment, 5ml of 0.1mMABA solution was applied to fully

unfolded leaves of the first-oldest ramets and the same volume of distilled

water was used as control. ABA dosage was based on a previous study

(Wei et al., 2019). Neighboring sibling ramets were shielded from spray

with a piece of plastic. Then, the first-oldest ramets were sealed in a

transparent plastic bag until dry. The chlorophyll fluorescence

parameters and photosynthetic parameters were measured at 1, 4, 7

and14 days after ABA application. The experiment lasted for 28 days.

There were seven replicates for per treatment.
2.3 Measurement of chlorophyll
fluorescence parameters

Chlorophyll fluorescence measurements were carried out using

a portable, modulated fluorescence monitoring system (FMS-2,

Hansatech Instruments Ltd., UK) on fully expanded leaves. The

minimum fluorescence (F0) was determined using a measuring

beam of 0.2 mmol m-2 s-1 intensity after 30 min of dark adaptation.

Following a dark-adapted state, a saturation pulse (1 s white light of

7,500 mmol m-2 s-1 intensity) was used to obtain the maximum

fluorescence (Fm). Light-induced changes in chlorophyll

fluorescence following actinic illumination (300 mmol m-2 s-1)

were recorded prior to the measurement of F′o (minimum

fluorescence in light-saturated state), F′m (maximum fluorescence

in light-saturated state) and Fs (steady-state fluorescence in the

light-saturated state). The maximum quantum yield of PSII (Fv/Fm),

the effective PSII quantum yield (FPSII), the photochemical

quenching (qP) and non-photochemical quenching (NPQ) were
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calculated using (Fm-F0)/Fm, (F′m-Fs)/F′m (Genty et al., 1989), (F′m-
Fs)/(F′m-F′0) and (Fm-F′m)/F′m respectively (Turan and

Ekmekçi, 2010).
2.4 Measurement of
photosynthetic parameters

Photosynthetic parameters were made by a portable

photosynthesis system GFS-3000 (Heinz Walz GmbH, Effeltrich,

Germany). The measurement was conducted on the fully expanded

mature leaves at a temperature of 25°C, photosynthetic photon flux

density of 400 mmol·m-2·s-1 and CO2 concentration of 400 mmol·mol-1.

Net photosynthetic rate (Pn) and stomatal conductance (Gs) were

recorded when gas exchange had equilibrated (taken to be when the

coefficient of variation for external CO2 partial pressure between the

sample and reference analysis was below 0.3%).
2.5 Measurement of biomass
characteristics of whole clonal fragment

Clonal fragments were separated into root, leaf and stolon and

oven-dried to constant weight at 70°C for 72 h. Leaf and stolon

biomass, root biomass, and biomass accumulation of whole clonal

fragment were determined. Ratio of belowground to aboveground

biomass was counted in whole clonal fragments (He et al., 2021).
2.6 Statistical analysis

The chlorophyll fluorescence parameters and photosynthetic

parameters were analyzed by two-way repeated-measures (ANOVA).

Two-way analysis of variance (ANOVA) was employed to investigate

the leaf and stolon biomass, root biomass, ratio of belowground to

aboveground biomass and biomass accumulation of whole clonal

fragment. All analyses were conducted with SPSS 24.0 software

(SPSS Inc.).
3 Result

3.1 Chlorophyll fluorescence parameters

Compared with control, NPQ of four interconnected ramets

was decreased by local exogenous ABA application after 1 day

(Table 1, Figure 2). Opposite pattern was observed in FPSII, Fv/Fm
and qP (Table 1, Figure 2). After 4 days, significant difference was

not observed between FPSII, Fv/Fm, qP and NPQ of four

interconnected ramets subjected to local exogenous ABA

application and those of control (Table 1, Figure 2). After 7 and

14 days, FPSII, Fv/Fm, and qP of four interconnected ramets

subjected to local exogenous ABA application were significantly

greater than those of control as well as significant decrease of NPQ

(Table 1, Figure 2). From 7 to 14 days, significant effects of local

exogenous ABA application onFPSII of four interconnected ramets
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were detected. However, significant effects of local exogenous ABA

application on Fv/Fm, qP and NPQ of four interconnected ramets

were not detected (Table 1, Figure 2).
3.2 Photosynthetic parameters

Compared with control, Pn and Gs of four interconnected ramets

were significantly decreased by local exogenous ABA application after

1 day (Table 1, Figure 3). After 4 days, significant difference was not

observed between Pn and Gs of four interconnected ramets subjected
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to local exogenous ABA application and those of control (Table 1,

Figure 3). After 7and 14 days, Pn and Gs of four interconnected

ramets subjected to local exogenous ABA application were

significantly greater than those of control (Table 1, Figure 3). Gs of

fourth-young ramets was significantly greater than second-older

ramets by local exogenous ABA applications after 14 days (Table 1,

Figure 3). Meanwhile, Pn of fourth-young ramets was significantly

greater than those of the first-oldest and third-old ramets (Table 1,

Figure 3). From 7 to 14 days, significant effects of local exogenous

ABA application on Pn and Gs of four interconnected ramets were

detected (Table 1, Figure 3).
A B

DC

FIGURE 2

NPQ (A), Fv/Fm (B), FPSII (C) and qP (D) of interconnected ramets (including first-oldest, second-older, third-old and fourth-young ramet) 1, 4, 7 and
14 days after local exogenous ABA application. Same letters (at the same day) mean that they are not significantly different (P > 0.05).
TABLE 1 Results of two-way repeated-measures analysis of variance, with ‘exogenous ABA application’ and ‘ramet age’ as between-subject effects for
differences in chlorophyll fluorescence parameters and photosynthetic parameters among interconnected ramets.

Effects df FPSII qP NPQ Fv/Fm Stomatal
conductance

Photosynthesis

F P F P F P F P F P F P

Between-subject effects

Exogenous ABA
application (A)

1 738.284 0.001 171.218 0.001 208.048 0.001 171.218 0.001 342.657 0.001 398.312 0.001

Ramet age (R) 3 4.11 0.017 3.479 0.032 0.644 0.582 3.479 0.032 1.596 0.23 3.455 0.042

A × R 3 4.964 0.008 0.667 0.58 2.726 0.066 0.667 0.58 2.273 0.119 2.622 0.068

Within subject effects

Time (T) 3 9.438 0.001 12.033 0.001 21.315 0.001 12.033 0.001 116.92 0.001 317.862 0.001

T × A 3 542.905 0.001 37.357 0.001 204.263 0.001 37.357 0.001 228.454 0.001 612.769 0.001

T × R 9 2.391 0.02 2.807 0.07 2.55 0.013 2.807 0.007 0.905 0.0529 3.77 0.001

T × A × R 9 1.446 0.185 3.73 0.001 2.634 0.011 3.73 0.001 1.198 0.0318 2.534 0.018
front
Values are in bold when P < 0.05, and in italic when 0.05 < P< 0.1.
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3.3 Biomass accumulation

Root biomass, ratio of belowground to aboveground biomass

and biomass accumulation of whole clonal fragments were

significantly increased by local exogenous ABA application after

28 days (Table 2, Figures 4B, 5A, B). However, similar patterns were

not observed in leaf and stolon biomass (Table 2, Figure 4A).
4 Discussion

Stomatal closure resulting from exogenous ABA application

reduced water loss of wheat (Travaglia et al., 2010). In this study,

with the stomatal closure, foliar net photosynthetic rate of four

interconnected ramets significantly decreased by local exogenous

ABA application after 1 day. By altering the kinetics of de-

epoxidation of the xanthophyll cycle, exogenous ABA application

incurred increase of NPQ in cabbage (Brassica campestris) and rice

(Oryza sativa L) (Zhu et al., 2011). With its inhibition on

photochemical activity, increase of NPQ implied that more light

energy was used for heat dissipation to avoid damage to photosystem

II of four interconnected ramets (Wilson and Ruban, 2020).

Meanwhile, photoinhibition (decrease of Fv/Fm, FPSII and qP) was

induced by abscisic acid (ABA) application after 1 day when clonal

fragments of C. asiatica subjected to low water availability. Similar

patterns were observed in the study that exogenous ABA application
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resulted in decrease of Fv/Fm, FPSII and qP of maize subjected high

light intensity (1500 mmol m -2 s -1) (Jia and Lu, 2003).

FPSII and qP of sugarcane subjected to drought treatment were

increased by the exogenous ABA application after 3 days and

remained at least 7 days (Srivastava et al., 2009). Selenium (Se)

application can alleviate oxidative stress in the chloroplasts to

increase Fv/Fm when potato (Solanum tuberosum L.) was subjected

to photooxidative stress (Turakainen et al., 2008). In this study,

chlorophyll fluorescence and photosynthesis of four interconnected

ramets were restored by local exogenous ABA application after 4

days. Altogether, the recovery of chlorophyll fluorescence and

photosynthesis capacity are interpreted as activation of systemic

resistance. With the exogenous ABA application, root growth was

improved when Arabidopsis seedlings was subjected to low water

availability (Miao et al., 2021). Exogenous ABA application

significantly increased root/shoot ratio of Malus sieversii and Malus

hupehensis seedlings subjected to low water availability. Similar

pattern was observed in our experiment (Ma et al., 2008). Biomass

accumulation significantly increased by local exogenous ABA

application when wheat was subjected to low water availability

(Kaur and Asthir, 2020). The positive effects on growth

performance of whole clonal fragments were observed by local

exogenous ABA application after 28 days. We tentatively suggested

that defense induction persisted for at least 28 days.

Systemic resistance may give priority to protection of youngest

tissues (Chen et al., 2011). Young ramets were the most valuable
TABLE 2 Two-way analysis of variance (ANOVA) for effects of ABA application, ramet age and their interaction on leaf and stolon biomass, root
biomass, biomass accumulation of whole clonal fragments and ratio of belowground to aboveground biomass.

Effects df

leaf and stolon
biomass

root biomass
biomass accumulation

of whole clonal fragments
ratio of belowground to
aboveground biomass

F P F P F P F P

Exogenous ABA application (A) 1 1.829 0.189 38.731 0.000 11.914 0.002 53.017 0.000

Ramet age (R) 3 1.461 0.250 1.205 0.329 0.206 0.891 8.628 0.000

A×R 3 0.623 0.607 1.710 0.192 1.117 0.362 0.792 0.511
Values are in bold when P < 0.05, and in italic when 0.05 < P< 0.1.
A B

FIGURE 3

Net photosynthetic rate (A) and stomatal conductance (B) of interconnected ramets (including first-oldest, second-older, third-old and fourth-
young ramet) 1, 4, 7 and 14 days after local exogenous ABA application. Same letters (at the same day) mean that they are not significantly
different (P > 0.05).
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tissues for growth and fitness within clonal networks (Stuefer et al.,

2005; Gomez and Stuefer, 2006). The optimal defense theory

predicts that plant tissues with a high contribution to fitness

should be better protected than other plant tissues (Hunziker

et al., 2021). In the experiment, our study was consistent with

previous study that compared with the old and mature ramets,

foliar antioxidant capacity of young ramets was significantly higher

and oxidative stress was significantly lower when exogenous ABA

application to the oldest ramets (Wei et al., 2019). It is suggested

that the protection of young ramets may confer clonal plants with

considerable benefits in adapting to environmental stress.

Our study implies that rapid activation and delay of resistance

response induced by local exogenous ABA application within clonal

network may improve fitness of clonal plant subjected to abiotic stress.

Benefit of systemic resistance will depend on the absence or presence of

subsequent environmental stress (vanHulten et al., 2006). In the future,

more studies are needed to understand the generality and ecological

advantages afforded by systematic resistance within clonal network.
Data availability statement

The original contributions presented in the study are included

in the article/supplementary material. Further inquiries can be

directed to the corresponding authors.
Frontiers in Plant Science 0682
Author contributions

S-JD: Writing – original draft, Data curation, Investigation,

Methodology, Conceptualization, Formal Analysis, Software,

Validation, Visualization. G-JS: Data curation, Methodology,

Investigation, Formal Analysis, Writing – original draft. YD:

Investigation, Methodology, Data curation, Writing – original

draft. JD: Methodology, Data curation, Investigation, Writing –

original draft. D-WY: Methodology, Data curation, Writing –

original draft. QW: Methodology, Data curation, Writing –

original draft. C-FC: Investigation, Writing – original draft. JJ:

Investigation, Writing – original draft. X-MW: Investigation,

Writing – original draft. T-JR: Investigation, Writing – original

draft. Y-ML: Writing – review & editing, Supervision, Validation.

J-SC: Writing – review & editing, Supervision, Validation.

Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This study

was supported by the Sichuan Natural Science Foundation

(2023NSFSC0202) and Foundation of Key Laboratory of Southwest

ChinaWildlife Resources Conservation (Ministry of Education), China

West Normal University (XNYB19-03).
A B

FIGURE 4

Leaf and stolon biomass (A) and Root biomass (B) of interconnected ramets after 28 days; Open bars, control; closed bars, exogenous ABA
application. Error bars indicate ± s.e. for 10 replicates. Bars with the same lower case letters are not significantly different (P > 0.05).
A B

FIGURE 5

Ratio of belowground to aboveground biomass (A) and Biomass accumulation of whole clonal fragments (B) after 28 days; Open bars, control;
closed bars, exogenous ABA application. Error bars indicate ± s.e. for 10 replicates. Bars with the same lower case letters are not significantly
different (P > 0.05).
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Field-based measurement tools
to distinguish clonal Typha taxa
and estimate biomass: a
resource for conservation
and restoration
Brian M. Ohsowski1*, Cassidy Redding1, Pamela Geddes2

and Shane C. Lishawa1

1School of Environmental Sustainability, Loyola University Chicago, Chicago, IL, United States,
2Department of Biology and Environmental Science Program, Northeastern Illinois University,
Chicago, IL, United States
Two species of clonal Typha [T. latifolia (native) and T. angustifolia (exotic)]

hybridize to form the highly invasive, heterotic (high vigor) T. × glauca in North

American wetlands leading to increased primary production, litter accumulation,

and biodiversity loss. Conservation of T. latifolia has become critical as invasive

Typha has overwhelmedwetlands. In the field, Typha taxa identification is difficult

due to subtle differences in morphology, and molecular identification is often

unfeasible for managers. Furthermore, improved methods to non-destructively

estimate Typha biomass is imperative to enhance ecological impact

assessments. To address field-based Typha ID limitations, our study developed

a predictive model from 14 Typha characters in 7 northern Michigan wetlands to

accurately distinguish Typha taxa (n = 33) via linear discriminant analysis (LDA) of

molecularly identified specimens. In addition, our study developed a partial least

squares regression (PLS) model to predict Typha biomass from field collected

measurements (n = 75). Results indicate that two field measurements [Leaf

Counts, Longest Leaf] can accurately differentiate the three Typha taxa and

advanced-generation hybrids. The LDAmodel had a 100% correct prediction rate

of T. latifolia. The selected PLS biomass prediction model (sqrt[Typha Dry Mass] ~

log[Ramet Area at 30 cm] + Inflorescence Presence + Total Ramet Height + sqrt

[Organic Matter Depth]) improved upon existing simple linear regression (SLR)

height-to-biomass predictions. The rapid field-based Typha identification and

biomass assessment tools presented in this study advance targeted management

for regional conservation of T. latifolia and ecological restoration of wetlands

impacted by invasive Typha taxa.
KEYWORDS

Typha identification, biomass prediction, field assessment, Typha latifolia, ecological
restoration, Typha × glauca, conservation
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1 Introduction

Hybridization is a common and important evolutionary

mechanism that drives phenotypic diversity, environmental

adaptation capacity, and speciation (Mallet, 2005; Goulet et al.,

2017). In some cases, plants exhibit heterosis (i.e., hybrid vigor)

where hybrid offspring show increased fitness resulting in increased

biomass, yield, and root density compared to parental counterparts

(Hochholdinger and Baldauf, 2018). Path analysis models suggest

plant taxa hybridization propensity at the genus level is significantly

correlated with a perennial life cycle, woodiness, and reliance on

vegetative reproduction systems (Mitchell et al., 2019). An invasive

plant case study also documented that hybridization is often

associated with perennial plants exhibiting clonal growth habits as

a mechanism leading to fixed heterotic genotypes (Ellstrand and

Schierenbeck, 2000). Thus, plant introductions exhibiting

hybridization potential with closely related endemic plant

populations and clonal growth habits may serve as a precursor to

stimulate invasiveness (Ellstrand and Schierenbeck, 2000). In

wetland systems, herbaceous wetland plants with clonal growth

habits are common among the most highly invasive taxa

(Galatowitsch et al., 1999; Zedler and Kercher, 2004).

In North America, two species within the clonal Typha (cattail)

genus [native T. latifolia, non-native T. angustifolia (Ciotir et al.,

2013)] have hybridized to form T. × glauca (Godron) (Smith, 1967).

In wetlands, T. × glauca exhibits heterosis which typically results in

more productive, taller, and faster growing clones that become

more dominant compared to either parent species (Zapfe and

Freeland, 2015; Bansal et al., 2019). Backcrossing and advanced-

generation hybrids are also common (Travis et al., 2010; Kirk et al.,

2011; Freeland et al., 2013; Geddes et al., 2021), complicating Typha

genetic identity in the region (hereafter we will refer to all taxa as

Typha unless otherwise specified).

The complicated genetics of Typha presents a problem for both

the management of invasive Typha and the conservation of native

T. latifolia. In the Great Lakes, Typha taxa classified as invasive [T. ×

glauca and T. angustifolia; hereafter, “invasive Typha”] are

dominant in more than 13% of the total area of ecologically

critical coastal wetland ecosystems (Carson et al., 2018). Along

with its continued spread, management of invasive Typha has

increasingly become a restoration priority (Bansal et al., 2019).

Conservation of T. latifolia has simultaneously become imperative,

due to increased dominance by invasive taxa, hybridization, and

backcrossing of hybrids to T. latifolia (Pieper et al., 2017; Bansal

et al., 2019; Geddes et al., 2021), which could result in extinction by

demographic or genetic swamping (Todesco et al., 2016).

Unfortunately, field identification of the three taxa and

advanced-generation hybrids using standard morphological

characters (e.g., leaf width, gap between inflorescences) can be

unreliable due to wide trait variability (Geddes et al., 2021).

Molecular methods to identify Typha taxa may be impractical, if

not entirely unfeasible, for many field practitioners managing

invasive species populations and practicing conservation.

Although the cost of molecular methods has been decreasing due

to technological advancements, application of these techniques is

still unrealistic for many practitioners (Hauser and Seeb, 2008;
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Sagarin et al., 2009). Thus, identifying field morphological

characteristics that allow for the accurate differentiation of Typha

is critical to advance the conservation of T. latifolia and the

continued management of invasive Typha.

Invasive Typha taxa are associated with a range of ecological

impacts to wetlands. They tend to thrive in wetlands with

anthropogenically disturbed hydrology (Boers and Zedler, 2008;

Hall and Zedler, 2010; Bunbury-Blanchette et al., 2015). They also

outcompete native sedge species (i.e., Carex stricta, C. lacustris, C.

lasiocarpa) in wetlands experiencing nutrient enrichment (Woo

and Zedler, 2002). Furthermore, invasive Typha magnifies nutrient

availability by increasing sediment retention (Horppila and

Nurminen, 2001) and enhancing internal nutrient cycling (Currie

et al., 2014), thus compounding the effects of nutrient enrichment.

Invasive Typha forms monodominant stands in wetlands by

outcompeting native plants and creating a thick layer of slowly

decomposing leaf litter (Larkin et al., 2012). Further, they can more

than double annual productivity in invaded wetlands (Woo and

Zedler, 2002; Angeloni et al., 2006). Once established, invasive

Typha reduces biodiversity and productivity of native plants

(Tuchman et al., 2009), fishes (Schrank and Lishawa, 2019), and

aquatic macroinvertebrates (Lawrence et al., 2016).

Accurate and stable methods to estimate productivity are

necessary when quantifying metrics of plant dominance,

population change, and drivers of biodiversity loss in invasion

research (Crystal-Ornelas and Lockwood, 2020). Increased

prediction accuracy is also highly desirable when integrating plot-

level results (e.g., plant stock concentrations of nutrients, carbon,

and heavy metals) across biological scales. Furthermore, plant

biomass analyses can confirm and calibrate remote sensing

estimates to improve model development for ecological

management (Vaz et al., 2018).

Simple linear regression (SLR) standard curves of height-to-

biomass have been used to non-destructively predict Typha biomass

from field traits (Lishawa et al., 2015). Allometric equations are

commonly used to non-destructively estimate biomass from forest

systems (Henry et al., 2013), but tend to be less robust for

herbaceous species with varied morphology and large

environmental gradients (Niklas and Enquist, 2002; Pottier and

Jabot, 2017). A two-step approach employing Bayesian information

criterion (BIC) model selection of plant traits followed by

multivariate partial least squares regression (PLS) modeling can

produce highly accurate biomass predictions (Ohsowski et al.,

2016). This PLS method avoids the pitfalls of excessive destructive

sampling, accounts for collinearity among predictor variables, and

can employ categorical and continuous data (Ohsowski et al., 2016).

Our study developed new methods that use easily quantified field

measurements to accurately identify Typha taxa and accurately

quantify Typha biomass to the benefit of conservation and

ecological restoration. Our specific objectives developed prediction

models that selected simple field measurements to: 1) accurately

classify Typha taxa determined by diagnostic microsatellite markers

using linear discriminant analysis, and 2) improve Typha taxa

biomass assessment using BIC model selection and PLS.

Additionally, we compared historically employed height-to-biomass

SLR model predictions with PLS prediction.
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2 Materials and methods

2.1 Study site selection and
experimental design

In July 2021, we identified seven wetlands in northern Michigan

(U.S.A.) to conduct the study [eastern Upper Peninsula (3 sites);

northern Lower Peninsula (4 sites)]. Six of the seven wetland sites

are classified as Great Lakes coastal wetlands (Munuscong Marsh,

Mackinaw Bay, St. Ignace Marsh, Cecil Bay, Cheboygan Marsh, and

Duncan Bay) and the remaining site was an inland emergent marsh

(Alpena Wildlife Sanctuary) (Figure 1). All wetlands in the study

had Typha stands within emergent vegetation zones.

In each wetland, we established a minimum of one continuous

transect through the geographic center of established Typha stands.

In two expansive wetlands with varied water levels and lake

exposures (Cheboygan Marsh and St. Ignace Marsh), we

increased the number of transects to 3 to capture environmental

heterogeneity, resulting in 11 transects total. Nine of 11 transects

had a standardized design to include 7 plots (1 m2 quadrats)

equidistant along a varied transect length depending upon stand

extent. The remaining 2 stands were small (< 10 m diameter) but

included in the study because we identified the plants as likely T.

latifolia based on morphology (wide leaves and no separation

between staminate and pistillate inflorescences) (Voss and

Reznicek, 2012).
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2.2 Field data collection:
morphological characteristics

At each plot, we visually estimated areal coverage (< 1 – 100%)

for plant community living vegetation, Typha living vegetation, and

Typha standing-detritus above the water surface at all plots

(Figures 2I–IV). We also collected total Typha ramet count in

each plot to estimate ramet density. Water depth was estimated

from the organic matter surface to water surface (Figure 2G).

Organic matter depth was collected by firmly pushing a

graduated PVC pole (1.9 cm diameter) through the decomposed

organic layer until contacting mineral sediment (Figure 2H).

Following plot-level estimations, we unbiasedly selected the

centermost Typha ramet to measure variables that potentially predict

Typha biomass and discriminate Typha taxa. Adapted from Ohsowski

et al. (2016), we collected the following measurements (Figures 2A–F):

1) inflorescence presence (yes/no), 2) total ramet height from organic

matter surface (including inflorescence if present), 3) longest leaf length

from organic matter surface, 4) maximum leaf width on the identified

longest leaf (or longest leaf width), 5) ramet green leaf count, 6) widest

ramet diameter at 30 cm, and 7) narrowest ramet diameter at 30 cm.

We calculated ramet cross-section area at 30 cm assuming an oval:

Area = pi ∗ widest cross-section/2 ∗ narrowest cross-section/2. When

present, we measured the gap between pistillate and staminate

inflorescences. Following all field measurements, each selected ramet

was collected, dried at 60° C, and weighed.
FIGURE 1

Wetland sites where Typha were sampled in northern Michigan (U.S.A.). Black dots represent the geographic center of each wetland site selected for
the study.
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2.3 Field data collection: molecular analysis

We established a priori Typha leaf tissue collection for

molecular analysis from three non-adjacent plots per transect to

minimize the probability of collecting clones; for the 2 small stands,

tissue was collected from each plot (total replication = 33). Green

leaf tissue (length = 10 cm) from the centermost ramet was clipped,

bagged, and stored on ice (Geddes et al., 2021). Each leaf sample was

then flash frozen in liquid nitrogen in the lab and stored in a

cryogenic freezer (-80° C) until molecular analysis. The collected

leaf tissue sample wet mass was converted to dry mass and added to

total Typha dry mass described in Section 2.2.
2.4 Molecular analysis

Frozen Typha leaf tissue samples were ground with dry ice

followed by DNA extraction using Qiagen DNEasy Plant kits. We

selected six diagnostic microsatellite markers [TA 3, TA 5, TA 8,

and TA 16 (Tsyusko-Omeltchenko et al., 2003), and TM 4 and TM
Frontiers in Plant Science 0488
11 (Csencsics et al., 2010)], shown to be accurate in distinguishing

Typha species, backcrosses, and advanced-generation hybrids

(Geddes et al., 2021 and references therein). PCR amplification of

microsatellite primers was accomplished following established

protocols (Geddes et al., 2021) using 2-step PCR (Schuelke, 2000),

after which a 1.4% agarose gel electrophoresis confirmed successful

microsatellite amplification.

We performed microsatellite analyses on a Beckman Coulter

gene sequencer with fragment sizing (400 bp ladder), scoring, and

microsatellite interpretation analyzed using Beckman Coulter

software. Following microsatellite scoring, each of the six

microsatellite markers per tissue sample were separated into one of

four molecular ID classes: T. latifolia, T. angustifolia, T. × glauca, or

advanced-generation hybrid (AGH). A sample was categorized as an

F1 hybrid (i.e., T. × glauca) if one allele from each parental species (T.

latifolia and T. angustifolia) was present. The final taxonomic

classification used for statistical analyses was determined when at

least 5 of 6 diagnostic microsatellite markers agreed in the molecular

ID classification. If diagnostic microsatellite markers did not meet the

minimum 5 of 6 consensus among hybrid and/or both parental loci,
FIGURE 2

Field measurements collected at each plot (1.0 m2 quadrat) and the centermost identified Typha ramet. Units are given in parentheses next to each
variable listed. Variables (I.-IV.) were collected at the plot scale to assess areal cover and Typha ramet density. Plant morphological measurements
(A–F) and environmental variables (G, H) were collected from the centermost Typha ramet that was subsequently collected for dry mass and
genetic analysis.
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the sample molecular ID was classified as AGH (Snow et al., 2010;

Travis et al., 2010; Travis et al., 2011).
2.5 Statistical analysis: Typha molecular
ID classification

Plot-level Typha ramet measurements (Figure 2) were used to

separate Typha molecular ID classes (T. latifolia, T. angustifolia, T.

× glauca, AGH) using linear discriminant analysis (LDA)

(replication = 33). Typha dry mass and all predictor variables in

Figure 2 were transformed (when required), centered, and scaled to

meet statistical assumptions. We used Spearman’s rank correlation

coefficients to determine highly collinear variables (rs > 0.90) and

remove one of the variable pairs from the analysis. We employed

recursive feature elimination with 10-fold cross-validation to select

the most relevant class separation variables using the rfe() function

in R’s caret package (Kuhn, 2008; Chen et al., 2020). The selected

LDA model was built with the lda() function in R’s MASS package

(Venables and Ripley, 2013). Model and class prediction

performance metrics were generated using a confusion matrix in

R’s caret package (Kuhn, 2008).

We developed an LDA permutation model to estimate test data

prediction performance for Typha molecular ID classes. For each

permutation (n = 1,000), the full dataset (replication = 33) was

randomly split into a training data set (replication = 26) to establish

an LDA model. The remaining test data (replication = 7) were

classified into molecular ID classes by the trained LDA model. We

calculated an agreement percentage for predicted within-model

training data and external model test data for each iteration as %

correctly predicted cases/total cases predicted.
2.6 Statistical analysis: biomass prediction

We used plot-level and Typha ramet measurements (Figure 2)

to develop Typha dry mass prediction models (replication = 75).

Variable standardization, Bayesian Information Criterion (BIC)

model selection, and model dry mass prediction workflow

followed Ohsowski et al. (2016) and references within. All

predictor variable combinations and associated 2nd order

polynomial terms were scored with BIC model selection with the

dredge function in R’s MuMin package (Bartoń, 2023). Equivalent

multi-variate prediction models (DBIC ≤ 2) were averaged using the

model.avg() function in MuMin to provide our selected statistical

model employed for Typha dry mass prediction.

We trained the selected multi-variate model using partial least

squares regression (PLS) (replication = 75) in R’s pls package

(Liland et al., 2023). Four model components were retained as

determined by lowest root mean squared error of cross-validation

(RMSECV) calculated from 10-fold cross-validation. For

comparison, we developed a simple linear regression (SLR) model

for sqrt[Typha Dry Mass] ~ Total Ramet Height (replication = 75)

using the lm function in R’s base package (R Core Team, 2023).

RMSECV estimates for the SLR model were calculated with 10-fold

cross-validation with the errorest() function in R’s ipred package
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(Peters and Hothorn, 2023). Similar to Ohsowski et al. (2016), we

calculated a simple DIFF term for all Typha dry mass predictions

with the following formula to assess model prediction performance:

DIFF = predicted Typha dry mass – reference Typha dry mass.

We developed a permutation model for the PLS and SLR

models to estimate test data (i.e., external data) prediction

performance for Typha dry mass, thus assessing model robustness

and real-world model applicability. For each permutation

(n = 1,000), the full dataset (replication = 75) was randomly split

into training data (replication = 63) to develop the PLS and SLR

models. The remaining test data (replication = 12) were predicted

by the trained PLS and SLR models, back-transformed, and DIFF

term was calculated for the resulting permutation model.
3 Results

3.1 Variable selection: molecular
ID classification

We developed a linear discriminant analysis (LDA) to predict

Typha molecular ID classes: T. latifolia, T. angustifolia, T. × glauca,

and AGH. To meet test assumptions, we dropped three collinear

variables from the analysis using Spearman’s rank correlation

coefficients: Longest Leaf Length (collinear with Total Ramet

Height, rs = 0.996), Widest Ramet Diameter at 30 cm (collinear

with Ramet Area at 30 cm, rs = 0.974), and Narrowest Ramet

Diameter at 30 cm (collinear with Ramet Area at 30 cm, rs = 0.928).

Total ramet height was selected over longest leaf length as this

character is a very simple field measurement. We also dropped the

widest and narrowest ramet diameter measurements as they were

highly collinear with the calculated ramet areas due to formula

inclusion. In total, ten variables were used to determine the most

parsimonious LDAmodel via recursive feature elimination with 10-

fold cross-validation: sqrt[Organic Matter Depth], sqrt[Water

Depth], sqrt[Living Typha Cover], log[Typha Detritus Cover], sqrt

[Leaf Count], sqrt[Longest Leaf Width], sqrt[Longest Leaf Length],

sqrt[Typha Ramet Count], Typha Height, log[Ramet Area at 30 cm].

We determined the most relevant LDA class separation

variables for the final LDA model: Molecular ID Class ~ sqrt[Leaf

Count] + sqrt[Longest Leaf Width]. Note that sqrt[Water Depth]was

retained in the initial selected recursive feature elimination model

but removed from this analysis. We determined that including

water level measurements may lead to unreliability for future

application of the presented model by increasing uncertainty

(see Discussion).
3.2 Diagnostic microsatellite markers:
molecular ID classification

Agreement among the six microsatellite markers resulted in

four molecular ID classes: T. latifolia, T. angustifolia, T. × glauca,

and AGH. Out of the 33 molecular samples, 66.3% had complete

diagnostic microsatellite agreement among all six molecular

markers [count]: T. angustifolia [3], T. × glauca [15], T. latifolia
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[3]. Additionally, 30.3% of the samples had consensus in 5 out of 6

markers resulting in molecular ID classification [count] of T.

angustifolia [5], T. × glauca [3], and T. latifolia [2]. Two samples

were classified as AGH because the six microsatellite markers were

split in the molecular ID: one of the samples had 3 markers

identifying it as T. × glauca and 3 markers as T. angustifolia,

while the other sample had 2 markers identifying it as T. × glauca

and 4 markers as T. angustifolia. These two latter samples likely

represent backcrosses to one of the parental species (in this case T.

angustifolia). Given our relatively low sample size for molecular

analyses (n = 33), we categorized all hybrids beyond the F1 hybrid

as advanced-generation hybrids. Overall, molecular ID analyses

prevalence revealed that 15.2% of our samples were classified as T.

latifolia, 24.2% as T. angustifolia, 54.6% as T. × glauca, and 6.1% as

AGH (Table 1).
3.3 Molecular ID class separation

The overall linear discriminant analysis model had high

statistical accuracy when predicting the four Typha molecular

classes. LDA training data confusion matrix statistics revealed

high confidence for internal prediction model accuracy [correct %

prediction (± 95% CI): 78.8% (61.1%, 91.0%), Kappa = 66.8%]. The

LDAmodel significantly outperformed the no information rate (i.e.,

null) model (p = 0.003) (Table 2). The two most descriptive linear

discriminant functions (LD1: explained variance 96.8%; LD2:

explained variance 3.2%) successfully separated the molecular ID

classes driven by the leaf count and longest leaf width variables

(Figure 3). The 95% T. angustifolia confidence intervals more

strongly overlapped with T. × glauca compared to the clear class

separation between T. × glauca and T. latifolia (Figure 3). T. latifolia

and T. angustifolia had no 95% confidence interval overlap
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indicating clear molecular ID class separation between the two

taxa (Figure 3). AGH had only two classification instances (6.1% of

data set) leading to instability in predicting the class (Table 1) and

unresolved 95% confidence intervals (Figure 3) due to low

replication. LDA models revealed 100% accurate classification of

T. latifolia, 85.6% for T. × glauca, and 83.8% for T. angustifolia

(Table 1). Molecular class gravity centered mean measurement

values were back-transformed and presented for leaf count and

longest leaf width in Table 1.

The permutation LDA model result confirmed high prediction

agreement for training data and test data of molecular ID classes.

For each permutation iteration (n = 1,000), 78.8% of the full data set

trained the LDA model to externally predict 21.2% of the test data.

The average % correct molecular ID prediction for each

permutation iteration confirmed model accuracy for internal

training data (mean ± 1 sd % correct: 87.9% ± 3.6%) and test

data (mean ± 1 sd % correct: 78.7% ± 15.3%) (Table 2).
3.4 Variable selection: Typha dry
mass prediction

We used 14 predictor variables (and associated polynomial

terms) for BIC model selection. Model selection resulted in 11

equivalent models that predicted Typha dry mass in the study

(Table 3). Following BIC model averaging, the final PLS prediction

model was reduced to 4 predictor variables: sqrt[Typha Dry Mass] ~

log[Ramet Area at 30 cm] + Inflorescence Presence + Total Ramet

Height + sqrt[Organic Matter Depth].

Six of 14 potential predictor variables (and associated

polynomial terms) in Figure 2 were not selected in any equivalent

DBIC ≤ 2 models: Typha standing-detritus cover, widest ramet

diameter at 30 cm, narrowest ramet diameter at 30 cm, maximum
TABLE 1 Linear discriminant analysis (LDA) model performance metrics by class for training data to separate the four Typha molecular ID classes:
Typha angustifolia [A], Advanced Generation Hybrid [AGH], Typha × glauca [G], and Typha latifolia [L].

LDA Typha Molecular ID by Class

A AGH G L

Sensitivity (True Positive Rate) 87.5% 0.0% 77.8% 100.0%

Specificity (True Negative Rate) 80.0% 96.8% 93.3% 100.0%

Prevalence 24.2% 6.1% 54.6% 15.2%

Balanced Accuracy 83.8% 48.4% 85.6% 100.0%

LDA Gravity Centered Means

Longest Leaf Width (mm) 7.06 8.02 10.56 15.05

Leaf Count 6.35 4.94 7.89 12.98

Raw Typha Measurements by Class

Class Replication 8 2 18 5

Longest Leaf Width (mm) (mean ± 1 sd) 7.09 ± 0.91 8.03 ± 0.04 10.69 ± 2.28 15.10 ± 1.85

Leaf Count (mean ± 1 sd) 6.38 ± 0.92 5.00 ± 1.41 7.94 ± 1.35 13.00 ± 1.00
For the training data statistics, class-based sensitivity, specificity, prevalence, and balanced accuracy are given. LDA derived molecular ID group mean centers of gravity are given on the original
measurement scale. In addition, raw data summary statistics for Typha morphological measurements and replication are given for comparison to LDA’s mean center of gravity predictions.
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leaf width on the longest leaf (i.e., longest leaf width), ramet green

leaf count, and water depth (Table 3). Prevalent variables selected

within DBIC ≤ 2 models (% occurrence across DBIC ≤ 2 models, n =

11) were: ramet area at 30 cm (100%), inflorescence presence

(100%), and organic matter depth (81.8%). Longest leaf length

(54.5%) and total ramet height (36.3%) were never selected for the

same DBIC ≤ 2 equivalent model. Although longest leaf length was

selected more frequently, total ramet height (36.3%) was chosen as a

preferred PLS predictive variable because of the relative ease of

collecting ramet height data in the field without compromised

predictive power. Curvilinear relationships (i.e., 2nd order

polynomial terms) were infrequently included to predict Typha
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dry mass for ramet area at 30 cm and living Typha cover (Table 3).

Polynomial terms were not influential after BIC model averaging.
3.5 PLS and SLR Typha dry mass prediction

Typha dry mass descriptive statistics (min: 4.78 g; max: 102.62 g;

mean ± 1 sd: 34.52 g ± 19.22 g) successfully characterized plant

population size class ranges encountered in the study’s wetlands. To

this end, the multi-variate partial least squares regression (PLS) Typha

dry mass prediction model vastly outperformed the simple linear

regression (SLR) prediction model developed for sqrt[Typha Dry

Mass] ~ Total Ramet Height. The trained PLS prediction model

[Root mean squared error of cross validation (RMSECV): 0.47 g,

explained variance: 85.01%, replication = 75] had higher accuracy and

precision when validating model performance compared to the trained

SLRmodel [RMSECV: 2.27 g, explained variance: 18.38%, replication =

75] (Table 4). Thus, utilizing the selected PLS model instead of the

simple SLR resulted in greater accuracy in predicting Typha dry mass

(Figure 4). For clarity in Figure 4, the slope = 1 reference line indicates a

perfect prediction between predicted and reference dry mass. In

Figure 4A, the linear regression of predicted PLS Typha dry mass ~

reference Typha dry mass (p < 0.001, R2 = 0.832) had high agreement

and low unexplained variation with slope = 1 and the regression fit.

Compared to slope = 1, the PLS model slightly underpredicted the

reference dry mass of Typha within the higher biomass ranges. In

contrast (Figure 4B), the linear regression of predicted SLR Typha dry

mass ~ reference Typha dry mass (p < 0.001, R2 = 0.180) displayed

strong skew, low agreement, and high unexplained variation when

compared to slope = 1 and the regression fit. The SLR vastly

underpredicted Typha dry mass as reference dry mass increased,

resulting in lower model confidence compared to the PLS model.

The permutation model results further confirmed superior PLS

model performance compared to SLR model performance. For each

permutation iteration (n = 1,000), 84.0% of the full data set trained the

respective PLS and SLR model to externally predict 16% of the test
TABLE 2 Overall linear discriminant analysis (LDA) model performance
metrics to separate the four Typha molecular ID classes.

LDA Typha Molecular ID Training Data

Response Variable: Typha Molecular ID

Predictor Variables: sqrt[Leaf Count] + sqrt[Longest
Leaf Width]

Correctly Predicted: 78.8%

Correctly Predicted 95% CI: (61.1%, 91.0%)

P-Value [Acc>NIR]: 0.003

Kappa: 66.8%

LDA Typha Molecular ID Permutation Model

Number of Permutations: 1,000

Training / Test Replication: n = 26 / n = 7

Training Data (% correct ± 1 sd): 87.9% ± 3.6%

Test Data (% correct ± 1 sd): 78.7% ± 15.3%
LDA training data statistics were extracted from a generated confusion matrix in R’s caret
package. Permutation model statistics were developed to estimate test data prediction
performance for Typha molecular ID classes from both training data and test data. An
agreement percentage for predicted data for each iteration was calculated as % correctly
predicted cases/total cases predicted and permutation results subsequently averaged.
FIGURE 3

Linear discriminant analysis (LDA) results displaying linear discriminant function 1 (LD1) vs. linear discriminant function 2 (LD2) to separate the four
Typha molecular ID classes: Typha angustifolia, advanced generation hybrid [AGH], Typha × glauca, and Typha latifolia. LD1 vs. LD2 maximized class
separation given with parenthetic values for Proportion of Trace describing discriminant function explained variation. Respective ellipses represent
95% confidence intervals for each predicted class. Arrows represent the contribution direction and magnitude of each predictor variable. Final LDA
model: sqrt[Typha Dry Mass] ~ sqrt[Leaf Count] + sqrt[Longest Leaf Width]. AGH had insufficient data to provide model confidence intervals.
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data. Calculated DIFF confirmed high PLS model accuracy for test

data (meanDIFF ± 1 sd: -0.53 g ± 8.70 g) compared to the more highly

variable SLR model test data (mean DIFF ± 1 sd: -2.37 g ± 18.00 g).
4 Discussion

Our study emphasized field applicability from simple

aboveground Typha morphological measurements to support

rapid ecological management decisions for wetland plant

conservation and restoration. Contextually, field data collected in

this study occurred during peak growing season in northern

Michigan (July-August). Thus, our predictive models will have

widest applicability to fully mature Typha ramets prior to

senescence. Overall, we are confident that both of our developed

techniques can be employed with high precision and accuracy to

generate reliable data for researchers and land managers combatting

invasive Typha populations and implementing conservation

strategies to protect T. latifolia in North America.
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Molecular marker results indicate that hybridization is common

across the study region and that introgression (e.g., hybridization

beyond the F1 hybrids) may not be as prevalent in this study area

compared with others (e.g., Geddes et al., 2021 and references

therein). Specifically, we only identified advanced-generation

hybrids twice across all samples. However, we contend that the

discrepancy in classified molecular cases was not necessarily a major

limitation of this study. This study’s design did not prioritize

quantification of occurrence frequency of Typha in the region as

we did not specifically target equal population sizes with the intent

for balanced replication or a comprehensive wetland selection

protocol of all regional extant Typha stands. Thus, direct

comparisons with prior studies that address prevalence or

occurrence frequency of Typha taxa in North America should

be avoided.

In our sampled wetlands, LDA model selection revealed that

simple field measurements exhibited good taxa separation.

Morphological measurements of T. × glauca fell in between T.

angustifolia and T. latifolia in both LDA mean center of gravity and

raw data summary statistics (Table 1). These results agree with

Snow et al. (2010) who found that microsatellite markers sorted
TABLE 3 Equivalent BIC selected models (DBIC ≤ 2) and associated
degrees of freedom (df) generated to predict Typha dry mass.

Equivalent Typha Dry Mass Prediction Models df D
BIC

Response Variable: sqrt [Typha Dry Mass]

Predictor Variables:

log[Ramet Area at 30 cm] + Inflorescence Presence + Leaf Count
+ Longest Leaf Length + sqrt[Organic Matter Depth]

7 0.00

log[Ramet Area at 30 cm + Inflorescence Presence + Longest
Leaf Length + sqrt[Organic Matter Depth]

6 0.18

log[Ramet Area at 30 cm + Inflorescence Presence + sqrt
[Organic Matter Depth] + Total Ramet Height

6 0.43

log[Ramet Area at 30 cm] + Inflorescence Presence + Leaf Count
+ sqrt[Organic Matter Depth] + Total Ramet Height

7 0.56

log[Ramet Area at 30 cm] + (log[Ramet Area at 30 cm])2 +
Inflores- cence Presence + Longest Leaf Length + sqrt[Living
Typha Cover] + (sqrt Living Typha Cover])2

8 0.88

log[Ramet Area at 30 cm] + (log[Ramet Area at 30 cm])2 +
Inflorescence Presence + Longest Leaf Length + sqrt[Organic
Matter Depth]

7 1.04

log[Ramet Area at 30 cm + (log[Ramet Area at 30 cm])2 +
Inflorescence Presence + sqrt[Organic Matter Depth] + Total
Ramet Height

7 1.49

log[Ramet Area at 30 cm] + (log[Ramet Area at 30 cm])2 +
Inflores- cence Presence + Total Ramet Height + sqrt Living
Typha Cover + (sqrt Living Typha Cover])2

8 1.55

log[Ramet Area at 30 cm + Inflorescence Presence + sqrt
[Organic Matter Depth]

5 1.81

log[Ramet Area at 30 cm] + (log[Ramet Area at 30 cm])2 +
Inflorescence Presence + Leaf Count + Longest Leaf Length +
sqrt Organic Matter Depth]

8 1.98

log[Ramet Area at 30 cm + Inflorescence Presence + Leaf Count
+ Longest Leaf Length + sqrt Organic Matter Depth + sqrt
[Living Typha Cover + (sqrt[Living Typha Cover])2

9 1.98
Variables were transformed (where indicated) and subsequently centered and scaled (variable
mean = 0, variance = 1) prior to BIC selection.
TABLE 4 Partial least squares regression (PLS) and simple linear
regression (SLR) model performance metrics for Typha dry
mass predictions.

PLS Typha Dry Mass Training Data Statistics

Response Variable: sqrt [Typha Dry Mass]

Predictor Variables: log[Ramet Area at 30 cm] + Inflorescence
Presence + sqrt[Organic Matter Depth] +
Total Ramet Height

PLS Components: 4

Cross-Validation Segments: 10

RMSECV Typha Dry Mass: 0.47 g

Explained Variance: 85.01%

SLR Typha Dry Mass Training Data Statistics

Response Variable: sqrt [Typha Dry Mass)

Predictor Variable: Total Ramet Height

Cross-Validation Segments: 10

RMSECV Typha Dry Mass: 2.27 g

Explained Variance: 18.38%

Typha Dry Mass Test Data Statistics

Number of Permutations: 1,000

Training/Test Replication: n = 63 / n = 12

PLS DIFF (mean ± 1 sd): -0.53 g ± 8.70 g

SLR DIFF (mean ± 1 sd): -2.37 g ± 18.0 g
Training data statistics for PLS and SLR models present predictor variable(s), components
selection (PLS only), k-fold cross-validation segments, root mean square error of cross-
validation (RMSECV), and explained model variance. Test data statistics are given for
permutation models results to estimate accuracy of external data predictions. Permutation
results are given by mean ± 1 standard deviation of: DIFF = [predicted Typha dry mass –
reference Typha dry mass]. All presented Typha dry mass results were back-transformed to
show original data collection scale.
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samples by measured traits into three distinct clusters represented

by T. latifolia, T. × glauca, and T. angustifolia. Similar to our study,

the results of Snow et al. (2010) located T. × glauca in the middle of

the parental species clusters. Furthermore, our results agree with

those of Kirk et al. (2011) and those of Kuehn and White (1999)

who found that principal component analysis (PCA) of

microsatellite markers and discriminant analyses of randomly

amplified polymorphic DNA (RAPD) markers, respectively,

categorized Typha samples into three distinct clusters (T. latifolia,

T. × glauca, and T. angustifolia) by measured plant traits.

We assert that our capacity to identify T. latifolia is timely and

crucial when detecting and distinguishing the increasingly rare T.

latifolia from invasive Typha. Our study successfully showed that

the molecular ID of T. latifolia was strongly separated from the

remaining Typha taxa with slight 95% confidence interval overlap

with T. × glauca and no overlap with T. angustifolia (Figure 3). Our

method to accurately identify T. latifolia with two measurements

will allow field biologists to differentiate populations of the native

species quickly and accurately from the invasive taxa to improve

conservation efforts.

In our study, LDA longest leaf width mean center of gravity for

T. latifolia (15.05 mm) was reliably distinguished from longest leaf

width for T. angustifolia (6.35 mm) and T. × glauca (10.56 mm)

(Figure 2; Table 1). In Snow et al. (2010), cluster classification

corresponded well with several plant field measurements that

included: log(leaf length/leaf width), length of gap between

inflorescences, inflorescence length, and stem diameter. In

confirmation with our results, a measurement metric including

leaf width [i.e., log(leaf length/leaf width)] was most useful in

distinguishing between parental species and the F1 hybrid (Snow

et al., 2010). In contrast, our LDA model did not select a diagnostic

stem measurement (e.g., ramet area at 30 cm) as a strong predictor

of class separation. In Kirk et al. (2011), Typha taxa clustering was
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also significantly driven by leaf width measurements from a random

subset of selected leaves. Given the high variability of leaf width

within a particular ramet based on position, size, or age, our

selection of a ramet ’s longest leaf width will increase

measurement consistency to yield a more robust metric. Lastly, in

Kuehn and White (1999), cluster classification of the three Typha

taxa corresponded with stigma width, length of inflorescence spike,

gap between inflorescences, leaf width, and inflorescence width.

However, they concluded that no single character or sets of

characters were diagnostic due to considerable overlap among

parental species and the hybrid. In addition, 4 of 5 characters

used by Kuehn and White (1999) relied on the presence of

inflorescences and included more complex, microscope-assisted

measurements of stigma widths.

Our second LDA selected character (leaf count), is, to our

knowledge, a novel measurement not previously identified as a

Typha taxa classification trait. In our study, LDA leaf count mean

center of gravity for T. latifolia (12.98 leaves) far surpassed leaf

count for T. angustifolia (6.35 leaves) and T. × glauca (7.89 leaves)

suggesting a simple measurement metric can be used in

combination with longest leaf width to improve classification

prediction (Figure 2; Table 1). Wasko et al. (2022) employed

mean leaf-apex angle measured for Typha ramet leaves (range: 2-

9 leaves; mean: 5.3 leaves per ramet) to successfully match Typha ID

to microsatellite markers. In contrast to leaf count, the mean leaf-

apex angle metric in Wasko et al. (2022) requires a labor investment

in the field. As our study did not include mean leaf-apex angle,

future models could include this trait to determine if its

contribution greatly improves predictive class separation.

We still argue that field-based characters related to Typha

inflorescence measurements are extremely helpful in taxa

differentiation, specifically the gap between the staminate and

pistillate inflorescences. Yet, we caution that relying on
A B

FIGURE 4

Partial least squares regression (PLS) (A) and simple linear regression (SLR) (B) model results for predicted Typha dry mass (training data) vs. reference
Typha dry mass. Panel (A) Training data predicted from final PLS model generated from BIC model selection: sqrt[Typha Dry Mass] ~ log[Ramet Area
at 30 cm] + Inflorescence Presence + Total Ramet Height + sqrt[Organic Sediment Depth]. Panel (B) Training data predicted from final SLR
prediction model: sqrt[Typha Dry Mass] ~ Total Ramet Height. In both panels, the dashed line (—) represents a slope = 1 indicating a perfect
prediction between reference Typha dry mass and predicted Typha dry mass. The solid black line (—) represents the actual best fit regression line
between predicted Typha dry mass and reference Typha dry mass.
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inflorescence trait measurements may be problematic. Typha clonal

vegetative growth, which allows spread via rhizomes, can be highly

plastic regarding inflorescence production (Grace and Wetzel,

1982). In our current study, this was evidenced by the fact that

73% (55 of 75) of the randomly collected centermost ramets lacked

an inflorescence. Wasko et al. (2022) also found that less than 50%

(22 of 45) of their sampled Typha ramets had inflorescences.

Furthermore, large-scale management focused on aboveground

biomass removal via harvesting has resulted in stark reduction in

inflorescence frequency in subsequent years post-harvest. For

instance, following two consecutive years of invasive Typha

harvest at Shiawassee National Wildlife Refuge (MI, USA), 0.22%

of Typha ramets produced an inflorescence, compared with 16.66%

of Typha ramets in unharvested control plots (Lishawa et al., 2020).

Our field-based Typha measurements investigated in this study

relied solely upon vegetative growth characteristics, thus providing

a wider applicability for land managers and researchers in the field.

As noted in the results, the water depth variable in the LDA

model improved Typha class separation accuracy by approximately

9.1%. We removed this variable as a potential predictor variable as 6

of the 7 sampled wetlands were classified as Great Lakes coastal

wetlands. As water levels fluctuate considerably in the Great Lakes

(Gronewold and Rood, 2019), small predictive gains for variable

retention were determined to not outweigh the potentially

erroneous predictive conclusions. In Great Lakes coastal wetland

systems, daily water level ranges exceeding 20 cm are common due

to seiche events (Trebitz, 2006). The static LDA predictive model

assumes stability in water levels to separate the molecular ID classes.

Future model improvement may consider including water level

measurement in less dynamic, inland wetlands and/or with greater

sampling breadth of T. latifolia populations. As T. latifolia

populations are increasingly rare in the region, population

sampling was limited to two small T. latifolia stands (< 10 m

diameter) in this study. Summary statistics suggest that water level

for T. latifolia (mean ± 1 sd: 7.90 cm ± 5.81 cm) may be a viable

indicator in future studies but remains unreliable in this study due

to high variation in T. × glauca and T. angustifolia (mean ± 1 sd:

31.03 cm ± 16.93 cm; 63.31 cm ± 40.05 cm, respectively).

Furthermore, evidence from Lake Ontario wetlands with co-

occurring Typha taxa suggests that the three dominant taxa do

not tend to sort along a water depth gradient, but instead occupy

similar habitats (McKenzie-Gopsill et al., 2012). Taken together,

this evidence provided additional justification for dropping water

depth from our model.

Variables selected for our PLS equations incorporated total

ramet height, organic matter depth, inflorescence presence, and

ramet area at 30 cm. The resulting PLS model was 85.01% accurate

at predicting Typha dry mass training data, thus improving upon

published allometric equations for Typha (Lishawa et al., 2015).

Furthermore, our PLS model was robust to test (i.e., external) data

predictions leading to high confidence in our model prediction

applicability (Table 4, PLS DIFF: 0.53 g ± 8.70 g). Comparatively,

SLR models solely using total ramet height performed poorly when

predicting test data Typha dry mass (Table 4, PLS DIFF: -2.37 g ±

18.0 g). Similar to Ohsowski et al. (2016), model predictive

performance with multi-variate traits vastly improved both
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precision and accuracy for training and test data predictions.

Unsurprisingly, plant height has been used as a variable to create

plant biomass predictive standard curves or as a proxy for plant

biomass (Catchpole and Wheeler, 1992). Our PLS model highlights

that the sole use of plant height measurements contributes to a high

level of model uncertainty, especially at higher biomass values for

Typha specifically. Our study further affirms that plant height does

provide predictive power when used in conjunction with multi-

variate model predictors.

Interestingly, our proposed PLS model provides researchers with

additional novel morphological measurements to accurately predict

Typha biomass. In this context, ramet area at 30 cm was a consistently

selected variable to improve Typha dry mass prediction. Ramet area at

30 cm alludes to the thickness and shape of the culm calculated from

widest ramet diameter and narrowest ramet diameter. In their

molecular ID study, Snow et al. (2010) found that stem diameter

helped explain the separation of the parental species and the F1 hybrid.

Here, we provide evidence that ramet area is also useful in explaining

predicted Typha dry mass. At first glance, this trait may seem

challenging to measure in the field. In our experience, integrating

ramet area measurement can be accomplished with common fieldwork

tools such as calipers or a flexible measuring tape. We assert that

including this variable is essential despite minor increases in time and

labor since the multi-variate PLS model substantially increased

explained variance and test data prediction precision.

Another unexpected, but reasonable, predictor of Typha dry mass

was organic matter depth. Organic depth has been correlated with

measures of Typha dominance. For example, in 14 Great Lakes

coastal wetlands in our project region organic matter depth was

more than 3-times greater and sediment ammonium was over 10-

times greater where Typhawas present (Lishawa et al., 2010). Further,

Typha ramet density was positively correlated with organic matter

depth (Lishawa et al., 2010). Organic sediments in these freshwater

coastal systems are likely a strong proxy for sediment nutrient

availability. Typha has been shown to increase sediment retention

(Horppila and Nurminen, 2001), thereby creating a nutrient

retention positive feedback. Corroborating these results, reviewed

research indicates that roots of stoloniferous and rhizomatous species

clones proliferate rapidly under conditions of increased nutrient

resource availability (de Kroons and Hutchings, 1995). Thus,

organic matter depth should be expected to drive plant vigor.

In conclusion, our results will benefit the work of land managers

and conservation biologists by enabling the rapid identification of

Typha taxa with minimal effort in the field. Furthermore, our

biomass prediction models will lend greater confidence in non-

destructive field-based measurements to improve scaled-up plot

level data to the landscape level. As intended, we are confident that

this study will help North American land managers parse subtle

morphological trait variation in Typha, enhancing wetland

conservation and ecological restoration efforts.
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Phylogenetic conservation in
plant phenological traits varies
between temperate and
subtropical climates in China
Khurram Shahzad1*, Mengyao Zhu1, Lijuan Cao1, Yulong Hao1,
Yu Zhou1, Wei Liu1 and Junhu Dai1,2*

1Key Laboratory of Land Surface Pattern and Simulation, Institute of Geographic Sciences and Natural
Resources Research, Chinese Acadamy of Sciences (CAS), Beijing, China, 2University of Chinese
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Phenological traits, such as leaf and flowering dates, are proven to be

phylogenetically conserved. The relationship between phylogenetic

conservation, plant phenology, and climatic factors remains unknown. Here,

we assessed phenological features among flowering plants as evidence for

phylogenetic conservatism, the tendency for closely related species to share

similar ecological and biological attributes. We use spring phenological traits data

from 1968-2018 of 65 trees and 49 shrubs in Xi’an (temperate climate) and

Guiyang (subtropical climate) to understand plant phenological traits’

relationship with phylogeny. Molecular datasets are employed in evolutionary

models to test the phylogenetic conservatism in spring phenological

characteristics in response to climate-sensitive phenological features.

Significant phylogenetic conservation was found in the Xi’an plant’s

phenological traits, while there was a non-significant conservation in the

Guiyang plant species. Phylogenetic generalized least squares (PGLS) models

correlate with phenological features significantly in Xi’an while non-significantly

in Guiyang. Based on the findings of molecular dating, it was suggested that the

Guiyang species split off from their relatives around 46.0 mya during the middle

Eocene of the Tertiary Cenozoic Era, while Xi’an species showed a long

evolutionary history and diverged from their relatives around 95 mya during

the late Cretaceous Mesozoic Era. First leaf dates (FLD) indicative of spring

phenology, show that Xi’an adjourned the case later than Guiyang. Unlike FLD,

first flower dates (FFD) yield different results as Guiyang flowers appear later than

Xi’an’s. Our research revealed that various factors, including phylogeny, growth

form, and functional features, influenced the diversity of flowering phenology

within species in conjunction with local climate circumstances. These results are

conducive to understanding evolutionary conservation mechanisms in plant

phenology concerning evolutionary processes in different geographical and

climate zones.
KEYWORDS

geographical regions, plant phenology, plant functional traits, phylogenetic

conservation, temperate and subtropical climates
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1 Introduction

Phylogenetic conservatism (closely related species tend to show

similar traits) might be the biological basis for specific phenological

events in plants or sensitivity to abiotic environmental factors

(Davies et al., 2013; CaraDonna et al., 2014; Yang et al., 2021).

Still, it is poorly understood how evolutionary mechanisms and

geological and climatic conditions influence plant phenology and

phylogeny relationships. Numerous studies focus more on the

interannual variation of phenology that is affected by climatic

factors (such as temperature, precipitation, and daylight) (Ge

et al., 2015; Piao et al., 2019). In contrast, many studies

demonstrated that plants are now leafing out earlier and

flowering earlier in response to a warming climate (Wolkovich

et al., 2012; Bucher et al., 2018; Menzel et al., 2020; Rosbakh et al.,

2021). Climate change is due to geological changes such as

latitudinal range (Hickling et al., 2006; Mason et al., 2015) and

elevational extent (Chen et al., 2011). However, recent research

suggested that the biological foundation for phenological

occurrences in some plants or sensitivity to abiotic environmental

stimuli may be related to plant phylogeny, which states that closely

related species tend to exhibit comparable phenological properties

(Caradonna and Inouye, 2015; Yang et al., 2021). This might

undermine evolutionary conservatism by causing variations in

phenological timing or temperature sensitivity among closely

related species. Phylogenetic conservation may be obscure

because the same biological groups may encounter various

environmental l imitations and have followed different

evolutionary pathways (Davies et al., 2013; Du et al., 2015).

Therefore, it is essential to accurately improve the future forecast

of how geographical and environmental factors combined with

phylogenetic conservatism impact plant phenophases.

Changes in plant phenology are not uniform across the globe

due to the variance in plant phenological sensitivity to climate

change (Menzel et al., 2006; Gao et al., 2019). Spatial variance in

plant phenology change rate can modify well-established

phenological patterns along geographical gradients (Ma et al.,

2018; Vandvik et al., 2018; Liu et al., 2019). There are substantial

spatial variations because of regional geographical conditions

affecting climate (van der Wiel and Bintanja, 2021). For example,

surprising regional differences with local hotspots have been

identified in temperature changes across the United States

(Eilperin et al. , 2020). The constraint of phylogenetic

conservation change in plant phenological features due to

geographical and climatic zones must be understood at a regional

scale (i.e., climate differences and geographical variables) (Alice

Boyle and Bronstein, 2012). Relatively little attention has been paid

to the potential impacts of geographical variables (such as latitude

and altitude) that influence climatic variability, which will have

consequences in phenological and phylogenetic conservation. By

studying these variables at different spatial and temporal scales, the

effects of climate and geography on the evolutionary mechanisms

influencing phylogenetic conservatism in plant phenophases will be

more correctly predicted.

Phylogenetic conservation contributes to plants by clarifying

taxonomic status, identifying unique evolutionary lineages,
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determining relictual and recently derived species, and

investigating the phylogenetic value for conservation priority

between regional and widespread species (Coates, 2000; Ryder,

1986). The phylogenetic conservatism in plant phenophases in

response to climatic sensitivity has been well-reported (Davies

et al., 2013; Caradonna and Inouye, 2015; Du et al., 2015).

However, the mechanism behind how climatic factors would add

considerable uncertainty and affect the relationship between plant

phenology and phylogeny is still unknown. For a meaningful

prediction of plant phylogeny and phenology correlations with

regional climatic differences, an ability to consider attributes of

shared evolutionary history is essential (Cleland et al., 2012;

Wolkovich and Cleland, 2014).

The phylogenetic conservatism of phenological features has

since been evaluated using various techniques, such as Blomberg’s

K and Pagel’s lambda methods (Blomberg et al., 2003; Münkemüller

et al., 2012; Davies et al., 2013; Li et al., 2016). Significant efforts

were made to gather phenological records and plant characteristic

data from national flora books to know the relationship between

plant phenology and phylogeny. However, the accuracy of these

studies’ phenological and genetic data is not very high (Du et al.,

2015, 2017). The extent of these studies ranged from three years

(Basnett et al., 2019) to a few decades (Davies et al., 2013; Du et al.,

2017; Yang et al., 2021), which varied greatly in these studies. Using

incomplete genetic and phenological datasets can cause

incongruence in the phylogenetic signals in plant phenophases.

The comparison of chloroplast genome (cpDNA) sequences among

different plant species is an essential source of plant molecular

phylogenetic data, making it an ideal molecule for tracing the

evolutionary history of plant species (Chen et al., 2022). Here, we

use the complete chloroplast genome (cpDNA) dataset to

reconstruct the phylogenetic gene genealogies of plant species to

better understand the phylogenetic conservation between plant

phenological and climatic sensitive phenological traits.

Using plant functional traits (the characteristics of plants that

determine responses in the surrounding environment, other species,

and trophic levels) has become an efficient and accurate way to

investigate the effects of large-scale land and climate change (Dıáz

and Cabido, 2001; Suding et al., 2008; Pérez-Harguindeguy et al.,

2016). The functional traits of plants are essential biological

characteristics that most likely reflect the adaptation strategies of

plants to the environment (Funk et al., 2017). However, our

understanding of the confounding influences of plant functional

traits (i.e., life forms, pollination style, deciduous, and evergreen)

affect plant phenology and phylogenetic conservation remains

unclear. There is evidence that differences in plant functional

traits, such as life form, and biotic and abiotic pollination mode,

may also be associated with interspecific variation in plant

phenology (Wolkovich and Cleland, 2014; Du et al., 2017; Bucher

et al., 2018; Liu et al., 2021). However, some studies also found there

were no significant differences in the flowering time of the

entomophilous plants (Janeček et al., 2021). Therefore, the

relationship between functional traits and plant phenology still

deserves further exploration. This study analyzed the relationship

between plant functional traits and the spring phenological

characteristics of species in two different geographical regions.
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Climate determines the reproductive phenology of plants,

such as temperature and precipitation cause various reproductive

structures to grow and mature (Rathcke and Lacey, 1985; Høye

et al., 2007; Wang et al., 2023). Ting et al. (2008) concluded that the

fruiting period is progressively shorter with increasing latitude

because the climate varies with the geographical gradient. On the

other hand, our analysis may become highly ambiguous if we ignore

the long-term variations in geography and climate that affect the

length of reproductive phenology. Recent studies on the phenology

of common alder are consistent with the idea that local geographical

climate variation affects phenology (Ziello et al., 2009; Wang et al.,

2023). For instance, China’s average annual rainfall gradually drops

as northern latitude rises and east longitude falls (Xu and Zhang,

2020), shortening the time that photosynthesis (Huxman et al.,

2004). Another illustration is when a species cannot break the

dormant state of its seeds due to an environment that is too warm

for it. On the other hand, frost damage can occur to plants that

flower early or prematurely (Morin et al., 2007). Thus, the length of

reproductive phenology may be shortened. Consequently, a

thorough account of the global distribution and spatial patterns

of the duration of reproductive phenology is needed. Therefore, it’s

equally essential to comprehend how plants might react to

climate change.

This study investigates the phylogenetic conservatism in spring

phenological characteristics and the functional traits correlations

with phenological elements such as life forms (trees and shrubs) and

evergreen or deciduous species in two different climatic conditions

zones, i.e., Xi’an (temperate climatic) and Guiyang (subtropical

climatic) in China. The phylogenetic signal and evolutionary

models analyzed phylogenetic conservation in plant phenological

traits. It should be noted that because a small sample size may

reduce the predicted accuracy of the phenological model, we

excluded species with less than 50 years of flowering and leaf-out

data. To accomplish our objective, we address the following

questions: (i) To explore the phylogenetic conservation between

plant spring phenophases and climatic-sensitive spring

phenophases of two different climatic zones, i.e., Xi’an and

Guiyang in China. (ii) How do temperate and subtropical climatic

conditions influence the phylogenetic signals in plant phenological

traits of Xi’an and Guiyang species? (iii) To investigate different

geographical and climatic conditions that are directly connected to

the area’s evolutionary processes, which strongly impact plant

spring phenology and phylogeny relationships.
2 Materials and methods

2.1 Study sites

Xi’an and Guiyang are two historical regions of China with

different geographical and climatic conditions. Xi’an (34°12’N, 108°

57’E) is the capital of the Shaanxi province located in north-central

China (Bai et al., 2010). Xi’an (400m a.s.l) has a temperate semi-

humid climate with an average temperature of 13°C and average

precipitation of 578 mm annually (Bai et al., 2010). The vegetation

in Xi’an is sharply differentiated into northern and southern zones
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with mixed deciduous broad-leaved and evergreen forests. Guiyang

(26°38’N and 106°37’E) is the city of Guizhou Province, located in

southwestern China. Guiyang is a humid subtropical climatic region

at 1,050-1,275m a.s.l (Figure 1). Due to its high altitude, the annual

temperature is 15.3°C, and rainfall is about 11,000mm (Figure 2).

Guiyang City typically has harsh climatic conditions (subtropical

climate), such as high relative humidity, long, cloudy, rainy days,

and little sunshine. Natural wealth lies in its forests; about one-tenth

of the land is under natural forest. It has rich and valuable

woodlands of wild plants, among which several highly valued

herbs are used in traditional Chinese medicine.
2.2 Phenological and meteorological
data observation

The phenological observation records of the first leaf dates

(FLD) and first flower dates (FFD) of 77 and 37 plant species from

Xi’an and Guiyang respectively have been collected from the China

Phenological Observation Network (CPON). The details of plant

species and functional traits (life forms and evergreen or deciduous

species) are given in Supplementary Table 1. The phenological

observation data at each site (Xi’an and Guiyang) were collected

from 1968-2018, followed by defined observation criteria and

procedures (Wan and Liu, 1979). According to observational

standards, the first leaf out and flowering dates are determined as

a fixed individual plant of a specific species starts generating the first

leaf and the first flower, respectively (Dai et al., 2013; Wang et al.,

2015). We then compared differences in phenophases (FLD and

FFD) and their deviations in the period 1968-2018 between Xi’an

and Guiyang species.

The meteorological data is extracted from the China

Meteorological Data Service Center website (https://data.cma.cn/)

to acquire daily mean temperatures and precipitation from 1963 to

2018 for each station. We used the daily mean temperatures and

precipitation data to calculate spring phenology’s temperature and

precipitation sensitivity.
2.3 Molecular phylogenetics and
divergence time analysis

The available complete chloroplast genomes (cpDNA) of

selected Xi’an and Guiyang station plants were downloaded from

GenBank (NCBI accession numbers and species details presented in

Supplementary Table 1). Agaricus bisporus and Cantharellus cibarius

complete genomes are added as outgroups. Before phylogenetic

analysis, each station dataset is aligned separately using Genious v

12.0 software and the multiple alignment application MAFFT

(Darling et al., 2004). We directly generated an alternate

phylogeny from DNA sequence data to test the sensitivity of our

findings to the tree topology. Further details of tree reconstruction

are provided as supplementary information (Supplementary

Information Index II). We refer to the final topology as the ML tree.

In BEAST v1.8 .0 , the mult iple foss i l cal ibrat ions

(Supplementary Information Index I) were used to estimate the
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divergence periods between lineages with a relaxed clock and Yule

process speciation prior (Near et al., 2005; Marshall, 2008;

Drummond et al., 2012; Lukoschek et al., 2012). MrModeltest 2.3

was used to choose the GTRAGMMA nucleotide substitution

model (Nylander, 2004). In this case, we considered the

uncertainty of prior knowledge using a normal prior probability

distribution. The parameters were sampled every 5,000 generations,

while the analysis was run for 20,000,000 generations. Using Tracer

v. 1.6 (Drummond et al., 2012), the appropriate sample size (>200)

was established, and the first 10% of the samples were eliminated as

burn-ins. To construct a maximum clade credibility chronogram

depicting the mean divergence time estimates with 95% highest

posterior density (HPD) intervals, we used Tree Annotator v.1.8.0

(Drummond et al., 2012) to compile the collection of post-burn-in

trees and associated parameters. FigTree V1.3.1 (Drummond et al.,

2012) displayed the resulting divergence times.
2.4 Phylogenetic conservatism in
spring phenology

For phylogenetic conservatism, phylogenetic topology was the

resort. The following analyses were carried out using the “ape”

(Paradis et al., 2004) and “picante” (Kembel et al., 2010) libraries in

R (http://www.R-project.org; R Development Core Team).

Blomberg’s K technique was used to analyze each station’s

phylogenetic signal using spring phenological variables (Blomberg

et al., 2003; Gao et al., 2022). A trait’s evolution is influenced by
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phylogeny if K=1 shows that the inter-species correlation equals the

Brownian expectation. According to Brownian motion (BM), K>1

demonstrates that trait similarity is more significant than expected

(Blomberg et al., 2003). In contrast, K<1 denotes either stability (i.e.,

the characteristic is phylogenetically conserved) or absence of

phylogenetic structure (i.e., the trait is not phylogenetically

conserved) (Wiens et al., 2010). Using the phytools library in the

R, we calculated the K parameter for each phenological

characteristic. To determine whether the observed values

significantly deviate from the randomized arrangement. The P-

value might alternatively be derived by 1000 interactions in the

computation of K (Revell, 2012).

We approached the close fitting of evolutionary models for

evaluating phylogenetic conservatism as a random variation and

evolutionary stasis shaped by selection can be directly captured by

the white noise (WN) model and Ornstein-Uhlenbeck (OU) model,

respectively (Felsenstein, 1985; Blomberg et al., 2003; Butler and

King, 2004; Kozak and Wiens, 2010; Diniz-Filho et al., 2015).

Phylogenetic signal representation (PSR) curves to investigate the

evolutionary patterns of trait development (Diniz-Filho et al., 2012).

We assessed each trait’s evolutionary processes by comparing the

close fitting of the three most popular evolutionary models (BM,

OU, and WN) with the highest value of weight Akaike Information

Criterion model to make up for the limitations of the phylogenetic

signal approach (wAIC) (Butler and King, 2004; Diniz-Filho et al.,

2012). Phylogenetically independent trait variation was modeled

using the WN model with random variation, the BM model of

progressive drift, and the OU model for stasis or stable selection. It
A

B

FIGURE 1

(A) Representation of geographical map with all climatic zones of China and the location of Xi’an and Guiyang. (B) The altitude difference between
Xi’an and Guiyang.
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is predicated on the phylogenetic eigenvector regression (PVR)

model, which employs eigenvectors obtained and chosen from a

pairwise phylogenetic distance matrix to describe trait variation. To

construct PSR curves, we followed Staggemeier et al. (2015)

methods to know the evolution and conservation of phenological

traits. Additionally, the PSR curve’s shape reflects the pace of trait

evolution in the phylogenetic tree (Diniz-Filho et al., 2012).
2.5 Sensitivity of plant phenology and
phylogenetic conservation

The spring phenological traits sensitivity analysis to

temperature and precipitation was performed differently between

Guiyang and Xi’an stations. To identify the preseason, we

determined the Pearson’s correlation coefficient (r) between FLD/

FFD and temperature during the 1 day, 2 days,…, and 120 days

before the average FLD/FFD of the study period, respectively. The

preseason was then identified as the period with the highest “r” (Dai

et al., 2019). The regression slope between the FLD/FFD and the

daily mean temperature averaged throughout the preseason

determined the temperature and precipitation sensitivity. The

above method (section 2.4) was applied to know the phylogenetic

conservation in the sensitivity of plant phenology.

We performed the frequency distribution analysis to compare

the temperature sensitivity as days and precipitation sensitivity as

days/mm to check the advancement of the Xi’an and Guiyang

species in spring phenology (FLD and FFD).
2.6 Statistical analysis

This paper mainly analyzes the influence of three functional

traits, i.e., life form (shrubs and trees), pollination style (biotic and

abiotic), and distinct plant groups (deciduous and evergreen), on

spring phenological traits (Figure 2). Refer to “Flora of China” for

functional traits classification: life form; trees whose maximum

height exceeds six meters are classified as trees, and those whose
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size does not exceed six meters are grouped as shrubs. Pollination

methods: gymnosperms and angiosperms with small, odorless

flowers and many stamens are classified as anemophilous plants;

angiosperms with large, fragrant flowers, conspicuous petals, and

brightly colored flowers are grouped as insect-borne plants (Du

et al., 2017). Deciduous plants are considered a group of plants that

shed their leaves seasonally, while evergreen plants are considered a

group of plants that keep their leaves throughout the entire year. We

used phylogenetic generalized least squares (PGLS) models to

compensate for phylogenetic autocorrelation. The ‘pgls’ function

from the Caper R package fits PGLS models (Orme et al., 2014).

This allowed us to study the impacts of various plant function

features on spring phenological traits in temperature and

precipitation variations. Figure 2 represents the functional traits

and numbers of species in Guiyang and Xi’an. We performed the

mean and median range analysis to compare the plant functional

features such as tree and shrub species, biotic and abiotic

pollination, and deciduous and evergreen species between the

spring phenological traits (FLD and FFD, temperature and

precipitation sensitivities of FLD and FFD) of Guiyang and Xi’an.
3 Results

3.1 Plant phenological characteristics in
Guiyang and Xi’an areas

Our results compare the spring phenological characteristics and

the differences between each Guiyang and Xi’an species. Guiyang’s

first leaf dates (FLD) indicate that leafing begins at 40 days and lasts

until 100, while Xi’an FLD findings suggest that later leafing starts

after 60 days and lasts until 120 (Figure 3). Overall, Xi’an adjourned

the case later than Guiyang. The first flower dates (FFD) produce

distinct outcomes compared to FLD. While Xi’an’s FFD results

show later leaves beginning before 50 days and ending at 250 days,

Guiyang’s results show blooming flowers starting at 50 days and

lasting more than 300 days. Typically, Guiyang flowers are later

than that of Xi’an.
B

C

A

FIGURE 2

(A) Graphical overview of shrubs and trees; wind and insect-pollinated species; deciduous and evergreen species in Xi’an and Guiyang (B)
Temperature and precipitation graph of Xi’an (C) Temperature and precipitation graph of Guiyang.
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The spring phenological traits sensitive to temperature and

precipitation reveal that Guiyang’s temperature sensitivity leaf

phenology (FLD-ST) begins leafing when the temperature is

between -8 and -2 °C. However, according to FLD-ST data, plants

from Xi’an begin to leaf at temperatures between -5 and -1 °C

(Figure 3). In general, Xi’an has a lower leaf-out temperature than

Guiyang. On the other hand, species from Guiyang and Xi’an

commence flowering with an average temperature of -14 to -2 °C

according to the temperature sensitivity of the first flower date

(FLD-ST) (Figure 3). In Guiyang and Xi’an species, the first leaf

date (FLD-Sprc) precipitation sensitivity exhibits the same

pattern, with an average precipitation of -0.2 to 0.3mm

before leafing begins. In contrast, first flower date (FFD-Sprc)

precipitation sensitivity analysis indicated that average rainfall

starts flowering at -0.2 to 0.5mm in Guiyang. The FFD-Sprc
findings for the Xi’an species show that flowering begins at -0.2

to 0.4mm in precipitation. Overall, Xi’an experiences less blooming

than Guiyang.
3.2 Phylogenetic conservation in plant
phenology and sensitivity of
plant phenology

The K-value was below one for all the spring phenological

characteristics in Xi’an and Guiyang, predicted by Brownian

motion. However, the signal intensity was different between the

two locations. The leaf and flower phenological characteristics show
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weaker and non-significant phylogenetic signals (K values) in

Guiyang. Therefore, the phylogenetic conservation signals in the

spring phenological characteristics (FLD, FLD-ST, FLD-Sprc, FFD,

FFD-ST, FFD-Sprc) of Xi’an species were solid and significant

(Table 1). The WN model had the lowest wAIC value among the

three evolutionary models, demonstrating that all the spring

phenological traits were not preserved phylogenetically in

Guiyang (Table 1). The OU model’s lower wAIC number for all

Xi’an phenological traits indicates that the evolution of spring

phenological qualities was slower than predicted by the Brownian

model. However, the findings from three evolutionary models of

Xi’an show a similar pattern with substantial conservation,

demonstrating that the degree of phylogenetic conservatism in

phenological traits has recently changed.
3.3 Phylogenetic signals of each species
(tree topology) in plant
spring phenophases

Our molecular phylogenetic tree results demonstrate that

closely related genera and species are located nearby in the

topology (Figures 4, 5). However, the sizes of the circles in front

of each species reveal the traits’ values, i.e., a more significant size

denotes later FLD or FFD, strong temperature sensitivity, or a

greater need for precipitation. We addressed the outcomes of

substantial phylogenetic conservation in Xi’an species here. Our

findings show that the values of FFD, FFD-ST, and FFD-SPrc of
FIGURE 3

Spring phenophases of plant species collected from 1968 to 2018 in Guiyang and Xi’an. FLD, first leaf date; FFD, first flower date; FLD-ST, first leaf
date temperature sensitivity; FFD-ST, first flower date temperature sensitivity; FLD-SPrc, first leaf date precipitation sensitivity; FFD-SPrc, first flower
date precipitation sensitivity, respectively. DOY, Day of the year.
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Xi’an species are more robust (Figure 5). High K values illustrate

phylogenetic conservatism in FFD, FFD-ST, and FFD-SPrc in Xi’an.

However, phylogenetic signals in the timing of spring phenology

were not significantly different from these findings. These findings

indicated that the phylogenetic conservatism is more significant and

stable in the Xi’an species FFD, FFD-ST, and FFD-SPrc (Table 1;
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Figure 5). In contrast, the findings of the Guiyang species are

identical, except that FLD-SPrc results demonstrate stronger

precipitation sensitivity (Table 1; Figure 4). According to different

site ecologies, species sample sizes, and the accuracy of the

underlying site-level phylogenetic trees, significance differed

between sites. This variation is most likely due to these factors.
FIGURE 4

Phylogenetic signals of phenological traits in Guiyang station. A plot of spring phenological attributes at the tips of the phylogenetic tree of 37
species in Guiyang. FLD; first leaf date, FFD; first flower date, FLD-ST; first leaf date temperature sensitivity, FFD-ST; first flower date temperature
sensitivity, FLD-SPrc; first leaf date precipitation sensitivity, FFD-SPrc; first flower date precipitation sensitivity, respectively. The sizes of the circles
are proportional to the values of the traits, i.e., a larger size indicates later FLD or FFD, a larger size indicates stronger temperature sensitivity, and a
larger size means FLD-SPrc is more sensitive with precipitation. Bootstrap values of Neighbor Joining, Maximum Likelihood and Bayesian
Interference are written above each branch respectively. Molecular divergence time and 95% HPD values are written below each branch.
TABLE 1 Phylogenetic conservation signals in spring phenophases and response to climatic sensitivity (temperature and precipitation).

No. Name of Phenophases Blomberg’s K value P Value BM OU WN

Guiyang

1 FLD 0.13 0.367 370.7142 335.716 333.3738*

2 FFD 0.12 0.463 478.10 462.64 461.87*

3 FLD-ST 0.11 0.547 186.47 151.43 149.15*

4 FFD-ST 0.09 0.646 241.212 218.061 215.7854*

5 FLD-SPrc 0.08 0.83 291.75 278.93 274.89*

6 FFD-SPrc 0.10 0.66 321.42 277.96 275.34*

Xi’an

1 FLD 0.228 0.165 615.6328 598.8631* 603.7633

2 FFD 0.209 0.165 829.7437 807.9478* 808.2966

3 FLDST 0.207 0.217 232.9588 210.1808* 213.7730

4 FFDST 0.195 0.169 405.8885 382.4478* 383.6406

5 FLD-SPrc 0.09 0.641 214.503 191.2332* 265.2623

6 FFD-SPrc 0.133 0.128 224.303 199.1742* 214.5212
FLD, first leaf date; FFD, first flower date; FLD-ST, first leaf date temperature sensitivity; FFD-ST, first flower date temperature sensitivity; FLD-SPrc, first leaf date precipitation sensitivity; FFD-
SPrc, first flower date precipitation sensitivity; WN, white noise model; OU, Ornstein-Uhlenbeck model; and BM, Brownian motion. * Means significant conservative value.
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3.4 The evolutionary history of Xi’an and
Guiyang species

With strong bootstrap support values, both phylogenetic trees

developed larger bi-phyletic clades. We calculated the divergence

periods for the biphyletic tree lineages in Guiyang to be 36 mya

based on the cpDNA data. The molecular dating results suggested

that the species in each clade appeared to have separated from their

relatives during the middle Eocene in the Tertiary Cenozoic Era at

46.0 mya (Figure 4). According to the cpDNA findings, the

divergence periods for Xi’an’s species’ significant biphyletic tree

lineages were 76 mya. The molecular dating findings also indicated

that the Xi’an species in each clade separated from its relatives

during the late Cretaceous Mesozoic epoch (Figure 5).
3.5 Evolutionary patterns of
phenological traits

The spring phenological trait evolution rate was not as steady as

predicted by the Brownian model. PSR curves were higher than the

null model but lower than the 45-degree reference line for all

phenological characteristics. The findings indicated that the black

line in Guiyang was closer to the yellow line in each stage than in

Xi’an, indicating that the development of spring phenological traits

in Guiyang was more consistent with random shift and that

phylogeny had a less significant impact than in Xi’an (Figure 6).

Additionally, the pace of evolution is changing quickly. Although

evolution progresses slowly at first, it accelerates quickly toward the

conclusion of the curve. This demonstrated that younger species are

evolving more rapidly in Xi’an and Guiyang than elder species.
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3.6 Plant functional trait relationship with
spring phenology

We investigated the functional characteristics (trees and shrubs;

biotic and abiotic pollination; deciduous and evergreen) that

influenced the spring phenology of plants in Guiyang and Xi’an.

Our findings indicated that the dominant tree species in Xi’an

exhibit later leafing and early flowering. In Guiyang, tree species had

leafed out (15.55 days) later than shrubs with a significant

correlation, while the tree’s flowers bloomed (45 days) earlier

than shrubs (Table 2). Trees predominate in Guiyang, suggesting

leaf out and flowering would occur later. Similarly, the tree species

of Xi’an also exhibit the same pattern, leaf out emerging (9.2 days)

later and significantly correlated with shrubs. In comparison,

flowering occurs (0.988 days) sooner in the trees than in shrubs

in Xi’an (Table 2). The temperature and precipitation sensitivity of

leaf out and flowering (FLD-ST, FFD-ST, FLD-SPrc, and FFD-SPrc) in

Guiyang species indicate non-significant results. While temperature

sensitivity results of leaf out (FLD-ST) in Xi’an species show

significant correlations, with a rise of 1°C, trees’ reaction to

temperature is 0.657 days/°C later than shrubs. On the other

hand, the temperature sensitivity of flowering (FFD-ST) and

precipitation sensitivity of leaf out and flowering (FLD-SPrc and

FFD-SPrc) in Xi’an species reveal a non-significant correlation.

Regarding pollination types (biotic and abiotic pollination of

plants), we discovered that flowering phenology (FFD) and

temperature-sensitive flower phenology (FFD-ST) interacted with

a non-significant but strong relationship with biotic and abiotic

pollination in Xi’an and Guiyang. At the same time, leaf-out

phenology (FLD) and temperature-sensitive leaf phenology (FLD-

ST) show a non-significant and weak relationship with abiotic and
FIGURE 5

Topology diagram and phylogenetic signals of phenological traits in Xi’an station. A plot of spring phenological attributes at the tips of the
phylogenetic tree of 77 species in Xi’an. FLD; first leaf date, FFD; first flower date, FLD-ST; first leaf date temperature sensitivity, FFD-ST; first flower
date temperature sensitivity, FLD-SPrc; first leaf date precipitation sensitivity, FFD-SPrc; first flower date precipitation sensitivity, respectively. The sizes
of the circles are proportional to the values of the characteristics, i.e., a larger size indicates later FLD or FFD, stronger temperature sensitivity (ST
with higher absolute value), and FLD-SPrc more precipitation requirement. Bootstrap values of Neighbor Joining, Maximum Likelihood and Bayesian
Interference are written above each branch respectively. Molecular divergence time and 95% HPD values are written below each branch.
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biotic pollination in Xi’an and Guiyang species. The wind strongly

correlated with flowering phenology under climatic sensitivities

(FFD-ST and FFD-SPrc) (Table 2). These findings indicated that

various pollination methods offer distinct correlation patterns with

spring phenological features for the Guiyang and Xi’an species.

Plants that receive both biotic and abiotic pollination produce

leaves later but flowers earlier, with non-significant correlations

(Table 2). The sensitivity of temperature and precipitation to leaf

phenology reveals a weak relationship with biotic and

abiotic pollination.

Our analysis of the distinct groups of plant species revealed a

significant interaction between the flowering phenology in Xi’an and

the mechanisms governing the species of evergreen and deciduous

plants. Findings suggested that Guiyang species exhibit non-

significant and weak correlations in all phenological traits with low

values of the coefficient of PGLS. Contrarily, plant species in Xi’an

show a different pattern with earlier leaf out in evergreen and

deciduous plant species (2.046 days) and earlier flowering with

significant and robust responses to evergreen and deciduous plant

species (57.721* days) (Table 2). The temperature sensitivity findings

of flowering (FFD-ST) in Xi’an species are (4.626* days/°C) stronger

and significant reaction (Table 2). The results of the precipitation
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sensitivity test for leaf out and flowering in Guiyang and Xi’an species

indicate a non-significant and stronger response with evergreen and

deciduous plant species (Table 2).

The mean and median range analysis revealed that similar

phenological traits show a similar pattern in each functional

attribute in both study areas, e.g., first leaf out dates (FLD) show

a similar trend of mean and median range in each functional trait of

Xi’an and Guiyang (Figure 7). The leaf out and flowering dates were

counted as Days of Year (DOY), and the temperature sensitivity

(days/°C) and precipitation sensitivity were shown as (days/mm) in

Figure 6. The range of leaf-out phenology offers more than other

phenophases in all functional traits, revealing that leaves take more

time to bloom. Flowering phenology shows the minor range of

mean and median in all available features except evergreen species.

This represents more range, indicating that flowers take more time

to bloom in the evergreen species group. The results also revealed

that the mean and median of temperature sensitivity in all

functional traits show the same pattern, indicating that

temperature has equal importance in leaf and flowering

phenology in all plant’s functional characteristics. On the other

side, the mean and median of the precipitation sensitivity range

show a different pattern in all functional features, representing that
B C D
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FIGURE 6

Spring phenological traits’ phylogenetic signal representation (PSR) curves. The red and yellow bands show the confidence intervals for the BM
model and WN random expectations. We can find the 1:1 line in black. The black dots represent the phylogenetic eigenvectors that were
consecutively added. The x-axes reflect the cumulative total of the eigenvalues, while the y-axes represent the R2 values of the successive PVR
models. (A) FLD; first leaf date, (B) FFD; first flower date, (C) FLD; first leaf date, (D) FFD; first flower date, (E) FLD-ST; first leaf date temperature
sensitivity, (F) FFD-ST; first flower date temperature sensitivity, (G) FLD-ST; first leaf date temperature sensitivity, (H) FFD-ST; first flower date
temperature sensitivity, (I) FLD-SPrc; first leaf date precipitation sensitivity, (J) FFD-SPrc; first flower date precipitation sensitivity, (K) FLD-SPrc; first leaf
date precipitation sensitivity, (L) FFD-SPrc; first flower date precipitation sensitivity, respectively.
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TABLE 2 The relationship between plant spring phenophases and sensitivity of spring phenophases with plant functional trait based on phylogenetic
generalized least squares (PGLS) models.

Area Functional Traits Phenological Traits Coefficient P Value

Xi’an Life Form (Trees and Shrubs) FLD 9.2 <0.05*

FFD -0.988 0.925

FLD-ST 0.657 0.002*

FFD-ST -0.367 0.602

FLD-SPrc 0.029 0.1739

FFD-SPrc 0.014 0.549

Guiyang Life Form (Trees and Shrubs) FLD 15.5476 <0.01*

FFD -45 0.214

FLD-ST 0.322 0.688

FFD-ST -1.2833 0.6125

FLD-SPrc -0.001 0.98

FFD-SPrc 0.015 0.763

Xi’an Pollination Form (Biotic Vs Abiotic) FLD 3.786 0.179

FFD -17.319 0.09

FLD-ST 0.178 0.417

FFD-ST -0.402 0.5608

FLD-SPrc 0.0274 0.156

FFD-SPrc -0.084 0.001

Guiyang Pollination Form (Biotic Vs Abiotic) FLD 7.19 0.169

FFD -22.821 0.453

FLD-ST 0.473 0.477

FFD-ST -0.706 0.738

FLD-SPrc 0.030 0.187

FFD-SPrc 0.054 0.034

Xi’an Species Group (Evergreen Vs Deciduous) FLD 2.046 0.214

FFD 57.721 <0.02*

FLD-ST -0.53 0.688

FFD-ST 4.626 <0.01*

FLD-SPrc -0.009 0.98

FFD-SPrc -0.016 0.763

Guiyang Species Group (Evergreen Vs Deciduous) FLD -5.31 0.321

FFD 48.48 0.925

FLD-ST -0.006 0.652

FFD-ST 0.304 0.602

FLD-SPrc 0.038 0.1739

FFD-SPrc -0.046 0.549
F
rontiers in Plant Scienc
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FLD, first leaf date; FFD, first flower date; FLD-ST, first leaf date temperature sensitivity; FFD-ST, first flower date temperature sensitivity; FLD-SPrc, first leaf date precipitation sensitivity; FFD-
SPrc, first flower date precipitation sensitivity. * Means significant value.
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precipitation has different effects on each phenophases in each

functional trait.
4 Discussion

4.1 Phylogenetic conservatism in
plant phenophases

There was an association between phylogeny and the strength of

the phenological shifts (Cohen et al., 2018; Inouye, 2022). The

phylogenetic conservation in plant phenophases varies in different

geographical and climatic conditions. In this study, we examined

the correlations between plant spring phenology and the phylogeny
Frontiers in Plant Science 11107
of plant species in response to climatic and functional

characteristics in Xi’an and Guiyang, China. Results revealed that

phylogenetic signals in spring phenological traits were significantly

conserved in Xi’an but non-conservative in Guiyang (Table 1).

Significant phylogenetic signs in the Xi’an plant’s phenological

characteristics indicate that closely related species typically have

similar climatic adaptability for phenology (Davies et al., 2013).

However, our findings demonstrated that the spring phenological

features (FLD and FFD) showed non-conservative phylogenetic

signals in Guiyang (Table 1), which was comparable with the results

of some studies across the Tibetan Plateau, demonstrating the

absence of phylogenetic signals in leaf unfolding (Yang et al.,

2021). Our finding also indicated that the Guiyang species’

phylogenetic signs of blooming features were considerably more
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FIGURE 7

Mean and median range of spring phenological traits of tree and shrub species, biotic and abiotic pollination, and deciduous and evergreen species
in response to first leaf dates, first flowering dates, temperature and precipitation sensitivity in Guiyang and Xi’an. (A) FLD of biotic and abiotic
pollination species (B) FFD of biotic and abiotic pollination species (C) FLD-ST of biotic and abiotic pollination species (D) FFD-ST of biotic and
abiotic pollination species (E) FLD-SPrc of biotic and abiotic pollination species (F) FFD-SPrc of biotic and abiotic pollination species (G) the FLD of
tree and shrubs (H) FFD of tree and shrubs (I) FLD-ST of tree and shrubs (J) FFD-ST of tree and shrubs (K) FLD-SPRC of tree and shrubs (L) FFD-SPRC
of tree and shrubs (M) FLD of evergreen and deciduous species (N) FFD of evergreen and deciduous species (O) FLD-ST of evergreen and deciduous
species (P) FFD-ST of evergreen and deciduous species (Q) FLD-SPrc of evergreen and deciduous species (R) FFD-SPrc of evergreen and deciduous
species. DOY: Day of the year, FLD; first leaf date, FFD; first flower date, FLD-ST; first leaf date temperature sensitivity, FFD-ST; first flower date
temperature sensitivity, FLD-SPrc; first leaf date precipitation sensitivity, FFD-SPrc; first flower date precipitation sensitivity, respectively.
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significant than those of leaf-out traits. Contrarily, leaf unfolding, a

photosynthetic characteristic, may maximize environmental

resources for promoting reproductive development (Gougherty

and Gougherty, 2018). Consequently, it may be more responsive

to environmental changes than blooming characteristics. These

correlations between structural and functional variables during

evolution may have stabilized environmental circumstances and

shaped flowering traits (Memmott et al., 2007).
4.2 Phylogenetic conservation in climatic
sensitive spring phenological traits

An emerging result of phylogeography and plastic responses to

environmental cues specific to a particular area, like temperature,

precipitation, and photoperiod, were phylogenetic signals. Each site

exposes its species to the same set of environmental stimuli. We

observed considerable variation in strength of conservatism

between temperature and precipitation-sensitive spring

phenophases (FLD-ST, FFD-ST, FLD-SPrc, and FFD-SPrc),

possibly reflecting variation in climatic differentiation. Significant

phylogenetic signals were found in Xi’an species in temperature and

precipitation-sensitive spring phenology (FLD-ST, FFD-ST, FLD-

SPrc, and FFD-SPrc), indicating that species were consistent with

the climate change factors. Nonetheless, in certain instances, the

degree of phylogenetic conservatism for mean FLD and FFD was

higher within sites than seen worldwide. Phylogenetic conservatism

was frequently weaker within an area than across locations. Our

findings point to a significant intrinsic evolutionary conservatism in

the Xi’an species’ phenological features, particularly noticeable

when the species are subjected to similar external environmental

stimuli. Recently, another study also reported the evolutionary

signal of the temperature response of flowering time in Northeast

China (Du et al., 2017). However, our findings demonstrated that

the climatic sensitive spring phenological features (FLD-ST, FFD-

ST, FLD-SPrc, and FFD-SPrc) showed non-conservative phylogenetic

signals in Guiyang, which was similar to the results of spring

phenological elements (FLD and FFD) (Table 1). Some studies in

the Colorado Rocky Mountains (Caradonna and Inouye, 2015)

demonstrated the absence of a phylogenetic signal (i.e., non-

conservative phylogenetic signal) in the temperature sensitivity of

spring phenological time. In comparison, the fact that the Rocky

Mountains in Colorado have a harsher environment as the area

under study and the solid abiotic selection pressures may restrict

species growth and reproduction (Cavender-Bares et al., 2009;

Lessard-Therrien et al., 2014). Their evolution is restricted in

response to temperature and insignificant signals in temperature

sensitivity species (Du et al., 2015; Basnett et al., 2019). The

temperature and precipitation susceptibility of spring phenology

in Guiyang species also showed no evidence supporting a

phylogenetic signal, the same as spring phenology results. These

findings demonstrated that the environmental (temperature and

precipitation) and geographical circumstances (altitude) of the two

regions (Xi’an and Guiyang) are distinct from one another and

contribute to the variation in phylogenetic conservation in the

spring phenology of plants.
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Our findings suggest significant phylogenetic evidence in

temperature and precipitation sensitivity phenological traits of

Xi’an species while non-conservative in Guiyang plant species

(Table 1), indicating species consistent with the studies for

subtropical research (Li et al., 2020). Results revealed that the

temperature of both areas is the same, but the precipitation

difference is double that of Guiyang and Xi’an. Körner and Basler

(Körner and Basler, 2010) previously reported that in most

temperate tree species, phenological events such as flowering and

autumnal cessation of growth are not primarily controlled by

temperature. It was also suggested that phenology might be less

sensitive to temperature and photoperiod and more tuned to

seasonal shifts in precipitation (Reich, 1995; Morellato, 2003;

Sanchez-Azofeifa et al., 2013). Such modifications are expected to

occur in concert with rising global temperatures, but the direction

and magnitude of change vary regionally (Cubasch et al., 2001). A

recent study demonstrated that early flowering advanced under

warming plus precipitation addition compared to warm, dry, mild,

and very wet species (Ganjurjav et al., 2020). The advancement of

spring phenology due to temperature and precipitation leads to

evolutionary progress in phenological parameters that disturb the

phylogenetic conservation of Guiyang species. The observations of

weak conservatism have at least three plausible explanations. First,

there is a chance that inaccurate evolutionary reconstructions or

measured attributes will muddle the potential signal. Second,

phenological cycles could evolve in a way that is poorly

anticipated by phylogeny, for instance, when local adaptation or a

comparable directional selection force is powerful and controls

evolutionary trajectories. Third, phenology may show a flexible

response to the environment independent of taxonomic

membership (i.e., phenological plasticity), such that the

environmental conditions largely determine the phenological

schedules for species and populations.
4.3 Climatic conditions impacted
phylogenetic conservatism in
plant phenophases

Our molecular dating results revealed that Xi’an plant species

diverged from their ancestors during the late Cretaceous period (95

Mya), while the Guiyang species diverged during the middle Eocene

Era (46 Mya) (Figures 4, 5). During the Cretaceous, the study area

experienced large-scale magmatic intrusion under the influence of

the late Yunshan movement, which was characterized by a

significant global greenhouse climate, with a significant decrease

in temperature and an increase in sea level (Wang et al., 2022).

Previously it was also found that the Eocene–Oligocene transition

in south-eastern Tibet changed the climate from sub-tropical/warm

temperate to cool temperate, likely reflective of both uplift and

secular climate (Su et al., 2019). We proposed that the recent

elevation of the Tibet Plateau influences the climatic shift that led

to the phylogenetic divergence of Guiyang species from their

parents and to non-conservative phylogenetic signals. In contrast,

Xi’an species have a long evolutionary history, making them more

climate-adaptive and exhibiting notable phylogenetic conservation.
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However, our findings revealed significant phylogenetic signals

in spring phenology (FLD and FFD) and climate sensitivity (FLD-

ST, FFD-ST, FLD-SPrc, and FFD-SPrc) in Xi’an species, while non-

conservative in Guiyang. The long evolutionary history of Xi’an

species suggested that plants are comparatively more stable and

conserved than Guiyang species. For example, it has long been

assumed, and sometimes demonstrated, that within a habitat type,

the amount of ecological differentiation among species is

proportional to the amount of evolutionary and genetic

divergence (Stephens and Wiens, 2004). Ecological differentiation

can result in reduced resource use overlap between species, allowing

species to stabilize in new habitats slowly. Hence, the phylogenetic

conservation in spring phenological traits is significant and more

substantial in Xi’an after ecological differentiation in new habitats.

Guiyang species have recently diverged and show non-significant

conservation in plant spring phenology.

Another reason for non-conservative Guiyang species is that

they typically have harsh climatic and geographical conditions such

as higher altitude, high precipitation, high relative humidity, long,

cloudy, rainy days, and little sunshine (Figure 2). Previously, it was

reported that harsher settings might cause features among lineages

not closely related to converging, diminishing the phylogenetic

signal (Lessard-Therrien et al., 2014; Du et al., 2015). In contrast,

a report suggested that some tree species showed a significant

relationship between phylogenetic conservatism and plant

phenology at high altitudes under harsh climates (Li et al., 2016).

These phylogenetic linkages may be the basis for species-specific

phenological sensitivity to abiotic variation and may aid in

predicting these responses to climate change (Caradonna and

Inouye, 2015). We also assume that natural selection and their

genetic link were strongly correlated with species spread.

The phylogenetic signals of spring phenology were significantly

conserved in Xi’an, which was highly consistent with the findings of

other studies in Europe and North America (Davies et al., 2013),

and China (Du et al., 2015, 2017; Li et al., 2016). This finding further

supports the phylogenetic constraint theory in temperature and

precipitation sensitivity for flowering. A similar phenomenon is

observed in northern Europe, where tree species richness is low

during glaciations and postglacial dispersal limitations (Svenning

and Skov, 2007). Finally, it is worth mentioning that the combined

effect of both the contemporary environment and historical

contingencies is significant (Hawkins et al., 2003; Montoya et al.,

2007). This is mainly because environmental conditions vary across

biogeographical regions. The different combinations of local

climatic and geographical variables can result in remarkable

changes in plant phenological features. These findings support

our hypothesis that local environmental adaptation (LEA)

changes with geographical variations directly related to regional

climatic conditions and affect the relationship between plant spring

phenology and phylogeny. Furthermore, considerable conservation

regimes in these regions should consider species diversity and their

unique ecological and evolutionary history (Forest et al., 2007). The

effects of historical contingencies are partly complicated by

the contemporary environment (especially climate). We believe

that the impact of the modern environment on plant phenology

is fundamental across the globe, dominating general trends and that
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historical contingency may only cause deviations in phylogenetic

conservation in both regions of Xi’an and Guiyang.
4.4 Interaction between plant functional
traits and spring phenophases

This work examined the spring phenology in Xi’an (temperate)

and Guiyang (subtropical) for species concerning phylogeny and

functional features. For instance, our study discovered a strong and

significant correlation between spring phenology and plant functional

traits, such as life forms and distinct groups of plants (deciduous and

evergreen) species in Xi’an (Table 2). The time of leaf expansion is

significant in shrubs and earlier than that of trees in Xi’an, which is

consistent with the research conclusion of Panchen et al (Panchen et al.,

2015). in 8 botanical gardens in temperate regions of the northern

hemisphere. The probable cause is that earlier leaf expansion allows

shrubs to take full advantage of light for photosynthesis before the tree

canopy is fully formed (Rollinson and Kaye, 2012; Panchen et al.,

2015). The study also found a significant relationship between trees and

earlier flowering onset in Xi’an, similar to the research conclusion (Du

et al., 2017). Our results also revealed a significant relationship between

deciduous and evergreen plant species with Xi’an flowering phenology,

as suggested in previous research (Alice Boyle and Bronstein, 2012;

Wang et al., 2020). Our pollination analysis results are not significant

(Table 2), which show two possible explanations: First, wind-pollinated

tree species need to bloom before the canopy closes, thereby reducing

the blocking of leaves on the wind-borne pollen (Fenner, 1998);

Second, the Guiyang and Xi’an regions early spring is relatively dry,

cold and windy, which restricts the activities of pollinators, resulting in

rather a late flowering in plants (Griz and MaChado, 2001).

Additionally, our findings showed that trees have an advantage over

shrubs in light interception and wind pollination for enhancing

reproductive success (Alice Boyle and Bronstein, 2012).

Climatic conditions considerably impacted species’ flowering

phenology differences (Chang-Yang et al., 2013; Qi et al., 2015).

Functional features in this situation might operate as a steppingstone

variable in the interaction between climatic conditions and spring

phenology. Trees are more sensitive to temperature change than shrubs

because of long-term environmental selection (Chávez-Pesqueira and

Núñez-Farfán, 2016; Yang et al., 2018). However, our results support

the association between growth type and spring phenology in Xi’an

temperate climate zones. Temperature-sensitive results with life forms

(trees and shrubs) and distinct groups (deciduous and evergreen) of

plant species show a significant relationship with leaf and flower

phenology in Xi’an, respectively. The above research conclusions

reflect plant species’ different functional trade-off strategies that

respond to the external environment and reflect the differentiation of

plant niches and species to a certain extent. This suggests that more

specific traits better suited for one particular region be used in the

future. We consider identifying the most adaptative characteristics for

surviving plant species in different biomes a vital goal. Finally, this

study also has certain uncertainties, such as being limited by

observation records. These plants usually span multiple families,

resulting in insufficient resolution of the phylogenetic tree, which

affects the accuracy of research conclusions to a certain extent. In the
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future, it is necessary to strengthen the phenological observation of

more species records in the Xi’an and Guiyang area and refine the

analysis to a few families to explore the plants more deeply

and accurately.
5 Conclusions

This study examines the phylogenetic conservation between plant

phenological traits and their relationship with biological characteristics.

It uses first leaf and flower date data from the China Phenological

Observation Network (CPON) for 77 and 40 plant species from Xi’an

and Guiyang, respectively. We have shown that the initial leaf

unfolding and blooming dates of plants in X’ian exhibit significant

phylogenetic signals and are compatible with the OU evolutionary

process; however, plant species show non-significant phylogenetic

conservation in Guiyang. Similar to this, Xi’an species were

significantly phylogenetic conserved with temperature and

precipitation sensitivity of phenological traits (FLD-ST, FFD-ST,

FLD-SPrc, and FFD-SPrc) but non-conservative in Guiyang. Our

results suggested a strong relationship between FFD and FFD-ST
with plant functional traits of distinct plant groups (evergreen and

deciduous) and life forms (trees and shrubs). These findings indicated

that ecological and evolutionary processes under climate change and

natural selection forces affect the phylogenetic conservation of the

above phenological characteristics. Our results extended the basic

phenology theory, providing a new perspective for correctly

evaluating the relationship between climatic conditions and

phylogenetic conservation with plant phenology.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding authors.
Author contributions

KS: Conceptualization, Formal analysis, Investigation,

Methodology, Software, Writing – original draft, Writing – review

& editing. MZ: Conceptualization, Data curation, Formal analysis,
Frontiers in Plant Science 14110
Software, Writing – review & editing. LC: Data curation, Formal

analysis, Investigation, Software, Writing – review & editing. YH:

Data curation, Investigation, Methodology, Software, Writing –

review & editing. YZ: Data curation, Formal analysis,

Methodology, Software, Writing – review & editing. WL: Data

curation, Methodology, Software, Writing – review & editing. JD:

Conceptualization, Funding acquisition, Project administration,

Supervision, Writing – original draft, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This

research has been supported by the National Key Research and

Development Program of China (grant no. 2023YFF1303804), the

Strategic Priority Research Program of the Chinese Academy of

Sciences (grant no. XDA26010202), and the National Natural

Science Foundation of China (grant no. 42271062).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1367152/

full#supplementary-material
References
Alice Boyle, W., and Bronstein, J. L. (2012). Phenology of tropical understory trees:
Patterns and correlates. Rev. Biol. Trop. 60 (4), 1415-1430. doi: 10.15517/rbt.v60i4.2050

Bai, X. M., Voter, A. F., Hoagland, R. G., Nastasi, M., and Uberuaga, B. P. (2010).
Efficient annealing of radiation damage near grain boundaries via interstitial emission.
Science 327 (5973), 1631–1634. doi: 10.1126/science.1183723

Basnett, S., Nagaraju, S. K., Ravikanth, G., and Devy, S. M. (2019). Influence of
phylogeny and abiotic factors varies across early and late reproductive phenology of
Himalayan Rhododendrons. Ecosphere 10 (1), e02581. doi: 10.1002/ecs2.2581
Blomberg, S. P., Garland, T., and Ives, A. R. (2003). Testing for phylogenetic signal in
comparative data: Behavioral traits are more labile. Evol. (N Y) 57 (4), 717–745.
doi: 10.1111/j.0014-3820.2003.tb00285.x

Bucher, S. F., König, P., Menzel, A., Migliavacca, M., Ewald, J., and Römermann, C.
(2018). Traits and climate are associated with first flowering day in herbaceous species
along elevational gradients. Ecol. Evol. 8 (2), 1147–1158. doi: 10.1002/ece3.3720

Butler, M. A., and King, A. A. (2004). Phylogenetic comparative analysis: A modeling
approach for adaptive evolution. Am. Nat. 164 (6), 683–695. doi: 10.1086/426002
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2024.1367152/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1367152/full#supplementary-material
https://doi.org/10.15517/rbt.v60i4.2050
https://doi.org/10.1126/science.1183723
https://doi.org/10.1002/ecs2.2581
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.1002/ece3.3720
https://doi.org/10.1086/426002
https://doi.org/10.3389/fpls.2024.1367152
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Shahzad et al. 10.3389/fpls.2024.1367152
CaraDonna, P. J., Iler, A. M., and Inouye, D. W. (2014). Shifts in flowering phenology
reshape a subalpine plant community. Proc. Natl. Acad. Sci. U.S.A. 111 (13), 4916–
4921. doi: 10.1073/pnas.1323073111

Caradonna, P. J., and Inouye, D. W. (2015). Phenological responses to climate
change do not exhibit phylogenetic signal in a subalpine plant community. Ecology 96
(2), 355–361. doi: 10.1890/14-1536.1

Cavender-Bares, J., Kozak, K. H., Fine, P. V. A., and Kembel, S. W. (2009). The
merging of community ecology and phylogenetic biology. Ecol. Lett. 12 (7), 693–715.
doi: 10.1111/j.1461-0248.2009.01314.x

Chang-Yang, C. H., Lu, C. L., Sun, I. F., and Hsieh, C. F. (2013). Flowering and
fruiting patterns in a subtropical rain forest, Taiwan. Biotropica 45 (2), 165–174.
doi: 10.1111/j.1744-7429.2012.00911.x
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Effects of clonal
fragmentation on Pyrrosia nuda
depend on growth stages
in a rubber plantation
Xiaocheng Yu1,2,3,4, Nan Jin1,2,4, Rong Bai1,2,3,4, Yuxuan Mo1,
Xiaoyan Pu1,5, Jingchao Li1,2,4 and Hua-Zheng Lu1,2,4*

1CAS Key Laboratory of Tropical Forest Ecology, Xishuangbanna Tropical Botanical Garden, Chinese
Academy of Sciences, Mengla, China, 2National Forest Ecosystem Research Station at Xishuangbanna,
Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences, Mengla, China, 3College of
Life Sciences, University of Chinese Academy of Sciences, Beijing, China, 4Yunnan Provincial Forest
Ecosystem Research Station at Xishuangbanna, Xishuangbanna Tropical Botanical Garden, Chinese
Academy of Sciences, Mengla, China, 5Party School of the Xishuangbanna Dai Nationality
Autonomous Prefecture Committee of Communist Party of China, Yunnan Xishuangbanna Dai
Nationality Autonomous Prefecture Committee and State Government, Jinghong, China
Introduction: Clonal fragmentation helps to assess clonal plants' growth

resilience to human and environmental disturbance. Although clonal

integration in epiphytes in tropical rubber plantations is important to

understand their role in enhancing biodiversity and ecosystem services,

research on this subject is limited. These plantations are typically monospecific

economic forests that face increased anthropogenic disturbances.

Methods: In this study, we selected the clonal fern Pyrrosia nuda to study its

survival status, biomass, maximum quantum yield of photosystem II (Fv/Fm), and

frond length in response to the level of clonal fragmentation in a tropical

rubber plantation.

Results and discussion: The results showed that (1) clonal fragmentation

significantly negatively affected the survival rate, biomass, and frond length of

clonal plants, but with minimal effects on Fv/Fm at different growth stages; (2) the

performance of a ramet (e.g., biomass or frond length) increased with ramet

developmental ages and decreased with the number of ramets in a clonal

fragment. The age-dependent impacts of clonal fragmentation provide insights

into the biodiversity conservation of epiphytes and forest management in man-

made plantations. Therefore, to better conserve the biodiversity in tropical

forests, especially in environment-friendly rubber plantations, there is a need

to reduce anthropogenic disturbances and alleviate the level of fragmentation.
KEYWORDS

clonal fragmentation, rubber plantation, physiological integration, restoration
potential, epiphytic ferns
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1 Introduction

Land-use change by human activities has brought extensive

deforestation and alterations in various land types worldwide. This

has not only severely damaged the species composition and

biodiversity of tropical rainforests but also led to drastic changes

in temperature and precipitation patterns in the tropics (Choat

et al., 2012; Polson et al., 2016). These natural and anthropogenic

disturbances have impacted the growth, flowering, and

reproduction of plants (Willmer, 2012; Zambrano and Salguero-

Gomez, 2014; Ruiz et al., 2018). The impacts of disturbances have

directly or indirectly limited the availability of biotic resources

crucial for human sustenance. To meet human resource demands,

tropical rainforests are often exploited for agricultural, livestock,

and forestry activities such as timber production. Unfortunately,

such activities have undermined the structural and functional

sustainability of tropical forests, resulting in insufficient ecological

services to meet human needs. This exacerbates deforestation in

biodiversity hotspots, destroying habitats and disrupting ecosystem

equilibrium, and ultimately leading to the degradation and

fragmentation of tropical forests (Jha, 2006; Morton et al., 2013).

As a paramount type of monoculture artificial forest arising from

land-use changes in tropical forests and as a strategic resource for

many tropical nations, rubber plantation possesses indispensable

economic and social value. However, because the environmental

heterogeneity and microhabitat diversity in rubber plantations are

lower compared to tropical rainforests, which makes epiphytes in

forest canopies in these artificial plantations are more fragile. They

even face the risk of species extinction (Baumbach et al., 2021) due

to anthropogenic disturbances and fragmentation (Laurance et al.,

2000; Malta et al., 2003; Barlow et al., 2007).

As a crucial refuge for endangered species in the tropics, forest

canopies provide heterogeneous and diverse microhabitats for

various plants and animals, playing a key role in maintaining

flora and fauna diversity, community assembly, and ecosystem

stability in tropical forests (Gargallo-Garriga et al., 2021; Roa-

Fuentes et al., 2022). Nevertheless, extreme weather and human

activities may exert influence on the structure and function (e.g.,

breaking branches, leaves and treetops, etc.) of the forest canopy,

which subsequently reduces individual survival, the spread of

species, and biotic interactions of host trees and epiphytes

(Barlow et al., 2007; Zellweger et al., 2020). Epiphytes, growing in

the tropical canopy for more light and fewer competitors, are

essential components of tropical forest flora, contributing to

species richness, and structural functionality (Kreft et al., 2004;

Ellis, 2012). As epiphytes rely on the supportive structures of their

hosts, the habitat fragmentation of tropical forests and clonal

fragmentation of clonal epiphytes as a result of natural and

anthropogenic disturbances pose direct and indirect threats to the

performance and microhabitats of epiphytes. Fortunately, most

nonvascular and vascular epiphytes can adapt to canopies with

stressful resources and an unstable microenvironment through

clonal reproduction (Lu et al., 2016, Lu et al., 2020).

Although the severe impacts of various disturbances on

biodiversity and functionality can be mitigated by forest canopies

and clonal reproduction, they could still negatively affect the
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productivity and lifespan of sensitive epiphytes, leading to cascading

effects (Foster, 2001; Nadkarni and Solano, 2002; De Frenne et al.,

2019). Though one of the most natures of clonal plants is physiological

integration, which means sharing resources and information within

interconnected fragments of a clone (Suzuki and Stuefer, 1999; Brezina

et al., 2006). However, in previous studies, the whole clonal epiphytes

decreased the growth and performance, while they relied on resource

sharing within a clone and interspecific facilitation within canopy

communities to mitigate severe stresses and negative effects (Lu et al.,

2016, Lu et al., 2020; Dai et al., 2023). In particular, the growth and

performance of two clonal plants, Pyrrosia nummulariifolia and

Lemmaphyllum microphyllum, have been found to decline when they

rely on clonal integration to deal with the negative effects of clonal

fragmentation in a natural limestone forest (Dai et al., 2023). However,

our understanding of the impact of clonal fragmentation resulting from

extreme weather and human activities on epiphytes in artificial forests

and/or plantations remains limited.

With land use changes and human activities, large areas of

tropical forests have changed to tropical artificial plantations for

decades. Rubber plantations are one of the main man-made forests

in the tropics, especially in southeast Asia. The area of rubber

plantation is about 573,333 ha in Xishuangbanna, southwest China

(Liu et al., 2023; Qi et al., 2023). To improve the quality and

efficiency of rubber plantations, researchers have focused on how to

structure an environment friendly rubber plantation with higher

biodiversity and interspecific facilitation to balance economic

efficiency and ecological efficiency. In fact, epiphytes in artificial

plantations play an important role in biodiversity maintenance in

the tropics (Zheng et al., 2015; Bohnert et al., 2016). However, in

rubber plantations, in addition to the disturbance and damage of

clonal epiphytes by extreme weather and animals, rubber tapping

will cut the clonal organs of epiphytes into several parts on rubber

trees, and general management may also destroy and clear the

whole cluster of epiphytes. The frequent occurrences of clonal

fragmentation in clonal plants can lead to the splitting of intact

clonal plants into potentially clonal individuals connected by one or

a few ramets (Song et al., 2013b). Different degrees and/or levels of

clonal fragmentation could be a function of the survival rate and

individual performance of epiphytes in artificial plantations. For

understanding the ecological strategies of clonal plants and

maintaining biodiversity in man-made forests, it is crucial to

study how clonal epiphytes respond to fragmentation in artificial

plantations with various disturbances. It also holds practical

significance for managing fragmented artificial forests and

mitigating habitat disruption caused by human activities (Dong

et al., 2012; Wang et al., 2018).

Clonal integration plays a crucial ecological role in mitigating

the effects of clonal fragmentation caused by nature and humans.

To improve the health of plant systems and the conservation of

canopy biodiversity, it may be pertinent to reduce the level of

fragmentation and promote system connectivity (Zotz and Hietz,

2001; Grimshaw et al., 2005; Zhang et al., 2009). Numerous studies

have found that native plants and invasive plants in both wetland

and terrestrial habitats exhibit excellent clonal growth capabilities

under clonal fragmentation with severe disturbances, allowing rapid

growth and reproduction not for native species but for invasive
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plants (Dong et al., 2012; Li et al., 2013; Zhang et al., 2023). It means

that the physiological integration of resources could be varied in

distances or extents for different native and invasive species. Thus,

clonal fragments with different numbers of ramets (levels of

fragmentation) of various plants in varied forests (e.g., natural

and artificial forests) will respond to disturbances differently.

Furthermore, various plant species or plants with different

developmental stages may rely on clonal integration to different

degrees and in terms of resource sharing and resilience of diseases.

In general, younger stage individuals depend on resource sharing

much more for survival and growth than older ones, for the

distinction of resource absorption capability and resilience of

stresses. However, little is known about the dependence degree of

physiological integration on developmental ages for clonal

epiphytes in artificial plantations.

To investigate the impact of clonal fragmentation (i.e. the

extents of physiological integration) and its dependence on the

development ages of a clonal epiphyte in an artificial forest, this

study was carried out as a field in-situ experiment of P. nuda in the

rubber plantation in Xishuangbanna Tropical Botanical Garden,

Chinese Academy of Sciences. This study aims to address the

following research questions: 1) Does increasing levels of clonal

fragmentation correspond to greater negative impacts on P. nuda?

2) What is the effect of developmental stage on the survival and

performance of P. nuda? 3) Do the effects of clonal fragmentation

depend on the relative age of P. nuda in rubber plantation?
2 Materials and methods

2.1 Study site

The study site is located in Xishuangbanna Tropical Botanical

Garden (XTBG) (21°55′39″N, 101°15′55″E, 580 m a.s.l.) in

MengLun, Xishuangbanna Prefecture, Yunnan Province, China. As

a biodiverse hotspot, the topography of Xishuangbanna features

mountains and-valleys, with the Hengduan Mountains running

north-south, covering approximately 95% of the region’s covered

by mountains and hills. This region has a typical tropical monsoon

climate and is characterized by a half-year dry season (November-

April) and a half-year rainy season (May-October) (Dai et al., 2023).

According to the observation data from Xishuangbanna Station for

Tropical Rainforest Ecosystem Studies (XSTRES), the monthly mean

air temperature is approximately 22.5°C, and the mean annual

precipitation is approximately 1500 mm (from 2005 to 2018), with

more than 80% occurring during the rainy season. The soil in the

study site is Ferralic Cambisol with a pH of around 5.0 developed

from sandstone-derived alluvial deposits, which has a clayey texture

with 23% coarse sand (2.0 - 0.05 mm), 30% silt (0.05 - 0.002 mm),

and 47% clay (< 0.002 mm) and (Yang et al., 2020). The rubber

plantation is a predominantly monoculture artificial community, and

the rubber trees were cultivated at a spacing of 2.0 m × 4.5 m along

the terraced slope following the clearance of primary vegetation in the

late 1980s, and the most dominant epiphytic fern species is P. nuda

in Xishuangbanna.
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2.2 Experimental design

We selected Pyrrosia nuda, the most dominant clonal epiphytic

fern, as the target species for in situ field experiments in the canopy

of a rubber plantation. P. nuda has long creeping rhizomes of 1.2-

2.1 mm in diameter and in cross section usually with a single,

central sclerenchyma strand (State Key Laboratory of Systematic

and Evolutionary Botany, 2023). Most Pyrrosia species are drought-

tolerant (Wei et al., 2017; Derzhavina, 2020).

The experiment involved ramets at three developmental stages/

ages (1st, 2nd, and 3rd ramet closest to the rhizome apex) with

fiddlehead frond ramets, just-extended frond ramets, and mature

frond ramets and included four levels of fragmentation as the

treatment—single-, double-, triple- and intact-ramet treatments

(see Figure 1). Based on previous experiments on clonal

integration of epiphytic ferns, it is noted that water stress during

the dry season may lead to the death of most single ramets;

therefore, this study was focused on the influence of clonal

fragmentation on the survival and performance in the rainy

season with less water stress (Lu et al., 2015; Zhang et al., 2019;

Lu et al., 2020; Zhang et al., 2020b; Dai et al., 2023).

At the beginning of the rainy season, we selected 20 host trees with

similar diameter at breast height (DBH) and tree height, which had P.

nuda as the dominant epiphyte species in the rubber plantation. These

rubber trees were planted at equal intervals, and the epiphytes were

located in the same canopy height with consistent light conditions and

humidity (Liu et al., 2018, 2020; Zeng et al., 2018; Lu et al., 2020). First,

we selected a clone of interconnected ramets, then we chose four

rhizomes. For each rhizome, we chose the three youngest ramets closest

to the rhizome apex as our target materials (labeled as the 1st, 2nd, and

3rd ramet). We conducted in-situ experiments on epiphytic ferns on

each host rubber tree at the height of 2 to 4 m on the trunk below the

first branches, with 20 replications for each treatment as below. In the

single-ramet treatment, we severed the rhizome midway between any

two adjacent ramets of the first four ramets closest to the rhizome apex

so that each of the three target ramets (1st, 2nd, and 3rd) was isolated

from the rest of the clone. In the double-ramet treatment, we severed

the rhizome midway between the 2nd and the 3rd ramet closest to the

rhizome apex so that the first two ramets were still connected but

isolated from the rest of the clone. In the triple-ramet treatment, we

severed the rhizome midway between the 3rd and the 4th ramet closest

to the rhizome apex so that the three target ramets were still connected

but isolated from the rest of the clone. In the intact-ramet treatment, we

left the rhizome intact so that the three target ramets remained

connected and connected to the rest of the clone (Figure 1).

After 150 days, we assessed the survival status of each of the three

target ramets (1st, 2nd, and 3rd ramet) of P. nuda, and harvested each

survived ramet in situ experiment after measuring its frond length. A

ramet was considered dead once all of its fronds were shed, dried, or

withered. Biomass was determined after drying at 70 °CC for 48 h.

Before harvesting, we assessed the maximum quantum yield of

photosystem II (Fv/Fm) as a measure of photosynthetic capacity in

P. nuda using a portable fluorometer (FMS-2, Hansatech, UK). The

dark adaptation process involved securing healthy leaves with a Dark

Leaf Clip (DLC-8) for a minimum of 20 minutes, avoiding the main
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veins. Subsequently, we measured the initial fluorescence (F0) by

exposing the leaves to measuring light (< 0.5 mmol·m-2·s-1), followed

by measuring the maximum fluorescence (Fm) using a saturating

pulse (2800 mmol·m-2·s-1). This process was repeated, and the variable

fluorescence (Fv) was calculated as Fv = Fm – F0. The maximum

photochemical quantum yield of photosystem II (Fv/Fm) was then

determined using the formula Fv/Fm = (Fm – F0)/Fm, as described in

previous studies (Bolharnordenkampe et al., 1989; Heidbüchel and

Hussner, 2020). After allowing fluorescence values to stabilize

(approximately three to five minutes), we recorded the actual

quantum yield and other fluorescence parameters. This

standardized methodology ensures a precise assessment of the

photosynthetic capacity in P. nuda fronds. Fv/Fm was calculated

with the equation Fv/Fm = (Fm – F0)/Fm, where F0 and Fm are the

minimum and maximum fluorescence yield of a dark-adapted

sample after a saturation pulse (>5000 mmol photons m−2s−1 of

actinic white light), respectively (Bolharnordenkampe et al., 1989; Lu

et al., 2020). Fv/Fm reflects the photosynthetic performance and stress

resistance of plants (Butler and Kitajima, 1975; Wei et al., 2019; Li

et al., 2020), which indirectly indicates the ability of plants to absorb

and the strength of plants to utilize light energy for photosynthesis.

This value is positively correlated with plants’ growth and

regeneration ability. Therefore, higher Fv/Fm can indirectly indicate

greater survival rate, biomass, and frond length of epiphytic ferns,

serving as an indicator to evaluate the growth ability and status of

epiphytes (Gauslaa et al., 2001; Malta et al., 2003).
2.3 Data analysis

The data were analyzed using (generalized) linear mixed models

with R version 4.2.0 (R Core Team, 2022). The “glmer” function in

the “lme4” package and the “lmer” function in the “lmerTest”

package were employed (Bates et al., 2015; Kuznetsova et al., 2017).
Frontiers in Plant Science 04116
Initially, the fixed factors included fragmentation level (single-,

double-, triple- and intact-ramet treatments), developmental stage/

age (1st, 2nd, and 3rd ramet closest to the rhizome apex), and their

interactions. For individual survival data with binomial error

distributions, a generalized linear mixed model was then applied

(“glmer” function), with the level of clonal fragmentation and age as

fixed factors, the initial individual height (leaf size) as covariate and

the host tree in the sampling site as a random variable. For the

biomass, Fv/Fm, and frond length of surviving ramets, a linear

mixed model was used (“lmer” function), with the level of clonal

fragmentation and age as fixed factors, the initial individual height

(leaf size) as covariate and the host tree in the sampling site as a

random variable. The data were log-transformed if needed before

analysis to improve the normality of the residuals.

In the (generalized) linear mixed models, log-likelihood ratio tests

were conducted to assess the significance of the fixed factors (Bedogni,

2010). During the post-hoc analyses of significant differences among

treatments, a ramet was considered dead and its data was treated as

missing when all of its fronds were shed, dried, or withered. In

performing the log-likelihood ratio test, the null data were excluded

in the analysis. These tests involve comparing a model with the term of

interest to a model without the term of interest. The calculated log-

likelihood ratios approximated a c2 distribution (Platt et al., 2004).

Specifically, we sequentially removed the two-way interactions, each of

the two key factors and the covariate, and then compared the fit of the

simplified model to the more complex model. The statistical difference

in model fit indicates that the effect of the removed factor is significant.

3 Results

Compared to the intact-ramet treatment, clonal fragmentation

significantly reduced the clonal ramet survival, surviving ramet

biomass, Fv/Fm, and frond length of P. nuda. With the increasing

levels of clonal fragmentation, the negative effects of fragmentation
FIGURE 1

Experimental design. For each of the three epiphytic ferns and each of the 20 host trees, we selected four rhizomes with interconnected ramets.
Within each rhizome, we identified the three adjacent ramets closest to the rhizome apex (labeled as 1st, 2nd, and 3rd). In the single-ramet treatment,
we severed the rhizome midway between any two adjacent ramets among the first four ramets closest to the rhizome apex. For the double-ramet
treatment, we severed the rhizome midway between the 2nd and 3rd ramet closest to the rhizome apex. In the triple-ramet treatment, the rhizome
was severed midway between the 3rd and the 4th ramet closest to the rhizome apex. The intact-ramet treatment involved leaving the rhizome intact.
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increased (Table 1, Figures 2–4). In P. nuda, the fragmentation led

to a marked decrease in ramet biomass, with single- (0.145 ± 0.010),

double- (0.167 ± 0.011), and triple-ramet (0.159 ± 0.007) treatments

had lower biomass than the intact-ramet (0.224 ± 0.008). The Fv/

Fm, although reduced across all fragmentation levels (single- (0.785

± 0.012), double- (0.785 ± 0.012), triple-ramet (0.789 ± 0.005))

relative to the intact-ramet (0.811 ± 0.003), showed no difference

among the three severed treatments. Notably, frond length

experienced a sharp decline from the intact-ramet (145.55 ± 3.73)

to single- (93.06 ± 4.41), double- (93.06 ± 4.41), and triple-ramet

(101.10 ± 3.20) treatments (Figure 4).

The growth stage significantly influenced biomass and frond

length of surviving ramet. Specifically, as ramets aged, both biomass

and frond length increased. However, it did not affect the clonal

ramet survival and Fv/Fm of surviving ramets of P. nuda, indicating

higher survival and biomass in plants at the mature leaf stage

(Table 1, Figures 2, 4). The older the ramet, the better the ramet

grew during clonal fragmentation (Figures 2, 4).

There were significant interaction effects of clonal fragmentation

and developmental stage on the clonal ramet survival, surviving

ramet biomass and frond length of P. nuda. However, no such

effects were observed for Fv/Fm of surviving ramets (Table 1,

Figures 2-4). It meant that the negative influences of clonal

fragmentation depend on growth stages, i.e. the survival rate and

growth of younger ramets in small fragments (higher fragmentation

levels) was lower than that in large fragments (lower fragmentation

levels) and the difference was much lower for older ramets.
4 Discussion

4.1 Response of P. nuda to
clonal fragmentation

As shown in the results, clonal fragmentation had a significantly

negative effect on clonal ramet survival, biomass, Fv/Fm and frond

length of surviving ramets of P. nuda, especially in the fiddlehead

fern stage (P <0.001, Figures 2-4). This result is consistent with

previous findings. There were negative effects of clonal

fragmentation on the survival rate and biomass of two clonal

ferns Pyrrosia nummulariifolia and Lemmaphyllum microphyllum

with different ecotypes of epiphytic and lithophytic clonal ramets
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(Dai et al., 2023). This confirmed our initial research hypothesis in

that the higher the fragmentation level, the more severe the negative

influence. This result suggests that epiphytes in both limestone

forests and artificial forests would decrease the survival rate and

performance by clonal fragmentation resulting from natural and

anthropogenic disturbances. Similar to fern species, the negative

affects of clonal fragmentation also decreased the competitive ability

and the number of ramets of seed plants. As clonal fragmentation

significantly inhibits the growth of S. natans, it will result in a

notable reduction in its competitive fitness. This underscores the

detrimental impact of clonal fragmentation on the overall

competitive capacity of the species (Dong et al., 2012; Zhang

et al., 2020a). Clonal fragmentation destroys the interconnection

spacers and narrows the range of physiological integration,

resulting in resource sharing within a limited zone. Clonal

epiphytes, such as Selliguea griffithiana, rely on physiological

integration for surviving and growing in both canopy and

understory habitats, especially in the canopies (Lu et al., 2015), so

do some invasive or wetland clonal plants (Back et al., 2013; Song

et al., 2022). However, clonal fragmentation has been observed to

significantly augment the growth potential of certain aquatic and

invasive plants, as detailed in research by Zhang et al. (2019), and

Rosef et al. (2020). These studies have collectively demonstrated the

consequential enhancement of proliferation and regenerative

capabilities arising from such fragmentation (to compete with

local species and occupy the new habitats). Moreover, specific

attention has been directed towards the advantageous effects of

root fragmentation in fast-growing and ecologically adaptable

species, as highlighted by Huber et al. (2014).

In this study, the epiphytic fern of P. nuda could provide more

support for survival and growth from interconnected clonal ramets

under natural and anthropogenic disturbance. The adverse effects

on survival rate and frond length are likely due to the limited

resources for growth and adaptation in the juvenile fiddlehead leaf

stage of P. nuda ramets subjected to fragmentation, leading to worse

self-adjustment and adaptability of clonal ramets after disturbance

(Rudolphi and Gustafsson, 2011; Lu et al., 2015; Song et al., 2022;

Dai et al., 2023), and such effects on biomass are likely to be the

inability of ramets to share resources between them, as the reduced

regeneration capacity and the increased risk of infection after ramet

fragmentation can prevent the allocation and share of resources

between ramets (Song et al., 2013b; Lu et al., 2020). As the level of
TABLE 1 Effects of fragmentation level (F), growth stage (S) and their interaction (F × S) on survival, growth, the maximum quantum yield of PS II (Fv/Fm),
and frond length of P. nuda in (generalized) linear mixed models.

Fixed factors
Survival Biomassz Fv/Fmz Frond lengthz

df c2 p df c2 p df c2 p df c2 p

Fragmentation (F) 3 50.6 <0.001 3 95.4 <0.001 3 9.2 0.026 3 184.3 <0.001

Stage (S) 2 0.9 0.651 2 62.6 <0.001 2 0.5 0.783 2 49.8 <0.001

F × S 5 15.9 0.007 4 62.0 <0.001 4 3.4 0.487 4 260.3 <0.001

Frond sizez 1 49.6 <0.001 1 9.5 0.002 1 0.3 0.600 1 13.3 <0.001
frontie
zdata were log-transformed. Fragmentation level, and growth stage, were treated as fixed effects, host trees nested in study sites as random factors, and original plant height as covariate. “df”
means the degrees of freedom, “c2” is the value of the chi-square test, “p” is the significance of the test.
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clonal fragmentation decreases, there is a positive effect on ramet

survival, biomass, and frond length, which could be because of the

connection between ramets allowing epiphytes to obtain more

shared resources and to better cope with stresses (Lu et al., 2015,

Lu et al., 2020; Dai et al., 2023) and resulting in improved growth

and reproductive regeneration capabilities. There is also a

significant effect on the clonal ramet Fv/Fm, which is likely

because the fragmentation process leads to water deficiency in

fragmented ramets, resulting in an insufficient supply of essential

raw materials for photosynthesis (Wang et al., 2020). Rubber

plantations and epiphytes in the canopy are susceptible to
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weather and disturbances, which, together with water scarcity that

reduces carbon dioxide movement into the fronds, can lead to a lack

of carbon and energy demand for photochemistry and

photosynthesis (Zheng et al., 2015; Wei et al., 2019; Li et al., 2020).
4.2 Response of P. nuda to different
growth ages

There were significant effects of developmental age on biomass

and frond growth; that is, the higher the ramet developmental age,
FIGURE 3

The maximum quantum yield of PS II (Fv/Fm) surviving clonal ramet at different growth stages of each clonal fragment (single, double, triple, control/
intact). Significant differences between each treatment is denoted by asterisks:*P < 0.05; NS indicates non-significant differences between each
treatment (P ≥0.05); Within each rhizome, the three adjacent ramets closest to the rhizome apex (labeled as 1st, 2nd, and 3rd).
FIGURE 2

Biomass of surviving clonal ramet at different growth stages of each clonal fragment (single, double, triple, control/intact). Significant differences
between each treatment is denoted by asterisks::*P < 0.05; **P <0.01; and ***P < 0.001; NS indicates non-significant differences between each
treatment (P ≥ 0.05); Within each rhizome, the three adjacent ramets closest to the rhizome apex (labeled as 1st, 2nd, and 3rd).
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the larger the ramet biomass and frond length. Similar findings in

previous studies suggest that this might be attributed to the

insufficient self-regulation capacity of epiphytes, lack of nutrient

reserves and rapid growth capability during the early stages of ramet

formation when just-extended frond ramets are prevented from

resource sharing (Lu et al., 2015; Lin et al., 2018). For example, the

rooting position significantly influenced the growth of individual

ramets, with the second and third most apical ramets exhibiting

optimal growth when positioned as the most apical rooted ramet.

This effect was more pronounced under higher nitrogen levels

(Wang et al., 2017). In addition, the rapid development of clonal

ramet root systems in the extended frond and mature stages

potentially broadens their ecological niche, making them less

susceptible to the affects of fragmentation (Truscott et al., 2006).

As plant age increases, mature ramets share and transfer nutrients

to young ramets, indicating that the growth of young ramets

depends more on the closely related mature maternal ramets

(Alpert, 1999; de Kroon et al., 2005; Song et al., 2013a).

Therefore, severing the connection between the clonal offspring

and the older parents’ ramets at a younger age may result in

inadequate nutrient supply, and hindered sharing of water

resources and photosynthetic products, thereby reducing their

survival and growth rate.

The adjustment and adaptive performance of the 1st age younger

fragmented clonal ramets may diminish after disturbance, with their

reproductive and resistance capabilities enhanced with growth stage

and maturity (Rudolphi and Gustafsson, 2011). There is relatively little

variation in the impact on Fv/Fm and ramet survival with increased

ramet developmental age (Table 1, Figures 2-4), which is in contrast to

previous studies which, indicated that clonal integration has varying

effects on the maximum photosynthetic efficiency of ramets. Clonal

integration significantly influences the photosynthetic rates of

Alternanthera philoxeroides and Fragaria vesca but does not affect
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the photosynthetic rate of the epiphytic fern species Diplopterygium

glaucoma (Luo et al., 2014; Reynolds et al., 2014). The yield effect of

benefits and resource acquisition does not necessarily rely entirely on

the frond photochemistry to obtain the energy required for growth.

The lack of significance could be linked to the depletion of most plant

resources and energy for recovering damage after fragmentation. The

impact on leaf photosynthesis can translate into varying effects on

ramet survival and growth. Therefore, an extended period of resource

accumulation is required to enhance plant photosynthetic performance

and stress resistance (Wei et al., 2019; Li et al., 2020; Lu et al., 2020).

Furthermore, the presence of the forest canopy may block some light,

resulting in insignificant effects on Fv/Fm at different growth stages for

clonal ramets situated in the canopy, under normal circumstances, the

Fv/Fm in plants typically ranges from 0.70 to 0.80 (Butler and Kitajima,

1975; Bolharnordenkampe et al., 1989). After disconnection, the Fv/Fm
is significantly reduced. The changes in the Fv/Fm depend on the

species and the light condition of the plants (Wei et al., 2019; Li et al.,

2020). The negative impact of clonal fragmentation on epiphytes is age-

dependent and influenced by clonal integration effects (Lu et al., 2016,

Lu et al., 2020).
4.3 High dependence of clonal
fragmentation on growth stage

The interaction between the level of clonal fragmentation and

the developmental stage of the ramet showed that clonal

fragmentation had entirely different effects on the survival,

biomass, and frond length of P. nuda ramets at different growth

ages. This is consistent with previous research which found Pyrrosia

nummulariifolia and Lemmaphyllum microphyllum exhibit

significant interaction effects of clonal fragmentation and ages on

ramet survival and growth in natural forests (Dai et al., 2023). This
FIGURE 4

Frond length of surviving clonal ramet at different growth stages of each clonal fragment (single, double, triple, control/intact). Significant differences
between each treatment is denoted by asterisks::*P < 0.05; NS indicates non-significant differences between each treatment (P ≥ 0.05); Within each
rhizome, the three adjacent ramets closest to the rhizome apex (labeled as 1st, 2nd, and 3rd).
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appears to stem from the transient reliance of relatively early-

maturing clonal ramets on clonal integration (Saine et al., 2018).

Slow-developing or mature epiphytes may exhibit a higher

dependence on growth stages. The impact of clonal fragmentation

on clonal ramet growth and dependence on clonal integration

varied with growth stages for the same species, diminishing

growth in younger ramets while enhancing growth in older

ramets (Stuefer et al., 2001; Dong et al., 2012; Song et al., 2013b;

Luo et al., 2014; Wang et al., 2014). Additionally, this age-

dependent response to clonal fragmentation might be associated

with the clonal division of labor in plants during ontogenesis.

Clonal plants undergo morphological or functional specialization

at different growth stages, enhancing their ability to acquire

heterogeneous resources, thus elevating their position and role in

competitive relationships (Fan et al., 2018). Consequently, the

capacity of epiphytes to acquire resources varies at different

growth stages, leading to distinct affects on clonal ramet survival

and growth after clonal fragmentation.

The effect of clonal fragmentation on clonal ramets depended on

growth stages. Clonal fragmentation affects early juvenile fiddlehead,

extended frond, and mature P. nuda ramets differently, with a

significantly negative impact on survival during the early growth

stage. But there is no significant effect on survival during the extended

frond and mature stages. Clonal fragmentation is likely to have a

negative impact on the growth of young ramets, while positively

influence the growth of older ramets (Ortego et al., 2002; Dong et al.,

2012; Zhang et al., 2023). Stored carbohydrates in clonal ramets

might be used to prevent the risk of future ramet death (Suzuki and

Stuefer, 1999), which could be a result of a ramet response to the

current growth potential and a trade-off between the current growth

potential and future risk regulation that could explain the observed

differences. This is further supported by the enhanced resistance of

mature ramets to clonal fragmentation, especially in epiphytic ferns

(Wei et al., 2019; Zhang et al., 2023). This highlights the high

dependence of clonal integration on growth ages, and resource

sharing facilitated by clonal integration contributes significantly to

the survival and performance of epiphytic ferns.
5 Conclusion

In artificial rubber plantations, clonal fragmentation exerted

negative age-dependent effects on survival and performance of the

epiphytic fern P. nuda, especially at the juvenile fiddlehead leaf

stage. When clonal ramets are fragmented by natural or

anthropogenic disturbance, the plant’s resource sharing will be

limited to fragments of small numbers of interconnected ramets,

leading to resource scarcity and declined performance. Such

negative effects of clonal fragmentation were much more severe

on juvenile individuals than aged ones, which may have resulted

from the higher stress-resilience and resource-storage of adults.

Based on the results of the survival, biomass, and frond length

analysis of the P. nuda clonal ramets, it is imperative to minimize

and avoid anthropogenic disturbance causing fragmentation in

artificial forests, such as tropical rubber plantations, to mitigate
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its impact on plant biodiversity. This research indicates that clonal

integration plays a crucial role in the growth, reproduction, and

performance of clonal plants in tropical artificial forests under

adverse stress conditions. It sheds light on the biodiversity

conservation and maintenance during the establishment of

environment-friendly rubber plantations establishment with

increased human activities, land-use changes and extreme weather.
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Introduction: Touch by neighboring plants is a common but overlooked

environmental variable for plants, especially in dense vegetation. In addition,

shade is inevitable for understory plants. The growth performance of clonal plant

to the interaction between thigmomorphogenesis and shade response, and their

impact on light adaptability is still unknown.

Methods: At the present study, parental ramets of Glechoma longituba were

exposed to two conditions (neighboring touch and shade), and their offspring

ramets were in ambient or shaded environment. The phenotype and growth of

parental and offspring ramets were analyzed.

Results: The results showed that neighboring touch of parental ramets regulated

the performance of offspring ramets, while the effect depended on the light

environment. The parental neighboring touch occurring in ambient environment

suppressed the expansion of leaf organ, showed as a shorter petiole and smaller

leaf area. Moreover, G. longituba exhibited both shade avoidance and shade

tolerance characters to shaded environment, such as increased leaf area ratio

and leaf mass ratio, longer specific petiole length and specific stolon length. It was

notable that these characters of shade response could be promoted by parental

neighboring touch to some extent. Additionally, parental light environment plays

an important role in offspring growth, parent with ambient light always had well-

grown offspring whatever the light condition of offspring, but the growth of

offspring whose parent in shaded environment was inhibited. Finally, for the

offspring with shaded environment, the touch between parental ramets in shade

environment showed a disadvantage on their growth, but the influence of the

touch between parental ramets in ambient environment was slight.

Discussion: Overall, the interaction of parental neighboring touch and shade

environment complicate the growth of understory plants, the performance of

plants is the integrated effect of both. These findings are conducive to an in-

depth understanding of the environmental adaptation of plants.
KEYWORDS

clonal plant, parental neighboring touch, thigmomorphogenetic, shade response,
maternal effect, light adaptability
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Introduction

Plants in dense vegetation compete for resources and optimize

their growth based on neighbor detection cues. Accordingly,

neighbor detection and response strategies are important mediators

of interactions among species, which plays significant roles in plant

coexistence and community assembly (deWit et al., 2012; Pierik et al.,

2013). The underlying mechanism of interactions among plants is

related to light quality variation (Crepy and Casal, 2015; Zhang et al.,

2020), root chemicals (Semchenko et al., 2014; Kong et al., 2018),

airborne volatile organic compounds (Baldwin et al., 2006; Ninkovic

et al., 2019), and mechanical stimuli caused by neighboring plants

(Elhakeem et al., 2018; Douma and Anten, 2019). Among these,

mechanical stimuli exist commonly in nature but are often ignored

(Li and Gong, 2011). Except for stimuli from neighboring touch,

mechanical stimuli are also related to wind, insect herbivory, heavy

rains, buzzing bees, tree strangling, acoustic vibration, and the

navigation of roots around obstacles (Monshausen and Haswell,

2013; Brenya et al., 2022). As one of the environmental factors,

mechanical stimuli have been shown to induce a range of anatomical,

physiological, morphological, and developmental responses, termed

thigmomorphogenesis (Jaffe, 1973). Thigmomorphogenetic plants

typically have a reduced leaf area, petiole length, height, and stem

length, and enhanced flexural rigidity in stem and roots; these make

plants more resistant to mechanical stimuli and more likely to survive

in stressful environments (Liu et al., 2007; Braam and Chehab, 2017).

Significantly, the touch signal of neighboring leaf tips occurs before

light signals and appears to be the earliest means of aboveground

plant–plant signaling (deWit et al., 2012). As a unique way for plants

to rapidly detect future competitors, the touch by neighbors may play

an important role in the environmental adaptability of plants.

Understory plants employ two different strategies to cope with

shade conditions: shade avoidance syndrome (SAS) and shade

tolerance syndrome (STS). Although both will optimize light

capture and utilization by increased specific leaf area (SLA) and

photosystem II and I ratio (PSII : PSI), and reduced chlorophyll a:b

ratio, the plants with STS appear to have a slight elongation in low

light (Valladares and Niinemets, 2008). Plants with SAS mainly

manifested a suite of traits to grow towards the light including

stem and petiole elongation reaction and leaves bending upward

(Fraser et al., 2016; Fiorucci and Fankhauser, 2017; Xu et al., 2021;

Martinez-Garcia and Rodriguez-Concepcion, 2023). The overlap

between two strategies is due to the common signaling components

associated with photoreceptors and phytohormone (Gommers et al.,

2013). For example, phytochrome-mediated signaling pathways

trigger the increase of gibberellins in shading plants, subsequently

promoting stem and petiole elongation (Pierik et al., 2004; Ballare and

Pierik, 2017). In contrast, the reduction of gibberellins is a key factor

of phenotype change induced by thigmomorphogenesis (Boernke

and Rocksch, 2018; Telewski, 2021; Wang et al., 2023). Therefore, the

change in gibberellins level and the corresponding growth response of

thigmomorphogenesis and SAS usually occur in opposite directions

(Anten et al., 2005). However, for dense understory vegetation, the

touch by neighbors and the shaded environment often coexist.

Accordingly, plant performance is the result of the interaction of
Frontiers in Plant Science 02124
both. There have been several studies involving the interaction

between mechanical stimuli and shade, but the results were

different. Some studies showed that competition for light in dense

vegetation suppressed thigmomorphogenesis because any reduction

in height growth associated with thigmomorphogenesis resulted in

reduced fitness (Sterck and Bongers, 1998; Henry and Thomas, 2002),

while others did not find any thigmomorphogenesis inhibition for

plants in dense stands (Liu et al., 2007). As such, the interaction of

these two conditions is still unknown, and more research is required

to thoroughly understand the growth of understory plants.

In addition, the performance of plants is also affected by the

environment of their parents (Galloway and Etterson, 2007; Marshall

and Uller, 2007; Dong et al., 2019), which regulates the phenotype,

growth, and life history strategies of the offspring so that they may

pre-adapt to the future environment (Galloway, 2005; Wang et al.,

2022). This effect of parental environment on their offspring was

termed “maternal effect”. This impact is not transmitted through

genetic inheritance but rather through the environment or other non-

genetic factors provided by the parent during the developmental and

reproductive processes (Galloway, 2005; Marshall and Uller, 2007).

Many studies indicate that maternal effects could persist in the

offspring. For instance, compared to the Polygonum persicaria

offspring of sun-grown parents, the offspring of parents with a

shaded environment produced greater leaves, larger SLA, higher

total leaf area and biomass, and greater fitness (Galloway and

Etterson, 2007; Baker et al., 2018). In addition, maternal effects

induced light adaptability of Campanula americana offspring by

directly influencing their germination rate and season (Galloway,

2005). In summary, the growth of offspring is often affected by the

light environment of the parents. To our knowledge, there are very

few reports on the maternal effects of the interaction between

neighboring touch and shade.

In the present study, the interaction of parental neighboring touch

and shade was explored with the clonal herb Glechoma longituba

(Nakai) Kuprian, a “faithful” transmitter of the maternal effect (Guo

et al., 2022; Tie et al., 2022). Two environmental factors (light and

touch) were conducted on the parental ramets. By analyzing the

growth parameters of parental ramets and their offspring, the

following questions were addressed: (a) Does the effect of parental

neighboring touch vary with a light environment? (b) If SAS occurs,

what is the result of the interaction between thigmomorphogenesis

and SAS? (c) Is the effect of parental light environment on clonal

offspring affected by parental neighboring touch? We predicted that

the impact of parental neighboring touch on clonal plants was linked

to their light environment, which also influenced the maternal effect

on environmental adaptability of clonal offspring.
Materials and methods

Plant material and propagation

Glechoma longituba (Nakai) Kuprian is a perennial herb widely

distributed in the forest, on the roadside, and by creeks of tropical,

subtropical, and temperate areas in China. The monopodial stolons
frontiersin.org
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are able to creep on the ground, and ramets can develop on each

stolon node (Quan et al., 2021). Each ramet produces two petioles

and leaves. The blades are heart-shaped, with margins bearing

rounded teeth (Figure 1). G. longituba has high phenotypic

plasticity in response to light (Liu et al., 2015; Tie et al., 2022). In

addition, for the rapid clonal propagation, G. longituba forms a

complex ramet network; touch between ramets was inevitable.

The G. longituba in our experiment was collected from Jiwozi in

the Qinling Mountains, Shaanxi, China. To ensure the uniformity of

the genotypes and reduce the impact of the previous environment,

the plant materials were collected from the same genet and then

were vegetatively propagated for at least 4 months in a greenhouse

at Northwest University in Xi’an (397 m a.s.l., 34.3°N, 108.9°E).

A total of 96 healthy and similarly sized (0.78 g ± 0.29 g) ramets

were selected as parental ramets, and then were divided into 48

ramet pairs randomly. Each ramet pair was transplanted into a

plastic pot (55 cm length × 28 cm width × 5.5 cm depth). The peat

soil, perlite, and vermiculite (4:1:1, v/v/v) were mixed and utilized as

the culture soil. The greenhouse conditions were a 24/20°C day/

night temperature cycle, a 12/12-h light/dark cycle, and a 300 mmol

m−2 s−1 photosynthetic photo flux density (PPFD) during the light

cycle. PPFD levels were measured with a Quantum Metre (LQS-

QM, Apogee Instruments Inc., USA). The relative humidity was

maintained at 40%. Plants were watered into the soil directly every 3

days throughout the experiment and researchers avoided the

droplets touching the leaves during watering. To minimize the

effects of microenvironment variation in the greenhouse,

the position of each pot was changed weekly.
Experimental design

After a week of transplanting, a 45-day experiment was

conducted from 1 November 2022 to 15 December 2022. At first,

48 parental ramet pairs were divided into two groups randomly; half

was placed under ambient light conditions, and the rest was placed in

a shaded environment. Then, half of each group was subjected to

touch treatment, and the other had no action. During the experiment,
Frontiers in Plant Science 03125
the newborn offspring was placed in an ambient light environment or

under shade conditions (Figure 2). Accordingly, the experiment

included a total of eight treatments (two parental light conditions ×

two parental neighboring touch treatments × two offspring light

conditions). Each treatment was designed with six replicates.
Shading treatment

The shaded environment was achieved by hanging a shading

net 20 cm above the top of ramets. The PPFD was about 80–100

mmol m−2 s−1 in the shaded environment. During the experiment,

according to the experiment’s design, if the parent and offspring

were in different light environments, the shading treatment was

only performed above the parent or offspring.
Parental neighboring touch treatment

The touch treatment was conducted between parental ramet pairs.

Two petioles of the neighbor parental ramets were waved with a thin

wooden stick gently to make the two leaf blades touch. During the

treatment, we tried to minimize the bending angle of the petiole to

avoid damage. The touch treatment was only performed on parental

ramets and continued for 45 days. The touch was handled twice a day

at 9:00 a.m. and 6:00 p.m., respectively; three contacts were made each

time. To ensure the uniform touch intensity during repeated action, all

the touch treatments were controlled by the same person. Furthermore,

during the experiment, the distance between parental ramet pairs was

maintained at 5 cm, a distance that is long enough for leaves of ramet

pairs to not touch each other naturally during growth except for

human-facilitated touch.
Measurement of growth parameters

At the end of the experiment, we performed growth architecture

and biomass measurements. For parents, the blade area and petiole
FIGURE 1

Clonal growth pattern of Glechoma longituba (Nakai) Kuprian.
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length were first measured. Then, biomass indexes were measured,

including total biomass, aboveground biomass (leaf biomass and

node biomass), and root biomass. Finally, the following indicators

of parental ramets were estimated: SLA (leaf area per leaf mass),

specific petiole length (SPL; length of petiole per petiole biomass),

leaf area ratio (LAR; blade area per total biomass), and leaf mass

ratio (LMR; blade biomass per total biomass).

For offspring, the length of the longest stolon, total blade area, and

the number of total ramets were recorded. After that, total biomass, leaf

biomass, and stolon biomass were measured. The following indicators

were estimated: specific stolon length (SSL; length of stolon per stolon

biomass), stolon biomass/leaf biomass (S/L), LAR (blade area per total

biomass), and LMR (blade biomass per total biomass). The comparison

table of abbreviations is shown in Table 1.

Length of petiole and stolon was measured with a vernier caliper

and tapeline, respectively. Blade area was calculated withMotic software

(Motic Images Plus 2.0. Ink, Motic, China) after being scanned with a

scanner (Perfection V19, EPSON, China). Biomass was measured after

the samples were dried at 80°C for 48 h to a constant weight with an

electronic balance (Sartorius BT25S, Beijing, China).
Statistical analysis

Before statistical analyses, to meet the assumptions of

homoscedasticity and normality, the following data were

subjected to logarithmic transformation: total biomass and root

biomass of parent, and total biomass, stolon biomass, and S/L of

offspring. We analyzed the integrated differences of phenotypic and

growth among treatments of parental ramets and offspring,
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respectively, using a PERMANOVA (McArdle and Anderson,

2001), where parental neighboring touch treatment (NT; touch or

not), parental light environment (PL; ambient or shade), offspring

conditions (ambient or shade) and their interactions, and the

covariates (initial fresh weight of parental ramet) were used as

predictors, estimating the significance value by 999 permutations.

Then, we conducted ANCOVAs to analyze the effects of PL,

offspring light environment (OL), NT, and interaction regimes on

all traits with parental fresh weight as a covariate. The LSD test was

chosen as the method of multiple comparisons to test the

significance among different treatments. Any effect of parental

conditions, either direct (PL or NT) or in interaction with the

offspring conditions (PL × OL, NT × OL, PL × NT × OL) that

remained significant after removing the linear part of the maternal
FIGURE 2

Schematic of the experiment. P-ambient: parents grew in an ambient environment; P-shade: parents grew in a shaded environment; O-ambient:
offspring grew in an ambient environment; O-shade: offspring grew in a shaded environment. Touched: neighboring parental ramets were waved
with a thin wooden stick gently to make two blade touch; Untouched: no touch happened between a pair of parental ramets.
TABLE 1 Abbreviation comparison.

Abbreviation Complete spellings

SAS Shade avoidance syndrome

STS Shade tolerance syndrome

SLA Specific leaf area

SPL Specific petiole length

SSL Specific stolon length

R/S Root biomass/shoot biomass

S/L Stolon biomass/leaf biomass

LAR Leaf area ratio

LMR Leaf mass ratio
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investment (initial fresh weight of parent), was considered a

maternal effect (Bolker et al., 2009; Galloway et al., 2009; Puy

et al., 2022). All data analyses and diagrams were carried out using R

(v.3.2.3, R Core Team, 2016) with a = 0.05 as significance level. The

images were further processed with Adobe Illustrator (v 28.1,

Adobe Systems Incorporated, 2023).
Results

The PL, OL, NT, the interaction of PL and OL (PL × OL), and the

interaction of PL and NT (PL × NT) significantly affected the growth

of parental ramets and offspring. Nevertheless, the interaction of

OL and NT (OL × NT) and three factors (PL × OL × NT) had no

effect on them. Among three factors, PL displayed the most dissimilar

traits of G. longituba among treatments (R2 = 0.297 for parent and

R2 = 0.519 for offspring). For the parent, the next important factor

was OL (R2 = 0.167), followed by PL × NT (R2 = 0.075), PL × OL

(R2 = 0.071), and NT (R2 = 0.068). For the offspring, OL (R2 = 0.173),

NT (R2 = 0.048), PL × OL (R2 = 0.036), and PL × NT (R2 = 0.032)

played significant effects sequentially (Supplementary Table S1).
The influence of parental neighboring
touch on parental ramets in different
light environments

For parental ramets, there were significant effects of PL, OL, and

NT on biomass (including total, aboveground, and root biomass).

Additionally, PL affected SLA, SPL, LAR, and R/S; OL showed an effect

on the blade area, SPL, LAR, LMR, and R/S, while NT influenced SLA,

LAR, and petiole length; the interaction of PL andOL affected the blade

area, petiole length, LMR, LAR, and R/S significantly; PL × NT

influenced the blade area, SLA, and LAR. Moreover, OL × NT and

PL × OL × NT did not show an effect on parents (Table 2).

When the genet (including parent and their offspring ramets)

was in ambient light, neighboring touch (NT) mainly reduced the

blade area and the petiole length of parental ramets but had no

significant effect on other parental parameters. Additionally,

compared with the ambient environment, the growth of genet in

a shaded environment was depressed. Parental ramets displayed

reduction in the blade area, biomass (aboveground, roots, and total

biomass), and R/S, but increased SPL, LAR, and LMR. However, in

the shaded environment, if touch between neighboring parental

ramets happened, some traits induced by shade were changed.

Upon recovery from the reduction in the parental blade area, SLA

and LAR even became larger (Figure 3).
The influence of parental neighboring
touch on offspring ramets in different
light environments

For the offspring ramets, PL and OL displayed effects on almost

all traits involved in our study, except for OL on stolon biomass.

Neighboring touch treatment (NT) had effects on most traits except
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for stolon biomass/leaf biomass and LMR. Moreover, the PL × OL

interaction affected the blade area, leaf biomass, and SSL of the

longest stolon; PL × NT influenced total biomass, stolon biomass,

blade area, and stolon/leaf biomass, but OL × NT only affected leaf

biomass. Same as the parent, PL × OL × NT did not show an effect

on the offspring (Table 3).

When the genet was in ambient light, in offspring, parental

neighboring touch decreased total leaf biomass and blade area, but

enhanced S/L. When the genet was in a shaded environment, as

compared with the ambient environment, shade leads to a

reduction in biomass (stolon, leaf, and total biomass), the total

blade area, and the length of the longest stolon. In contrast, there is

an increase in SSL and S/L. However, if touch between neighboring

parental ramets happened, it caused a greater decrease in the total

biomass, stolon biomass, and length of the longest stolon than in

those without touch (Figure 4).
The influence of parental light
environment on offspring light adaptability

We compared the offspring performance in the same light

environment as their parents or in a different light environment

(Figure 4). When the parental ramets were in ambient light, the

offspring with a shaded environment did not show a significant

difference from offspring with ambient light in the total biomass,

stolon biomass, and length of longest stolon. However, they had a

lower number of ramets, leaf biomass, blade area, LAR, and LMR,

and higher SSL and stolon biomass/leaf biomass. Additionally, if the

parental ramets are in a shaded environment, even if their offspring

grew in an ambient environment, these offspring will still have a

lower leaf, stolon, and total biomass, a smaller blade area, a shorter

stolon length, but a larger SSL. In contrast to the offspring with

ambient light, the offspring with a shaded environment will have the

lowest total biomass, leaf biomass, blade area, LAR, LMR and stolon

length, but the largest SSL.
The effect of parental neighboring touch
on offspring light adaptability

When parents grew in ambient light, the following traits of

offspring with ambient light were changed by parental neighboring

touch: leaf biomass, leaf area, ramet number, LAR, and LMR were

decreased, and stolon biomass/leaf biomass was increased. Total

biomass, stolon biomass, SSL, and stolon length did not change

significantly. For the offspring with a shaded environment, touch

just reduced leaf area and LAR; others were unchanged (Figure 4).

When parents grew in a shaded environment and offspring grew

in ambient light, except for ramet number, stolon biomass/leaf

biomass, LAR, and LMR without any changes, SSL was increased

and all other traits decreased due to parental neighboring touch. For

offspring with a shaded environment, however, leaf biomass, leaf area,

ramet number, stolon biomass/leaf biomass, SSL, LAR, and LMR

were not influenced by parental neighboring touch, with only total

biomass and the length and biomass of stolon decreased (Figure 4).
frontiersin.org

https://doi.org/10.3389/fpls.2024.1358924
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


TABLE 2 Three-way ANCOVAs for effects of parental light environment (PL), offspring light environment (OL), parental neighboring touch (NT), and their interactions on growth indicators of parental ramets.

oot
mass
g) a

R/S
Blade

area (cm2)
SLA (cm2/g)

Petiole
length (cm)

SPL (cm/g)
LAR(cm2/

g) a
LMR (g/g)

p F p F p F p F p F p F p F p

0.012 2.195 0.152 0.541 0.470 3.642 0.069 0.028 0.869 4.701 0.041 5.830 0.024 0.637 0.433

<0.001 23.781 <0.001 0.246 0.625 58.640 <0.001 0.303 0.588 9.997 0.004 77.721 <0.001 1.888 0.183

<0.001 44.822 <0.001 7.510 0.012 0.693 0.414 <0.001 0.995 7.422 0.012 9.724 0.005 21.517 <0.001

0.022 0.291 0.595 0.147 0.704 17.118 <0.001 16.543 <0.001 0.317 0.579 12.841 0.002 0.401 0.533

0.186 15.859 0.001 9.461 0.005 2.257 0.147 9.250 0.006 0.147 0.704 6.867 0.015 10.420 0.004

0.784 0.228 0.638 22.088 <0.001 30.731 <0.001 4.150 0.053 1.425 0.245 35.503 <0.001 0.133 0.719

0.444 <0.001 0.997 0.696 0.413 2.411 0.134 0.232 0.634 1.542 0.227 2.519 0.126 0.001 0.999

0.432 2.183 0.153 1.197 0.285 0.262 0.614 2.162 0.155 <0.001 0.997 0.613 0.442 0.975 0.334

ercase letter “a” indicates that the data are log-transformed.
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Source
of variation df

Total
biomass
(g) a

Aboveground
biomass (g)

R
bio
(

F p F p F

Fresh weight 1 6.993 0.014 4.508 0.045 7.484

Parental
light
environment (PL)

1 48.609 <0.001 32.886 <0.001 46.368

Offspring light
environment (OL)

1 24.918 <0.001 11.064 0.003 51.234

Neighbor
touch (NT)

1 7.121 0.014 5.333 0.03 6.016

PL×OL 1 0.406 0.530 0.806 0.378 1.863

PL×NT 1 0.329 0.572 0.029 0.866 0.077

OL×NT 1 1.226 0.280 1.537 0.228 0.606

PL×OL×NT 1 0.007 0.934 0.035 0.853 0.639

Values in bold indicate significant effects (p < 0.05) of factors and their interactions. The low
The shading indicates that the p-value is significant.
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Discussion

Our findings reveal complex interactions between parental

neighboring touch and light environments on the clonal plant G.

longituba. Namely, the effect of parental neighboring touch changed

with light conditions. When plants grew in ambient light, the

reduction in leaf investment induced by touch could help plants

minimize damage caused by mechanical stimuli. When plants grew

in a shaded environment, SAS or STS response of plants was

promoted by parental neighboring touch to some extent, which

was conducive to survival in the shade. Moreover, the maternal

effect of PL on light adaptability of offspring ramets also relied on

parental neighboring touch. If touch occurred between parental
Frontiers in Plant Science 07129
ramets in ambient light, the shaded offspring was slightly affected,

while the effect was disadvantageous when touch happened on

parental ramets in the shaded environment.
The effect of parental neighboring touch
associated with light environment

In the present study, the growth of the clonal plant G. longituba

was affected by the touch between neighbor parents and not only

parental ramets but also their offspring ramets. However, the effect

varied with a light environment. For example, in an ambient

environment, it seems that the effect of parental neighboring
A B

C D

E F

G H

I J

FIGURE 3

Growth of parental ramets in different treatments. (A) Total biomass; (B) aboveground biomass; (C) root biomass; (D) root biomass/shoot biomass
(R/S); (E) blade area; (F) specific leaf area (SLA); (G) petiole length; (H) specific petiole length (SPL); (I) leaf area ratio (LAR); (J) leaf mass ratio (LMR).
P-ambient: parents grew in an ambient environment; P-shade: parents grew in a shaded environment; O-ambient: offspring grew in an ambient
environment; O-shade: offspring grew in a shaded environment. Different letters indicate significant difference among the treatments, and the same
letter indicates no significant difference at the 0.05 level with the LSD test. Multiple comparisons of total biomass, root biomass, and LAR are based
on log-converted data. Error bars show the SE.
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TABLE 3 Three-way ANCOVAs for effects of parental light environment (PL), offspring light environment (OL), parental neighboring touch (NT), and their interactions on growth indicators of offspring ramets.

g)

Stolon
biomass/

Leaf
biomass a

Total blade
area (cm2)

Number
of ramets

Length of
the longest
stolon (cm)

SSL of the
longest
stolon
(cm/g)

LAR (cm2/g) LMR (g/g)

F p F p F p F p F p F p F p

08 2.411 0.134 1.889 0.183 14.027 0.001 4.336 0.049 8.884 0.007 0.036 0.851 2.536 0.125

001 8.832 0.007 65.724 <0.001 82.482 <0.001 107.583 <0.001 338.294 <0.001 17.211 <0.001 10.370 0.004

001 27.823 <0.001 58.122 <0.001 23.117 <0.001 10.137 0.004 255.398 <0.001 44.476 <0.001 30.298 <0.001

01 2.184 0.153 31.515 <0.001 9.292 0.006 21.820 <0.001 23.768 <0.001 12.487 0.002 2.155 0.156

08 0.131 0.720 9.886 0.005 17.531 <0.001 0.675 0.420 62.936 <0.001 0.102 0.752 0.116 0.737

47 4.472 0.045 5.444 0.029 2.388 0.136 3.863 0.062 0.486 0.493 4.056 0.056 4.193 0.052

06 3.517 0.073 3.557 0.072 5.795 0.024 1.783 0.195 1.756 0.198 0.002 0.969 3.410 0.078

70 1.837 0.188 0.28 0.602 6.180 0.021 0.067 0.798 0.178 0.677 0.651 0.428 1.889 0.183

se letter “a” indicates that the data are log-transformed.
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Source
of variation df

Total
biomass (g) a

Stolon
biomass (g) a

Leaf
biomass

F p F p F

Fresh weight 1 5.603 0.027 1.562 0.224 8.296 0.

Parental
light
environment (PL)

1 210.375 <0.001 221.496 <0.001 92.739 <0

Offspring light
environment (OL)

1 31.672 <0.001 2.704 0.114 37.770 <0

Neighbor
touch (NT)

1 21.647 <0.001 10.552 0.004 13.145 0.

PL×OL 1 4.134 0.054 3.903 0.06 8.334 0.

PL×NT 1 6.757 0.016 15.056 0.001 1.412 0.

OL×NT 1 0.596 0.448 0.622 0.439 9.095 0.

PL×OL×NT 1 0.027 0.872 0.580 0.454 2.010 0.

Values in bold indicate significant effects (p < 0.05) of factors and their interactions. The lowerc
The shading indicates that the p-value is significant.
(

p

0

.

.

0

0

2

0

1

a

https://doi.org/10.3389/fpls.2024.1358924
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Xing et al. 10.3389/fpls.2024.1358924
touch was mainly on leaves; the reduction in the blade area and

petiole length of the parental ramets was the most intense

phenotypic change observed after direct touch by a neighbor,

which is also regarded as the core morphological change of

thigmomorphogenesis (Brenya et al., 2022). The compression of

leaf and petiole was associated with the increases in cell wall stiffness

and decreases in cell elongation, which is correlated with ethylene-

regulated pectin degradation induced by touch (Wu et al., 2020).

Being a clonal herb with a long stolon, the petiole is the vertical

support of G. longituba; a shorter petiole limits the bending

moment, and together with a smaller blade, they reduce the risk

of various mechanical strains, such as plastic deformation,
Frontiers in Plant Science 09131
uprooting, and buckling, and are likely adaptive in crowded

vegetation (Langer et al., 2021; Telewski, 2021; Langer et al., 2022).

Parental environmental signals that can be perceived by clonal

offspring via a connected spacer (stolon or rhizome) have been

proven (Liu et al., 2015; Guo et al., 2022; Tie et al., 2022; Xue et al.,

2022). Moreover, in this study, although touch only took place

between parents, its impact was transferred to their offspring,

causing the decrease of ramet number, leaf area, leaf biomass and

leaf investment (decreased LAR and LMR), but relatively less

reduction in stolon biomass (increased S/L). The performance of

offspring ramets induced by parental neighboring touch owing to

clonal integration was also proved with Leymus secalinus (Sui et al.,
A B

C D

E F

G H

I J

FIGURE 4

Growth of offspring ramets in different treatments. (A) Total biomass; (B) stolon biomass; (C) leaf biomass; (D) stolon biomass/leaf biomass (S/L);
(E) total blade area; (F) number of ramets; (G) length of the longest stolon; (H) specific stolon length (SSL); (I) leaf area ratio (LAR); (J) leaf mass ratio
(LMR). P-ambient: parents grew in an ambient environment; P-shade: parents grew in a shaded environment; O-ambient: offspring grew in an
ambient environment; O-shade: offspring grew in a shaded environment. Different letters indicate significant differences among the treatments, and
the same letter indicates no significant differences at the 0.05 level with the LSD test. Multiple comparisons of total biomass, stolon biomass, and
stolon biomass/leaf biomass are based on log-converted data. Error bars show the SE.
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2011). The sharing of environmental signals among interconnected

ramets was considered to favor young ramets (Wei et al., 2019). In

this study, to some extent, the compression of phenotype and growth,

and more allocation to the stolon, those induced by touch benefits

plants in withstanding mechanical stress, which is also the form of

plants in high mountain and grazed areas to protect plants from the

stresses caused by high wind, rain, physical touch from other plants,

or trampling (Braam, 2005; Sui et al., 2011).

When G. longituba was in a shaded environment, growth was

obviously inhibited, as shown by the lower biomass accumulation

and ramet production, which was due to the limitation of light

resources. Shade induced a significant impact on both leaf and

stolon. Despite the decreased biomass, some changes in parental

ramets caused by shade were in favor of adapting to low-light

conditions. For instance, notwithstanding the smaller leaf area,

more investment to leaf in parental ramets showed increased LAR

and LMR, which optimized light capture in the shade. Moreover,

the longer SPL in parents and SSL in offspring represented

expansion in the vertical and horizontal directions, which

suggested an effort of clonal plants to escape from the shade

(Figures 3, 4). Evidently, the clonal plant G. longituba exhibited

both STA and SAS characters to tolerate the shaded environment.

Interestingly, if parental neighboring touch happened in the

shade, it seems that some responses of G. longituba were more

beneficial to survival in the shaded environments. For example, the

reduction of parental leaf area in the shade was offset, and even

more resources were allocated to the leaf area, causing larger SLA

and more LAR (Figure 3). Additionally, although the length and

biomass of stolon decreased, the long SSL and SPL was maintained

the same as in the shade (Figure 4). In addition, the touch of the

parent caused larger SLA in the shaded offspring, and these

responses were not even represented in the shaded environment.

Consequently, SAS or STS responses induced by shade were not

restrained by parental neighboring touch and, instead, were

promoted to some extent.
Parental neighboring touch and maternal
effect on offspring light adaptability

The connected stolon provides physical support for

communication among ramet nets and guarantees the parental

and ongoing effects on offspring ramets. The maternal effect and the

light adaptation of clonal offspring induced by it have been

discussed in many studies. Some documented that the phenotype

induced by the maternal effect may facilitate offspring to pre-adapt

to a light environment (Guo et al., 2022; Tie et al., 2022; Xue et al.,

2022). The alternative view, however, stated that parental shading

effects contributed little to the tolerance of clonal offspring to

shading (Dong et al., 2019). Our results displayed that a parental

high-light environment was in favor of offspring performance. If the

parental ramets were in ambient light, their offspring always

maintained a higher total biomass and ramet number regardless

of OL. The assurance in total biomass of the shaded offspring was

mainly related to stolons. By contrast, the offspring with shaded

parents usually had a lower biomass even if they were under
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ambient light conditions. In brief, it seemed from our results that

the offspring with a shaded environment did not benefit from the

shading experience of their parent despite the matching parent–

offspring environment. However, plants will avoid excessive growth

or defense through a negative feedback–regulatory loop and achieve

balance in response to adverse environments (Li et al., 2019), More

precisely, the decrease in growth of G. longituba does not

necessarily mean that they are completely unadaptable; resources

may be more devoted to other traits not involved in the present

study, such as defense and life span.

If parental ramets are in an ambient environment, the offspring

with a shaded environment showed similar growth whether touch

occured or not, and they both exhibited the same biomass (leaf,

stolon, and total biomass), ramet number, LMR, SSL, and stolon

biomass/leaf biomass. Instead, if touch happened when parents

grew in a shaded environment, the biomass of offspring with a

shaded environment was decreased, accompanied by a reduction in

length and biomass of stolons. Of course, the longest SSL and a high

S/L were still kept (Figure 4). These traits responded in opposite

directions, suggesting the potential for complex trade-offs among

traits. Therefore, the effects of parental neighboring touch on

offspring under shaded conditions depended on PL. If light

resource in the parental environment was abundant, the impact

of parental neighboring touch on the offspring with a shaded

environment was not obvious, whereas when the parent was

under limited light conditions, touch from a neighbor was more

disadvantageous to the growth of the clonal plant G. longituba. The

interaction of mechanical stimuli and shade has been reported by

several studies; some documented that shading decreased or

eliminated the thigmomorphogenesis (Henry and Thomas, 2002),

while others showed opposite results (Feng et al., 2019). These

results disclosed a complexity of interaction between shade and

mechanical stimuli on plant morphology, growth, and allocation.

Note that the mechanical stimuli in these studies were simulated

with wind; the effect not only is a single mechanical stimulus, but

also affects the exchange of heat, water vapor, and CO2 around

leaves (Feng et al., 2019), which made the findings more diverse.

Our study focused on the effect of contact between neighboring

leaves, which broadens our understanding of mechanical stimuli.
Conclusion

Our results illustrated that the impact of parental neighboring

touch on the clonal plant G. longituba was dependent on the light

environment. For instance, in an environment with sufficient light,

depressed leaf investment induced by touch was regarded as a trade-

off to resist potential mechanical damage. In a shaded environment,

SAS or STS response induced by shade was promoted by parental

neighboring touch to some extent, which was conducive to the

survival of plants in a shaded environment. If touch occurred on the

parental ramets in ambient light, the light adaptability of the shaded

offspring was slightly affected, while the effect was disadvantageous

when touch happened on the parental ramets in the shaded

environment. In sum, the role of neighboring touch varied,

relying on the light environment, which complicated the plant–
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plant interactions under dense vegetation. The nuanced interactions

between neighboring touch and light conditions highlight the

complexity inherent in the dynamics of plant development within

dense vegetation. Our research contributes to understanding the

growth dynamics of understory plants. Given that this study was

conducted in a controlled environment, there may be discrepancies

between the experimental conditions and natural conditions.

Therefore, future research should explore conducting field

experiments to bridge this gap.
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Stem elongation and gibberellin
response to submergence
depth in clonal plant
Alternanthera philoxeroides
Shufang Jing1,2†, Xinyi Ren1†, Feng Lin1, Hangang Niu1,
Qiaoli Ayi1, Binna Wan1, Bo Zeng1 and Xiaoping Zhang1*

1Key Laboratory of Eco-environments in Three Gorges Reservoir Region (Ministry of Education),
Chongqing Key Laboratory of Plant Ecology and Resources in Three Gorges Reservoir Region, School
of Life Sciences, Southwest University, Chongqing, China, 2School of Biological Science and Food
Engineering, Huanghuai University, Zhumadian, China
Clonal plants are widely distributed in the riparian zone and play a very important

role in the maintenance of wetland ecosystem function. Flooding is an

environmental stress for plants in the riparian zone, and the response of plants

varies according to the depth and duration of flooding. However, there is a lack of

research on the growth response of clonal plants during flooding, and the

endogenous hormone response mechanism of clonal plants is still unclear. In

the present study, Alternanthera philoxeroides, a clonal plant in the riparian zone,

was used to investigate the time-dependent stem elongation, the elongation of

different part of the immature internodes, and the relationship between growth

elongation and the phytohormone gibberellin (GA) under a series of

submergence depths (0 m, 2 m, 5 m, and 9 m). The results showed that stem

elongation occurred under all treatments, however, compared to 0 m (control),

plants grew more under 2 m and 5 m submergence depth, while grew less under

9 m water depth. Additionally, basal part elongation of the immature internode

was the predominant factor contributing to the stem growth of A. philoxeroides

under different submergence depths. The phytohormone contents in basal part

of the mature and immature internodes showed that GA induced the differential

elongation of internode. Plant submerged at depth of 2 m had the highest GA

accumulation, but plant submerged at depth of 9 m had the lowest GA

concentration. These data suggested that GA biosynthesis are essential for

stem elongation in A. philoxeroides, and the basal part of the immature

internode was the main position of the GA biosynthesis. This study provided

new information about the rapid growth and invasion of the clonal plant A.

philoxeroides around the world, further clarified the effects of submergence

depth and duration on the elongation of the stem, and deepened our

understanding of the growth response of terrestrial plants in deeply

flooded environments.
KEYWORDS

clonal plant, alligator weed, gibberellin, hydrostatic pressure, submergence times,
submergence depth
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1 Introduction

Flooding is an environmental stress for plants in the riparian

zone, and the response of plants varies according to the depth and

duration of flooding (Müller et al., 2019). Flooding depth and

duration concomitantly influence the growth traits and yield of

plant (Meng et al., 2022). A longer waterlogging duration caused a

greater reduction in the above parameters (Wang et al., 2017).

Clonal plants are widely distributed in the riparian zone and play a

very important role in the maintenance of wetland ecosystem

function, and often adapt to environmental changes through

phenotypic plasticity, especially invasive clonal plants (Dong

et al., 2017; Guo et al., 2023). Previous studies have demonstrated

that the clonal plant Alternanthera philoxeroides is an invasive

amphibious weed that is native to South America but has now

invaded into the temperate and tropical regions across the world

(Wu et al., 2017). A. philoxeroides has rapid clonal reproduction and

is phenotypically plastic (leaf area, internode length, shoot

diameter, etc.) (Gao et al., 2015).

Compared to the terrestrial environmental factors, the

environmental factors in the water body can change considerably,

such as light, water temperature, dissolved O2 and CO2

concentrations, etc (Vervuren et al., 2003). Light quantity and

quality in rivers vary with depth and turbidity, for example, in

the River Rhine, light quantum flux decreases with increasing water

depth both in freshwater lakes and in flooded environments

(Vervuren et al., 1999; Li et al., 2024). Light is reduced to 90% of

the total solar radiation entering the water column at a depth of

50 cm, and less than 1% of the light intensity is available underwater

when the water depth reaches more than 1.5 m (Vervuren et al.,

2003). In completely submerged environments, O2 concentration in

plants is reduced and low levels of O2 stimulate ethylene

biosynthesis, whose diffusion rate in water is very slow, leading to

a rapid rise in ethylene levels in plants in a short period of time

(Voesenek et al., 2016; Wang and Komatsu, 2022).

The clonal plant A. philoxeroides is a common plant in

floodplains, riparian zones, and water-level drawdown zones of

large reservoirs with inundation-disturbed habitats (Yang et al.,

2019), and it is also distributed in areas with deeper inundation

(Zheng et al., 2021). For example, the Three Gorges Reservoir

(TGR) which is the largest hydroelectric power project in the world,

the water level of the reservoir fluctuates regularly from 145 m to

175 m in elevation (Chen et al., 2021). Thus, the water-level

drawdown zones with a maximum drop of 30 m are formed

along the banks of the Yangtze River (Lei et al., 2017). We have

been conducting long-term research on plant growth in the

drawdown zone, and we have found that the clonal plant A.

philoxeroides exhibits a fast-growing in shallow submerged

environments and a slow-growing or even stop-growing in deep

submerged conditions (Ayi et al., 2016; Jing et al., 2022), but there is

little discussion on the growth response of A. philoxeroides at

different water depths and its response mechanism. Our previous

study has shown that the formation of pith cavity and adventitious

roots, and non-structural carbohydrate metabolism play important

roles in the changes of different growth strategies in A. philoxeroides

(Jing et al., 2022). The stem growth of A. philoxeroides at any
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submergence depth was chiefly caused by the elongation of the basal

parts of immature internodes, which was highly correlated to both

cell proliferation and cell enlargement (Jing et al., 2024). However,

the time depended stem elongation and the hormone regulatory

mechanisms remain unclear, this characteristic of the plant species

is crucial for explaining the successful invasion of clonal plants (You

et al., 2016).

Phytohormone plays a very important role as a signalling

substance in the response of plants to biotic and abiotic stresses

(Taiz and Zeiger, 2010). The response and adaptation strategies of

plants in flooded environments are very closely related to hormone

concentrations, and the regulation of plant morphology, anatomy,

physiology, ecology, molecules and signalling under low oxygen or

low light stress conditions is largely influenced by hormones

(Bailey-Serres and Voesenek, 2008; Lin et al., 2021). When plants

were submerged, the content of ethylene increases due to the

diffusion of ethylene is weakened, which inhibits abscisic acid

(ABA) synthesis and promotes ABA decomposition, whereas

ABA inhibits gibberellin (GA) synthesis (Fukao and Bailey-Serres,

2008), so an increase in ethylene promotes an increase in GA

content, which in turn promotes stem growth (Sasidharan and

Voesenek, 2015). Physiological and genetic analyses indicated that

GA biosynthesis and signal transduction are essential for internode

elongation in deep-water rice (Ayano et al., 2014). Its role in plant

response to submergence has been widely reported (Sasidharan and

Voesenek, 2015; Wang et al., 2021). However, changes in the

concentration of the endogenous hormone GA in different water

depth environments have not been reported for the clonal plant

A. philoxeroides.

To explore the time-dependent stem elongation and the

hormone regulatory mechanisms under different submergence

depths, taking the clonal plant Alternanthera philoxeroides

(Mart.) Griseb., a submergence-tolerant plant as a model, we

hope to solve the following scientific questions in this study: (1)

What are the trends in the stems of different maturity levels of A.

philoxeroides as the duration of submergence changes? (2) Is there a

difference in the content of endogenous hormone GA in the

immature internodes of A. philoxeroides under different water-

depths? In order to clarify the above questions, we measured the

length of stem, immature stem of A. philoxeroides at different water-

depths, and determined the endogenous hormone GA content of

mature and immature stem by using high-performance liquid

chromatography and quantified by tandem mass spectrometry

(HPLC-MS/MS). The answers to these questions will help

understanding the phytohormone regulatory mechanisms of

clonal plant tolerance to extreme flooding and explain why A.

philoxeroides remains highly invasive worldwide.
2 Materials and methods

2.1 Plant material and cultivation

Alternanthera philoxeroides (Mart.) Griseb. can spread quickly

via clonal growth, in this study, plants were grown as described in

Jing et al. (2022). A. philoxeroides plants were cultivated from
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cuttings obtained from plants naturally growing on the banks of the

Jialing River in Chongqing, Southwest China (29○49’42’’N,

106○26’46’’E). Each selected cutting was planted in a plastic pot

(diameter and depth were both 13 cm) containing riparian soil from

the Jialing River banks. All plants were cultivated under the same

conditions. The temperature, relative humidity, daily maximum light

(PAR) intensity, and water provision were maintained at 10~15 °C,

75~85%, 600~800 µmolm–2 s–1, and approximately 80~90%of the soil

water-holding capacity, respectively. After approximately one month

of cultivation, plants with approx. 288 mm height and 12 internodes

were selected for submergence treatments.
2.2 Experimental design

The plants subjected to complete submergence treatments were

suspended at planned water depths, as described in Jing et al.

(2022). The design of 2 m, 5 m, and 9 m deep submergence was

based on our long-term field observation on the elevational

distribution of A. philoxeroides in the water level fluctuation zone

of the Three Gorges reservoir. Unsubmerged control plants were

placed under dark conditions and watered regularly to ensure

adequate water supply. Four submergence treatments were

applied in a fully randomized design using selected plants.

Control plants were placed under dark conditions and were not

submerged, in this article it is called 0 m. Additionally, three groups

of plants were submerged in a water-filled concrete reservoir, with

the top of plants 2 m, 5 m, and 9 m beneath the water surface

(Supplementary Figure S1A). The plants in pots were suspended at

planned water depths as described in Jing et al. (2022). According to

the previous observation and pre-experimental results, the

submergence treatments lasted to 11 d in the growth measured

experiments, but 4 d in the endogenous GA measurements.

To investigate the effects of submergence depth on plants, the

physicochemical status of water body (light, dissolved oxygen (DO),

pH, and temperature) in the concrete reservoir were kept constant

at any depths as described in Jing et al. (2022). DO concentration,

photosynthetically active radiation (PAR) intensity, temperature

and pH of the water column at different depths in the reservoir were

checked twice per day (morning and evening) using a multi-

parameter water quality analyzer (Hydrolab DS5, Hach, United

States). During the experiment, no significant differences in these

factors were found between different water depths (Table 1).
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2.3 Growth measurements

Each plant had approximately 12 internodes at the start of

treatments. From the stem base upwards, the 1st to 6th internodes

were relatively more mature and the 7th to 12th internodes were

immature (Supplementary F igure S1B) . We marked

nondestructively immature stems so as to distinguish the mature,

immature stems formed before treatment. The length of mature

stems, immature stems were measured every day. As plants may

produce gaseous substances such as ethylene during submergence,

it was ensured that the measurements were taken underwater, at the

same time, the plants are not exposed to the atmosphere. Once the

daily measurement was completed, the plants were quickly

submerged to the appropriate water-depth for continuation of the

treatment. In order to investigate the submergence time-dependent

growth pattern of different parts of immature internodes, we

selected an immature internode (the length of the internode was

usually between 2.5 and 3.2 cm, as shown in Supplementary Figure

S1D) from each plant before treatments and divided the internode

into three equilong parts (basal, middle, and upper part, as shown in

Supplementary Figure S1E) by marking with red polyester threads

(Jing et al., 2024), measured the lengths of all parts every day.
2.4 Phytohormone concentration analysis

The endogenous GA concentration in the basal part of the

internode of A. philoxeroides plants were mainly composed of GA1,

GA3, GA4, and GA7. According to the results of the pre-experiment

and the research objectives of the present study, the growth of

plants under different submergence depths had already shown

significant differences at the 4th day, and the endogenous

hormone content of the plants was relatively high, the sampling

time was set as the 4th day. The basal parts of each internode were

harvested after submergence or control treatments, frozen in liquid

nitrogen immediately, and kept at -80 °C before freeze drying. Ten

basal parts of the mature and immature internodes were pooled to

obtain enough material per sample. There were three replicates for

GAs (GA1, GA3, GA4 and GA7) analyses. Measurement of

endogenous GAs concentration was performed by HPLC-MS/MS.

The HPLC-MS/MS system was composed of a high-performance

liquid chromatography (HPLC, Agilent Technologies 1200 series,

USA) connected to AB Sciex API 6500 Qtrap mass spectrometer
TABLE 1 Physico-chemical properties of water body in submergence reservoir during the experiment.

Submergence
Depth
(m)

Dissolved oxygen concentration
(mg L-1)

Temperature (°C) pH
PAR

(mmol m-2 s-1)

0 n.a. 25.46 ± 0.03 a n.a. 0 a

2 8.25 ± 0.08 a 25.48 ± 0.06 a 7.02 ± 0.02 a 0 a

5 8.16 ± 0.07 a 25.45 ± 0.07 a 7.01 ± 0.02 a 0 a

9 8.11 ± 0.06 a 25.46 ± 0.04 a 7.03 ± 0.01 a 0 a
The dissolved oxygen, temperature, photosynthetically active radiation (PAR), and pH of the water body in the concrete reservoir for submergence treatments were checked at different depths
twice per day (in the morning and evening) using a multi-parameter water quality analyzer (Hydrolab DS5, Hach, United States) during the experiments (mean ± s. e.; n = 20); n.a. indicates no
data. Same lower-case letter indicates no significant difference (p > 0.05) between submergence depths.
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(Concord, ON, Canada). The Analyst 1.6.3 software (Concord, ON,

Canada) controlled the HPLC-MS/MS system and Multiquant 3.2

to process the data (Pan et al., 2010).
2.5 Statistical analysis

Elongation difference of stem (or immature stem) between

submergence depths were checked by one-way ANOVA. Separate

ANOVA with Repeated Measures was used to detect the difference

in stem length, basal, middle, and upper parts within internodes,

One-way ANOVAwas used to examine the difference in contents of

gibberellin in mature and young stems respectively between

different treatments. Logarithm data transformation was

performed to equalize variance if necessary. Differences between

treatments were detected using the Tukey HSD test, and the

significance level was set at p = 0.05. All analyses were conducted

using SPSS 22 (SPSS Inc., Chicago).
3 Results

3.1 Elongation of stem and immature
stem parts

A. philoxeroides plants subjected to four treatments all

elongated their stems during the experiment day by day

(Figure 1A). At the end of treatments, the stem elongation were

198.00 mm, 245.67 mm, 223.17 mm, and 87.50 mm averagely in

plants submerged at water depths of 0 m (control), 2 m, 5 m, and

9 m, respectively (Figure 1A). Compared to the 0 m, the stem

presented apparent elongation when submerged at water depth of

2 m and 5 m, but the stem only had very slight elongation when

submerged at water depth of 9 m. Stem elongation decreased with

increasing submergence depth after 6 days treatment (Figure 1A).

From the 7th day, the stem elongation of A. philoxeroides was

significantly inhibited in the 9 m submergence depth, no elongation

was observed. At this time, the stem elongation of plants submerged

at water depth of 2 m and 5 m were still faster, indicating that the

growth response of the stem of A. philoxeroides varied greatly at
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different water depths (Figure 1A). It was shown that water depth of

2 m and 5 m promoted elongation of the stems, while water depth of

9 m inhibited elongation of the stems, and this inhibition was more

severe from the 7th day after the onset of submergence.

The immature stem elongation trend (Figure 1B, the 7th to 12th

internodes) of A. philoxeroides under different water depths was

consistent with that of the stems (Figure 1A). At the end of

treatments, the elongation of immature stems in plants submerged at

waterdepthof 0m(control), 2mand5mwere192.17mm,231.67mm,

and206.83mm, respectively (Figure1B), and the immature stemswere

rapidly elongated throughout the treatment period. However, the

water depth of 9 m promoted plant growth during the first 6 days of

the experiment and then turned to inhibit plant growth as the duration

of submergence increased (Figure 1B, especially on 7th day after the

start of submergence), during the whole treatment period, the

immature stem only grew 76.33 mm averagely.
3.2 Elongation of the different parts of
immature internodes

The elongation of the basal (Figure 2A), middle (Figure 2B) and

upper (Figure 2C) of immature internodes of A. philoxeroides

showed different growth trends, which grew from about 8 mm at

the start of the treatments to about 19 mm, 11 mm and 6 mm at 7

day under 2 m water depth, respectively. The growth rate of the

basal parts was significantly faster than that of the middle parts,

which in turn was faster than that of the upper parts (Figures 2A–

C). However, when submergence treatment was carried out for 8

days, there was no significant growth in all parts of the marked

immature internode, except for the internodes of the 0 m

(unsubmerged group). In the same period of time, the elongation

of basal, middle, and upper parts gradually decreased with

increasing water depth (Figures 2A–C). Overall, 2 m water depth

promoted the basal parts elongation of immature internodes at the

early stage of treatments, while 9 m water depth had a certain

inhibitory effect on the elongation of the immature internodes, and

5 m water depth had faster growth than 0 m at the beginning of

submergence for 1~4 days, but the final length of all parts of the

immature internodes was lower than that of the 0 m (Figure 2C).
A B

FIGURE 1

Length of stem (A) and immature stem (B) of Alternanthera philoxeroides after the start of different submergence treatments (Mean ± s. e.; n = 6).
The arrows indicate Aphiloxeroides stops growing at 9 m water depth.
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3.3 Endogenous GA concentration in the
basal part of the internode

The concentration of GAs in immature internodes was higher

than that in the mature internodes of A. philoxeroides (Figure 3).

The concentration of GAs in the basal parts of immature internodes

decreased with increasing submergence depth at the fourth day of

experiment (p < 0.05, Figure 3). Plants submerged at 2 m water

depth had the highest GAs concentration but plants submerged at

9 m depth had the lowest GAs concentration (p < 0.05, Figure 3).

However, no significant difference was found between 0 m and 5 m

submergence depths in GAs concentration in immature stems of A.

philoxeroides (p > 0.05, Figure 3). The concentration of GAs in

mature internodes of unsubmerged plants was significantly higher

than that of submerged plants, but no difference was found among

the three submerged treatments (i.e., 2 m, 5 m and 9 m). This
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indicates that 2 m water depth promoted GAs biosynthesis in

immature internodes, whereas 9 m water depth inhibited

GAs biosynthesis.
4 Discussion

The influences of submergence on plant growth are different

according to different flooding depths and durations. It has been

reported that the yield of rice is almost non-existent when the

flooding time is 5~6 days (Meng et al., 2022), longer flooding

durations limited the basal area growth of larger trees and reduced

sexual reproduction (Greet et al., 2020). In the present study, the

stems of A. philoxeroides were elongating with the durations of

submergence in all treatments (Figures 1A, B), this is mainly due to

the growth of immature internodes. But the elongation of immature

stems decreased when water depth increased (Figures 1A, B). This is

consistent with the results of our previous studies, which found that

immature internodes comparatively made the largest contribution

to plant stem elongation (Jing et al., 2022). Moreover, as previous

studies have found that the immature internodes showed intra-

internodal variation in elongation among their basal, middle, and

upper parts, and the variation was affected by submergence depth

(Jing et al., 2024). The basal parts achieved much longer elongation

than the middle and upper parts at 2 m water depth, but this

elongation difference faded away when the water depth increased

gradually to 9 m (Figures 2A–C).

In fact, after 7 days of submergence, the stems of A.

philoxeroides were no longer growing under 9 m water depth

(Figure 1A), the same to the immature stems (Figure 1B). Plants

submerged at depth of 0 m, 2 m, 5 m continued to grow until the

experiment was terminated after 11 days of submergence

(Figures 1A, B). However, elongation of immature internodes was

over by day 5 (Figure 2A–C), suggesting that A. philoxeroides

produces new internodes to increase its total stem length during
FIGURE 3

Concentration of GAS in the basal of mature and immature internodes
of Alternanthera philoxeroides at the fourth day of the submergence
treatments (Mean ± s. e.; n =3). Different upper-case letters indicate
statistically significant differences (p < 0.05) between mature internode
for treatments. Different lower-case letters indicate statistically
significant differences (p < 0.05) between mature stems for treatments.
fw indicates fresh weight.
A

B

C

FIGURE 2

Upper (A), middle (B) and basal (C) length of the immature internode for
Alternanthera philoxeroides after the start of different submergence
treatments (Mean ± s. e.; n = 6).
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submergence. This is consistent with our previous findings that A.

philoxeroides can produce new internodes during submergence, but

very few new internodes were produced during submergence at

water depth of 9 m, and 1.85, 2.40, 1.85 new internodes on average

were produced at water depth of 0 m, 2 m, and 5 m, respectively

(Jing et al., 2022). This is an important feature for clonal plants to be

able to reproduce in stressful environments (Jing et al., 2022).

It has been shown that ethylene content in plants rises rapidly

within a short period of time in a completely submerged

environment (Raskin and Kende, 1984; Voesenek et al., 2013,

Voesenek et al., 2016), and that ethylene markedly increases the

activity of the endogenous hormone GA, which in turn promotes

cell division and cell elongation, and ultimately plant growth

(Sasidharan and Voesenek, 2015). Therefore, in this study, when

A. philoxeroides was completely submerged in a 2 m water depth

environment, as in the completely submerged environment, the

stem length was increased due to the rapid increase of ethylene

concentration thereby inducing an increase in the biosynthesis of

GAs, which promotes elongation and growth of the plant’s

immature parts (Figure 3). GA promotes cell division and cell

elongation (Sauter and Kende, 1992), this is consistent with our

previous study, the difference in the internode elongation is mainly

due to the difference in cell growth and development. Cells in the

basal parts of immature internodes were shorter and numerous,

whereas those in the middle and upper parts were relatively longer

and smaller in number (Jing et al., 2024). Plants possess higher

concentrations of GA under 2 m water depth, but have lower

concentrations of growth-promoting GA and less plant growth

under 9 m water depth (Figure 3). In our experimental system, all

factors except water depth were kept constant (Table 1). The main

difference between 2 m and 9 m of complete submergence is the

difference in hydrostatic pressure. For every 1 m increase in water

depth, the pressure of water acting on an object increases by about

9.8 × 103 Pa, and the pressure under 9 m water depth is about 0.088

MPa. How do deep submergence environments affect the

biosynthesis of the endogenous hormone GAs and thus inhibit

plant growth?

For living cells, GAs promotes hydrolysis of hemicellulose by

Xyloglucan Endotransfer glycosidase thereby softening and relaxing

the cell wall and promoting cell elongation and cell division (Ayano

et al., 2014; Wang and Komatsu, 2022). The percentage of S-phase

cells significantly increased within 4~7 h of treating rice with GA3

through [3H] thymidine and DNA admixture experiments,

suggesting that GA promotes cell division in meristematic tissues

of internode and shortens the cell cycle, and that internode

elongation in deep-water rice is ultimately regulated by GA

(Fukao et al., 2019). Our findings are also consistent with

previous studies that the response of plants in submerged

environments is very closely linked to the GAs. Consequently,

GAs content at the base of immature internodes of A.

philoxeroides decreased with increasing water depth, and as

we expected.

It was demonstrated in previous studies that mechanical stress

has important effects on the biosynthesis of endogenous plant
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hormones (Chehab et al., 2012; Lange and Lange, 2015), such as

the effect of soil stress on ethylene synthesis (Potocka and

Szymanowska-Pułka, 2018). From a mechanical perspective, when

the force environment is altered, the distribution of mechanical

stresses within plant tissues also undergoes localized changes,

followed by cascading effects at the cellular (Richter et al., 2009)

and molecular (Laskowski et al., 2008) levels. Therefore, it is

possible that the higher hydrostatic pressure under 9 m water

depth resulted in changes in the distribution of mechanical stress

in the immature internodes of A. philoxeroides, which in turn

affected the biosynthesis of GAs. Hydrostatic pressure is a specific

type of mechanical stress, and its effects on plant growth include the

effects of submergence and the effects of force. The stress response

produced by plants varies depending on the severity and duration of

the stress occurrence (Shi et al., 2016). The growth response of

plants should be different for different intensities of hydrostatic

pressure and different times of action on the plants.
5 Conclusion

Entirely consistent with the conjecture, our results suggested

that the stem elongation of A. philoxeroides responded significantly

to submergence depth and duration, especially the response of

immature stems. Elongation of immature stems decreased when

water depth increased, which was associated with elongation at the

basal of immature internodes, and the basal parts made the biggest

contribution to the elongation of internodes. Moreover, the

elongation of the basal part of the immature stems was related to

the concentration of endogenous hormone GAs. Therefore, in

flood-prone environments, A. philoxeroides was able to grow

rapidly through clonal integration, and its growth response

differences to water depth were regulated by endogenous

hormones. The results of this study provide strong evidence to

demonstrate the important role of the hydrostatic pressure induced

by flooding. Investigating the growth response of plants in different

water depth can deepen our understanding of clonal plant

submergence tolerance mechanisms, and help to explore the

future management of water level regulation in the drawdown

zone of large reservoirs (e.g., Three Gorges Reservoir).
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Interactions between
developmental phenology,
carbon movement, and storage
constrain demography in the
understory clonal herb
Podophyllum peltatum L.
Maxine A. Watson1* and Timo Vuorisalo1,2

1Department of Biology, Indiana University, Bloomington, IN, United States, 2Department of Biology,
University of Turku, Turku, Finland
Little is known about how carbon integration and storage dynamics affect and are

affected by demography in field populations. We sought to elucidate this link by

examining dynamic patterns of carbon integration relative to the timing of

demographically significant developmental decisions regarding shoot type

determination in mayapple, Podophyllum peltatum, a clonal plant with large

and persistent rhizomes. Individual rhizome systems growing in natural

populations were fed 14CO2 either in late-April, early-May, or mid-June, then

harvested at intervals throughout the current season and into the next. When

distribution of label was examined we found that carbon fixed at different times in

the growing season is used differently: April-fixed assimilate remained in the

labeled shoot or was moved into the old rhizome, May-fixed assimilate was

found predominantly in the old rhizome, while early-June fixed assimilate moved

into the old rhizome and the extending new ramet. Movement of assimilate into

the old rhizome appeared to have precedence over formation of additional new

ramets. Despite significant within season changes in location of dominant sinks

within rhizome systems, there was little redistribution of labeled assimilate: early

fixed assimilate was not used to fuel later within season growth, however,

assimilate was redistributed between seasons. Vegetative and sexual systems

differed in the distribution only of April-fixed assimilate. This was observed even

though early labeling occurred prior to anthesis. Sexual systems retained a

greater proportion of assimilate in the stem than did vegetative ones, which

exported more to the old rhizome. 14C-distribution patterns did not vary

between systems differing in future demographic status suggesting that the

developmental decision regarding shoot type is based on resources acquired in

prior years. We explore the hypothesis that preformation and storage are

functionally linked traits that permit plants to coordinate the developmental

determination of structures differing in cost and demographic function with

known resource status. We conclude that demography influences and is
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influenced by integrative physiology and that physiological restrictions on within

season redistribution of assimilates constrain plants’ capacities to respond to

short-term environmental variation. Such constraints may affect plants’ abilities

to respond to rapid environmental change in the Anthropocene.
KEYWORDS

developmental phenology, seasonal carbon integration, demography, development and
demography, 14C-translocation, storage and integration, phenology
1 Introduction

The Anthropocene marks a period of man-made and rapid

environmental change (Corlett, 2015). Limits on plants’ capacities

to respond to such rapid change may be due either to constraints on

plasticity and/or to the lack of appropriate genetic variation on

which selection may act (e.g., Griffith and Watson, 2006; Dodd and

Douhovnikoff, 2016; Kudoh et al., 2023; Williamson et al., 2023).

Clonal plants may be particularly susceptible because clonality is at

its heart a conservative growth strategy. It is of greatest advantage

when environmental conditions are predictable. While

observational data allow us to document changes in growth and

demographic expression induced by environmental change, to

move from documentation to prediction requires more nuanced

understanding of how particular plants work. We need to know

how plants’ developmental programs and their integrative

physiologies interact to create a particular pattern of demographic

expression (Diggle, 1994; Watson et al., 1995; Geber et al., 1997a, b;

Meloche and Diggle, 2003; Goldberg et al., 2020) and how these

interactions facilitate or constrain their capacities to persist in a

rapidly changing world.

Plant growth is modular and earlier developmental events

influence later ones through their effects on resource status and

patterns of resource distribution (Watson, 1984; Diggle, 1994;

Meloche and Diggle, 2003). In turn, temporal patterns of resource

distribution influence subsequent developmental decisions (Diggle,

1994; Watson et al., 1995, 1997; Sachs and Novoplansky, 1997;

Geber et al., 1997a; Worley and Harder, 1999; Lapointe, 2001;

Weinig and Delph, 2001; Meloche and Diggle, 2003; Huber et al.,

2004). Storage is another important component of resource status

(Lubbe et al., 2021), yet little is known about how storage and

storage dynamics affect and are affected by demography (Goldberg

et al., 2020). To examine the interactions between resource

dynamics, storage and demography requires information about

temporal changes in demographic status, developmental

phenology (i.e., the timing of meristem commitment to alternate

demographic functions) and the integrative physiology of the plant;

an approach we termed developmental ecology (Watson, 1984;

Watson et al., 1997).

Work on crop species and a few native species indicates that

pathways of resource flow within plants change with temporal
02144
changes in sink strength, type of sink and relative positions of

organs – all of which result from developmental decisions regarding

patterns of meristem determination made throughout the life of the

plant (Marshall, 1990; Watson et al., 1995, 1997; Meloche and

Diggle, 2003). Relatively little data of this kind exist for native

species in their natural habitats and most address changes in sink

strength due to shading or herbivory rather than developmental

phenology (Flanagan and Moser, 1985; Jónsdóttir and Callaghan

1989; Tissue and Nobel, 1990a, b; Zimmerman and Whigham,

1992; Tissue et al., 1995; Babst et al., 2008; MaChado et al., 2013).

However, phenological data about resource use and integration

should provide insight into several key issues, including: (1) the

differential use of resources gained at different times in the growing

season; (2) the degree to which plants can reallocate resources

gained at one time in the growing season to support later growth

and sexual reproduction; (3) the effect of demographic status on

these patterns; (4) the effects of variation in patterns of resource

integration on developmental events that affect future growth form

and demography and (5) plants capacities to respond to rapid

changes in their environment.

Clonal plants provide convenient systems for examining these

relationships. Not only are their behaviors governed by

physiological and developmental rules that generally apply to all

plants (Watson et al., 1995, 1997; Huber et al., 1999, 2004; Rashid

et al., 2023) but they also maintain unique organs – stolons and

rhizomes – that have important integrative functions (Jónsdóttir

and Watson, 1997), provide storage capacity (Suzuki and

Hutchings, 1997; Suzuki and Stuefer, 1999), and retain meristem

banks that can be used in damage recovery (e.g., Eisen et al., 2021).

The role of storage generally is evaluated indirectly or through

examination of changes in total nonstructural carbohydrate (TNC)

pools. Little is known, for example, about the developmental

equivalency of carbon fixed and stored at different times in

seasonal phenology or constraints on the remobilization of stored

resources. Chapin et al. (1990) suggest that all stored carbon is not

equally available at any given time in plants’ developmental

phenology and data from other studies are consistent with this

hypothesis (Jónsdóttir and Callaghan, 1989; Suzuki and Hutchings,

1997; Stuefer and Huber, 1999; Suzuki and Stuefer, 1999).

Approaches that take a dynamic perspective on patterns of resource

use have proved valuable in other systems (e.g., Ashmun, 1994),
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and we take such an approach here. We address the link between the

timing of demographically significant developmental events, current

and future demographic status, and temporal patterns of resource

movement by feeding the radioactive isotope 14CO2 to plants in

natural field populations. Using a matrix of label and harvest dates,

we test the following hypotheses: (1) Assimilate fixed at different times

in the growing season is transported to different structures. (2) There is

significant remobilization of assimilate fixed early in the season, when

light levels are high, to support the growth of later-developing structures,

when light levels are low. (3) Current and future demographic status of

the aerial shoot influences seasonal patterns of assimilate movement

within rhizome systems (physically and physiologically interconnected

sets of ramets within a clone).
1.1 Study system

We work with mayapple, Podophyllum peltatum L.

(Berberidaceae), a long-lived rhizomatous clonal plant that is

widely distributed in deciduous forests east of the Rockies in North

America (Gleason and Cronquist, 1963). They grow in discrete

patches of a few to many thousand aerial shoots belonging to one

or more clones (Watson et al., unpublished). Mayapple rhizome

systems consist of annually produced rhizome segments or ramets

that remain morphologically and physiologically inter-connected

generally for 6-7 years (Sohn and Policansky, 1977; Landa et al.,

1992) (Figure 1). Most rhizome systems produce only one new ramet

each year, rarely two or three (Geber et al., 1997a); but have the

developmental capacity to produce up to five (Jones and Watson,

2001). In our experimental populations individual systems produced

only a single terminal rhizome segment (ramet) per year. These newly

forming ramets give rise to only one of two types of aerial structure;
Frontiers in Plant Science 03145
either a single vegetative leaf or a two-leaved sexual shoot that bears a

terminal flower; the larger the terminal rhizome segment, the more

likely it is to produce a sexual shoot, suggesting that the larger sexual

shoot is more costly for the plant (Sohn and Policansky, 1977; Benner

and Watson, 1989; de Kroon et al., 1991; Geber et al., 1997a, b).

Mayapples are obligately outcrossing but nectarless, and

pollination rates of the most important pollinators, i.e.,

bumblebee queens (Bombus spp.) and honeybees (Apis mellifera)

are usually low (Sohn and Policansky, 1977; Laverty and Plowright,

1988; Crants, 2008). The large fleshy fruits of mayapple are known

to be dispersed by eastern box turtles (Terrapene carolina) (Rust

and Roth, 1981). In our study area, another likely seed disperser is

the raccoon (Procyon lotor). Raccoons feed on fruits of native

vegetation in northern Indiana (Lehman, 1977) and are known to

defecate germinable seeds (Willson, 1993; Niederhauser, 2015).

Neither of these likely frugivores would aid in long distance

dispersal. Insect herbivory in our study area was modest, but a

few mayapple stems hosted stem boring larvae probably belonging

to Papaipema rutila (cf. Bess, 2005).

Mayapple development is characterized by preformation, a

common feature of plants of the deciduous forest understory

(Foerste, 1891; Randall, 1952; Ott et al., 2019; Schnablova et al.,

2020; Rünk et al., 2021; Rashid et al., 2023). New mayapple ramets

are initiated almost two full years before their maturation

aboveground (Watson et al., 1997; Geber et al., 1997a, b; Jones

and Watson, 2001); they become morphologically determined as

vegetative or sexual almost one full year before they emerge as aerial

shoots and before the terminal bud reaches its final location on the

forest floor and forms roots (Foerste, 1884; Geber et al., 1997a, b;

Jones and Watson, 2001). The early determination of the

demographic fate of aerial shoots almost one full year before their

emergence aboveground suggests that the developmental decision

to produce one or the other shoot type is contingent upon more

than just the net amount of carbon accumulated by the developing

terminal ramet within the season of shoot expansion. Further it

suggests that assessments regarding the amount of assimilate fixed

and stored in prior years also are important (Watson et al., 1997;

Rünk et al., 2021; Rashid et al., 2023).

Because mayapple rhizome systems are highly integrated for

carbon (Landa et al., 1992; Jónsdóttir and Watson, 1997) they, like

other such plant species, should be able to move carbon stored in

older ramets to developing axes, serving as a link between non-

overlapping periods of high assimilate production and high carbon

demand (Pitelka and Ashmun, 1985; Zimmerman and Whigham,

1992; Tissue et al., 1995; Wijesinghe and Whigham, 1997). In

mayapple, integration for nitrogen-based resources is less

extensive and more unidirectional with nitrogen-based resources

generally moving from roots on intermediate-aged and new ramets

to the developing terminal ramet (Jónsdóttir and Watson, 1997).

Mayapple rhizome systems exhibit extreme developmental

division of labor among ramets, a phenomenon reported in an

array of clonal plants (Alpert and Stuefer, 1997; Jónsdóttir et al.,

1996). The current year’s ramet maintains both above and

belowground function through the presence of aerial leaves and

subterranean roots (Figure 1). All older ramets function only below

ground and in the absence of injury to the rhizome system, these
FIGURE 1

The architecture of vegetative and sexual rhizome systems of
mayapple, Podophyllum peltatum. Plants are typical of those found
in late June in Indiana. The four compartments used in the analyses
are: new ramet, ultimate (ult) ramet, old rhizome, and shoot. In
some analyses, the ultimate ramet is included in the old rhizome
compartment. See text for explanation. The numbers beneath the
ramets indicate the year in which each bore an aerial shoot.
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older ramets do not produce an aerial shoot again, but their roots do

continue to function in mineral nutrient acquisition (Jónsdóttir and

Watson, 1997) and the rhizome in storage. The older portions of

rhizome systems also maintain a bank of dormant buds that is

important in damage recovery (Watson et al., 1997; Ott et al., 2019;

Eisen et al., 2021). Not surprisingly, in this understory herb carbon

appears to be the critical limiting resource (Sohn and Policansky,

1977; Benner and Watson, 1989; de Kroon et al., 1991; Watson and

Lu, 1999, 2004). We focus on carbon here.

These combined traits make mayapple a good subject for the study

of the interaction between physiology, developmental phenology, and

demographic determination. Mayapples grow slowly on relatively long-

lived and highly integrated rhizome systems, and developmental

determination of aerial shoot type takes place over an extended

period of almost two years. This permits us to see interactions that

would be difficult to detect but, no doubt, occur in faster growing taxa.
2 Materials and methods

Our study was conducted in an upland beech-maple-hickory

temperate deciduous forest, on a private farm in Greene County,

south-central Indiana (39°10’11”N, 86°42’58”W), the site of related

work (Landa et al., 1992; Geber et al., 1997a; Watson and Lu, 1999,

2004). The study was initiated at the beginning of the 1989 growing

season in several large colonies on a south-facing slope. Upon harvest

we verified that there was little branching in our experimental

rhizome systems, and most systems were made up of six to seven

ramets, making these integrated subunits fairly uniform in age.
2.1 14C-labeling and harvest protocols

Rhizome systems were labeled with 14CO2 either in late April, early

May or early June and harvested either in mid-May, mid-June or

September of 1989, or inmid-March of 1990, creating amatrix of seven
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label by harvest combinations that differed in the length of the chase

period (Table 1). In late April (first label), mayapple shoots were almost

fully expanded and the forest canopy was open. Two weeks later (May

label/harvest), the forest canopy was closing and mayapple flowers

were in anthesis. By June the forest canopy had been closed for several

weeks and in this study all flowers and young fruits aborted.

June is an important period in mayapple development. The new

rhizome segment that will give rise to next year’s ramet experiences

rapid extension growth (Geber et al., 1997a), the critical stages of

morphological determination of the demographic status of next year’s

aerial shoot occur (Jones and Watson, 2001), endogenous leaf

senescence was first observed (Watson and Lu, 1999, 2004) and

fruits when present enlarge. In late summer, the determination of

next year’s shoot type, senescence of the current year’s shoot and

expansion of the new rhizome segment are complete and the new

ramet is forming roots. By March of the following year new aerial

shoots are about to emerge above ground, with emergence regularly

occurring in the first week in April at our location (Watson, pers. obs.).

For each label by harvest treatment combination, 10 rhizome

systems bearing a vegetative and 10 bearing a sexual aerial shoot

were labeled, for a total of 140 rhizome systems (Table 1). Selected

shoots were sufficiently far apart that no two of them were

interconnected within branching rhizome systems. This was

confirmed when systems were harvested. Rhizome systems

differed in the number of ramets making up the old rhizome,

though virtually all systems had at least five old ramets. Label was

introduced by exposing the single vegetative leaf, or the larger of the

two leaves of sexual shoots to 14CO2 (100 µCi 14C per rhizome

system (Amersham CFA.3, 50-60 mCi/mmole NaHCO3)) (Landa

et al., 1992). Shoots that senesced prior to the scheduled harvest of

their rhizome system were collected when they turned completely

brown. At harvest, rhizome systems were washed, separated into

individual ramets and their associated roots, and dried to constant

weight at 65°C. For plants harvested in September 1989 and March

1990, the demographic status of the 1990 shoot (vegetative or

sexual) was determined by dissection and recorded. The few
TABLE 1 Matrix of label dates and length of the chase period, in weeks, used to examine the dynamic pattern of carbon movement in mayapple,
Podophyllum peltatum L.

Harvest Dates

FL FR PS ES Total #

Maya June August March RhizomeSystems

Labeling Dates

April (LEa) 2b 7 16 60

May (FLa) 5 14 40

June (FRa) 10 50 40

Total # Rhizome Systems

Systems Harvested 20 40 60 20 140
aLabeling and harvest dates corresponded to the following periods in mayapple seasonal phenology: LE, leaf expansion; FL, flower anthesis; FR, fruit development; PS, post senescence; ES, early
spring. Labeling dates were as follows: LE, April 25-28, 1989; Fl, May 5-8, 1989; FR, June 6-8, 1989. Harvest dates were as follows: FL, May 8-10; FR, June 8-15; PS, August 28-September 5; ES,
March 22, 1990.
bLength of the chase period = number of weeks between labeling and harvest.
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plants that failed to incorporate 14CO2 were excluded from the

translocation analyses but were used in the biomass analyses.

Following biomass determination, structures were ground in a

Wiley mill using a 20 mesh, and two replicate subsamples of known

weight oxidized in a Harvey Biological Oxidizer (model OX-400).

Released 14CO2 was trapped in scintillation fluid (Harvey Biological
14C Cocktail) and the amount of label present in each subsample

determined by scintillation counting (Landa et al., 1992). If the two

subsamples gave similar values, they were averaged together, and

that average value used to calculate 14C activity in each structure. If

the two values differed, additional subsamples were run and

included in calculations, but this was rarely necessary because

subsamples showed a high degree of homogeneity. The resulting

measure of activity per milligram dry weight specifies the specific

activity. The total activity of a structure or compartment was

calculated by multiplying its specific activity by its dry mass.

Labeled assimilate was used as a marker of the movement of

total assimilate fixed at a given time. Data were aggregated into four

compartments (Figure 1). (1) The ultimate old rhizome segment or

ramet (Ult), which gives rise to the current year’s shoot. (2) The old

rhizome compartment (Old), composed of all ramets proximal to

(older than) the ultimate ramet. (3) The new ramet (New), is the

ramet that morphologically differentiates next year’s aerial shoot

during the current growing season, and (4) the current year’s aerial

shoot (Shoot), which includes the leaves, petioles, stem and flower,

if present. While the Ultimate, New and Shoot compartments were

about the same age, the Old compartment, because it consisted of

varying numbers of annual rhizome segments was not. Despite this

variability in the size and age of the OLD compartment between

rhizome systems, statistically significant differences were found.

Root data were aggregated as described above. This differs from

Landa et al. (1992) in which roots that were associated with the

current year’s ramet were analyzed with those of the new ramet.

Values of percent distribution were obtained by dividing the total

amount of 14C in each compartment at the time of harvest by the

total amount of label in the rhizome system at that time.

Specific activity was used as an indicator of differences among

structures in sink strength. Because only the larger of the two leaves of

sexual shoots was labeled, we normalized specific activity between

vegetative and sexual rhizome systems by multiplying the specific

activity of each structure in sexual systems by 1.67, the average ratio

of total leaf area of sexual systems to the leaf area labeled. We

assumed that seasonal photosynthetic profiles of sexual and

vegetative systems were similar, which field gas exchange studies

suggest is reasonable (Basha, Griffith, Carlson and Watson, unpubl.).
2.2 Data analysis

All analyses used the Fit Model module of JMP v 3.0

(SAS, 2000).

2.2.1 Biomass
The labeling treatments did not affect overall rhizome system

size or the distribution of biomass among compartments (analysis
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not shown) allowing data from the three labeling treatments to be

combined within harvests and demographic categories for

biomass analysis.

We performed two separate ANOVAs on the biomass of new

rhizome and old rhizome compartments of the rhizome system

(including the 1989 (Ult) ramet) to test for changes in biomass over

time. We also performed planned comparisons between subsequent

harvests and between vegetative and sexual systems within harvest.

For statistical analysis, root and rhizome biomass was pooled within

compartments as the analyses of the pooled data gave results similar

to those for the un-pooled data with respect to harvest and shoot

type effects.

2.2.2 14C distribution
The structure of the data sets on total 14C activity and specific

activity are similar and, thus, the two analyses have many elements

in common. MANOVA designs were used because multiple

measurements of total and specific activity were made within

rhizome systems. Repeated measures designs (Potvin et al., 1990)

were used both because the within-rhizome ramet data is serially

correlated due to the shared history of ramets within rhizome

systems (Geber et al., 1997a, b) and 14C levels of ramets

belonging to the same rhizome system are not independent

because they are a function of the total amount of 14C taken up

by each rhizome system. We used Pillai’s Trace because of its

relative robustness and power (JMP v 4.0, SAS, 2000; Scheiner and

Gurevitch, 2000); the more commonly used Wilke’s Lambda gave

similar results.

Because not all combinations of label and harvest dates are

represented in the experiment (Table 1), we performed five separate

MANOVAs each for total and specific activity. Three of the five

MANOVAs examined changes in labeled-assimilate distribution

across the season for each label date separately, while the other two

MANOVAS analyzed differences between label dates at two

different harvests. However, because total activity and specific

activity distribution were analyzed at different resolutions (total

activity was examined across compartments, specific activity on a

ramet-by-ramet basis), analyses of total activity and specific activity

required different MANOVA designs.

Total activity. A sum design was used to examine between

subject effects and a contrast design to examine within subject

effects. Because all MANOVAs showed significant departures from

sphericity, the degrees of freedom of all within subject tests were

reduced using the Greenhouse-Geisser correction (JMP v 4.0, SAS,

2000; Scheiner and Gurevitch, 2000). Total activity data were

grouped into the four compartments described above, with roots

and rhizome pooled within each compartment. Overall differences

among plants in the summed activity were reflected in the between-

subjects effects: harvest dates (for MANOVAs by label date), label

date (for MANOVAs by harvest date), and shoot type. All between-

subject effects were treated as fixed factors. Differences in the

distribution of activity within the plants were tested as within-

subject effects. These included differences among compartments

within individuals (compartment) and differences among

individuals in the distribution of label among harvests, label dates
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or shoot types (Compartment * harvest, Compartment * label,

Compartment * type effects respectively).

Specific activity. Analyses of specific activity differed from those of

total activity in three ways: they involved only the below-ground

organs, each ramet was analyzed separately, and the roots and

rhizomes were analyzed separately, resulting in 14 dependent

variables rather than just four as in the total activity analyses. These

differences primarily affected the design of the within-subject portion of

theMANOVAS, requiring a compoundMANOVAdesign. There were

two levels of belowground organ (root or rhizome) and seven levels of

ramet (i.e., seven years of ramet growth) (Figure 1). Specific activities of

missing organs, all of which were older ramets, were taken to be zero.

We included root versus rhizome effects, ramet (i.e., positional) effects

and their interaction as terms in the analysis. Between-subject effects

were assessed with a sum design as described above for total activity.
3 Results

3.1 Biomass distribution

3.1.1 Temporal changes in rhizome biomass as a
function of current (1989) demographic status

Old rhizome systems that were sexual in 1989 were heavier than

those that were vegetative at each of the 1989 harvests (Figure 2A;

Table 2, 1989 Type in May, June and September). This difference

vanished by March 1990 when, instead, the demographic status of the

1990 shoot (1990 Type) drove the relationship (Figure 2A; Table 3).
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Old rhizome biomass increased by ca. 2.0g from May to June in

both 1989 vegetative and sexual systems, but vegetative old rhizome

biomass increased by 73% compared to 33% in the already larger

sexual systems (Figure 2A; Table 2, 1989 Type: May contrast). The

period of old rhizome biomass increase was followed by a period of

progressive decline in biomass that extended over the remainder of

the current growing season and into the next, for both vegetative

and sexual rhizome systems. Systems that were sexual in 1989

showed a greater drop in average old rhizome biomass (3.4 g, 46%)

than those that were vegetative (1.2 g, 26%), even though no fruiting

occurred, resulting in a progressive convergence in old rhizome

biomass between the two. By the following spring there was no

difference in old rhizome biomass between systems that had been

sexual versus vegetative in 1989 (Figure 2A; Table 2, 1989 Type:

March contrast).

Increase in new ramet biomass was similar in 1989 vegetative

and sexual systems (Figure 2B; Table 2, Shoot * Harvest). However,

at every harvest, 1989 sexual systems produced new ramets that

were larger than those produced by 1989 vegetative systems,

although the differences were statistically significant only in

September (Figure 2B; Table 2, 1989 Type: September contrast).

3.1.2 Temporal changes in rhizome biomass as a
function of future (1990) demographic status

When rhizome systems that were harvested in September 1989

or March 1990 were categorized by 1990 rather than 1989 shoot

type different patterns of biomass distribution were found

(Figure 2A; Table 3). Systems that gave rise in 1990 to sexual
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FIGURE 2

Changes in total rhizome biomass through time for vegetative and sexual rhizome systems of mayapple, Podophyllum peltatum. Biomass data for
roots and rhizomes are combined, and data from the Ult ramet is included in the Old rhizome compartment. Data are represented as the mean ± 1
s.e. (A) Temporal changes in Old rhizome biomass for rhizome systems terminated in 1989 by either a sexual (□) or a vegetative (▪) shoot. Data
from the March harvest is represented in three columns. The left-hand column represents data from rhizome systems that were terminated by either
a sexual (□) or a vegetative (▪) shoot in 1989, as in earlier harvests. In contrast, the right-hand column represents data from rhizome systems that
were terminated by either a sexual (□) or a vegetative (▪) shoot in 1990. The center column represents the life history status of each rhizome
system in both 1989 and 1990: (open symbols represent rhizome systems that were sexual in 1990; closed symbols represent systems that were
vegetative in 1990; (△) represent systems that were sexual in 1989; (♦), those that were vegetative in 1989. (B) Changes in biomass for the new
ramet. Symbols as (A). Asterisks designate statistically significant pairwise planned comparisons within harvests between systems differing in life
history status (vegetative or sexual shoot in 1989); daggers (†) designate significant planned comparisons between harvest dates (see Table 2).
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shoots had significantly heavier old rhizomes in both September

and March (Table 3, Type contrast, Figure 2A for March harvest,

right column), but the difference between the two was not as large as

in 1989 (Figure 2A). Similarly, new ramets that would be sexual in

1990 were significantly larger than those that would be vegetative,

and the difference was statistically significant at both harvests

(1990 Type: September and March contrasts; Figure 2B for

March harvest).
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3.1.3 Distribution of biomass among ramets
within rhizome systems

Virtually all ramets of 1989 sexual systems were larger than

vegetative systems at the May through September 1989 harvests, but

they converged in size by March 1990 (Figure 3). Biomass shifted to

the younger ramets between May and June and the shift was more

striking in current (1989) sexual systems. From June through

March, biomass was lost throughout the rhizome system, but
TABLE 2 ANOVA of effects of Harvest Date and 1989 Life History Status (1989 Type, vegetative or sexual) on Old Rhizome Biomass (left) and New
Rhizome Biomass (right)1.

Source Old Rhizome Biomass New Rhizome Biomass

DF Sum Squares F Ratio Prob>F DF Sum Squares F Ratio Prob>F

1989 Type 1 178113361 23.3938 < 0.0001 1 1339823 4.1705 0.0435

Harvest 3 143115664 6.2657 0.0006 3 32128158 33.3355 <0.0001

1989 Type * Harvest 3 35238645 1.5428 0.2075 3 1228609 1.2748 0.2867

Planned
Comparisons

Estimate t-Ratio Prob. > |t| Estimate t-Ratio Prob. > |t|

Harvest: May v June -2700 -3.159 0.0020 -0.337 -1.952 (0.0535)

Harvest: June v Sept 1671.9 2.7218 0.0076 -0.6888 -5.459 <0.0001

Harvest: Sept v March 1504.5 1.9285 (0.0564) -0.6351 -3.963 0.0001

1989 Type: May 3983.4 2.8872 0.0047 0.0523 0.1844 0.8541

1989 Type: June 3868.3 4.0248 0.0001 0.0531 0.2688 0.7886

1989 Type: Sept. 2657.6 3.4726 0.0007 0.4890 3.1107 0.0024

1989 Type: March 585.57 0.4306 0.6676 0.3679 1.3173 0.1905
fro
1See Figure 1 – Vegetative for a description of the compartments.
Planned comparisons between subsequent harvests and between shoot types are shown in the bottom section of the table. Values in bold face are significant at p < 0.05; those in parentheses are of
borderline significance.
TABLE 3 ANOVA of effects of 1990 Life History Status (1990 Type, vegetative or sexual) and Harvest Date (March v September) on Old Rhizome
Biomass (left) and New Rhizome Biomass (right) 1.

Source Old Rhizome Biomass New Rhizome Biomass

DF Sum Squares F Ratio Prob>F DF Sum Squares F Ratio Prob>F

Harvest (Mar v Sept) 1 44411160 6.7015 0.0119 1 2687927.2 6.2844 0.0148

1990 Type 1 142231739 21.4622 <.0.0001 1 9200633.3 21.5112 <.0.0001

Harvest (Mar v Sept)
*1990 Type

1 78308 0.0118 0.9138 1 200039.9 0.4677 0.4966

Planned
Comparisons

Estimate t - ratio Prob > |t| Estimate t-ratio Prob. > |t|

Harvest, Sexual: Sept
v March

-2000 -2.179 0.0331 606.33 2.5776 0.0123

Harvest,Vegetative: Sept
v March

-1855 -1.579 0.1194 346.42 1.1605 0.2502

1990 Type: September 3546.6 4.8669 <0.0001 751.39 4.0588 <0.0001

1990 Type: March 3384 2.5901 0.0119 1011.3 3.0469 0.0034
1See Figure 1 – Vegetative for a description of the compartments.
Planned comparisons between subsequent harvests and between shoot types are shown in the bottom of the table. Values in bold face are significant at p < 0.05.
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particularly from the younger ramets of the old rhizome (Figure 3:

87, 88, 89 ramets). Although root and rhizome biomass were

correlated (r = 0.4591), roots exhibited much less variation in

biomass distribution among ramets from one harvest to the next.

Considering our findings from the 14C data presented below, it is of

particular interest that root biomass of the 1989 ramet did not

increase significantly between June and September (F = 0.6435,

p = 0.427).
3.2 Assimilate distribution

3.2.1 The relationship between time of labeling
and 14C distribution patterns

Plants labeled at different times in the growing season showed

different patterns of label distribution (Figure 4, vertical comparisons,

June and September harvests, Table 4, Compartment * Label Date):

April label was found predominantly in the shoot (63% (V) to 80%

(S)), May label in the old rhizome and ultimate rhizome segment

(83%) and June label in the new ramet (45%) and old rhizome.

The demographic status of the current year’s shoot (1989, V or

S) was a significant factor in how assimilate was distributed among

compartments only for April-fixed assimilate; it was of marginal

significance for May-fixed and non-significant for June-fixed

assimilate. In systems labeled in April, sexual systems retained a

greater proportion of label in their shoot (80% vs. 63% in vegetative

systems) (Figure 4; Table 5, Compartment * 1989 Type). The effect

of the 1989 shoot type diminished as the season progressed.

3.2.2 Within and between season changes in
patterns of assimilate distribution

There was little redistribution of label among compartments

within the growing season irrespective of label date (Figure 4,

horizontal comparisons). Statistically significant redistribution of

label was noted for April-fixed assimilate, from the shoot into the

old rhizome and new ramet compartments, and marginally

significant redistribution for May-fixed assimilate (Table 5,

Compartment * Harvest), but the magnitude of redistribution was

small compared to the pronounced seasonal changes in dominant

sink location (Figure 4, horizontal vs. vertical comparisons). The

pattern of redistribution did not differ between 1989 sexual vs
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vegetative systems (Table 5, Compartment * Harvest * 1989

Type interaction).

While we saw little evidence of within season redistribution of

label there was significant redistribution of label between the

September 1989 and March 1990 harvests, from the 1989 old

rhizome and ultimate rhizome segment into the 1990 ramet

(Figure 4; Table 5).

Despite the small amount of within season remobilization of

assimilate, rhizome systems did lose significant amounts of label

through time: 10% between May and June, 50% between June and

September, and 30% between September 1989 and March 1990

(Figure 4 horizontal comparisons, Table 5, Harvest, April and May

Label Dates), indicating that significant amounts of labeled carbon

remain in metabolizable forms.

3.2.3 Changing temporal patterns of specific
activity among compartments

We examined changes in the specific activity of underground

organs to detect whether ramets at different locations in the

rhizome system, and their root and rhizome components, differed

significantly in sink strength.

Seasonal changes in overall specific activity levels within

rhizome systems mirrored the patterns observed for total activity.

Rhizome systems labeled later in the season had lower overall

specific activities than those labeled earlier (Figure 5; Table 6,

Label Date) and overall specific activity levels generally decreased

through time (Table 6, May and June Label, Harvest). The old

rhizomes of 1989 vegetative systems were a stronger sink for April-

fixed assimilate than those of 1989 sexual systems; while the reverse

pattern was observed for May-fixed assimilate (Figure 5; Table 6,

Label Date * Type; Table 6, Type).

Significant differences in the specific activities of roots and

rhizomes of individual ramets were detected in systems that were

labeled in April or in May (rt/rhz: Table 7) but, for the most part,

these differences were small (Figure 5) and were unaffected by 1989

shoot type (Table 7). However, for plants labeled in June, striking

differences in the specific activity of roots and rhizome segments

were found between the 1989 and 1990 ramets in both the

September and March Harvests. The roots of the 1989 ramet

labeled more heavily than the associated rhizome segment, while

the opposite was true for the 1990 ramet (Figure 5, bottom panel).
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FIGURE 3

The distribution of root and rhizome biomass by ramet, at each harvest, for rhizome systems that were sexual or vegetative in 1989. The numbers on
the X-axis represent the locations of ramets within rhizome systems, the number indicates the year that the ramet bore an aerial shoot.
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3.2.4 Relationship between patterns of assimilate
movement and biomass changes within
rhizome systems

The 14C data explain some aspects of biomass change better

than others. The gain in biomass by the old rhizome compartment
Frontiers in Plant Science 09151
observed early in the season (Figure 2A) must result from the

extensive movement of April- and May-fixed assimilate into the old

rhizome (Figure 4). It is harder to explain the loss of biomass from

the old rhizome later in the season (from June through September)

and continuing at a reduced rate into the following year, in part

because it is unclear what assimilate is being lost and how. Some of

the carbon found in the old rhizome must be in a metabolizable

form. Comparison of data from the short and long chase periods

following the April and May labeling periods indicate that only a

small, though statistically significant, amount of recently fixed

assimilate could have been moved from the old rhizome into the

new ramet over the course of the summer (Figure 4). We find that

79% of the May-fixed label remaining in the rhizome system in

September is still found in the old rhizome (versus 84% in June),

while only 6% of it is found in the new ramet (versus 3% in June),

indicating that little remobilization from the old rhizome has

occurred to build the new ramet. Further studies are needed

before we can exclude the role of respiratory costs or

mycorrhizae, as opposed to retranslocation, in the loss of old

rhizome weight. These data suggest that the new ramet is

constructed not only from current assimilate, as shown here, but

by assimilate fixed in prior years. Longer-term studies are needed to

address this question.
4 Discussion

By studying the dynamic patterns of carbon uptake and use

within mayapple rhizome systems we have found apparent

explanations for several demographic responses observed both by

us in mayapple and in an array of other species. Our work

demonstrates how the interaction between seasonal developmental

phenology (i.e., the seasonal timing of meristem commitment),

resource integration and storage both support and constrain plants’

capacities to respond to environmental variation. Further, we reveal

constraints on the seasonal use of stored assimilate that can affect the

timing and pathway of developmental decisions and, hence,

demographic expression.
4.1 Storage and development

Mayapple behaves like a classic stress tolerator, foregoing

growth for storage (Grime, 2001; Chapin et al., 1993). Up to 70%

of recently fixed assimilate is allocated to the old rhizome rather

than the production of additional new ramets, a developmental

alternative for which meristems are available (Jones and Watson,

2001). Storage of large quantities of recently fixed assimilate is a

common feature of perennial plants of seasonal environments

(Chapin et al., 1990; Suzuki and Hutchings, 1997; Lapointe, 1998,

2001; Suzuki and Stuefer, 1999; Hart et al., 2024), with storage rates

of 34-67% (Danckwerts and Gordon, 1987; Jónsdóttir and

Callaghan, 1989; Wyka, 1999; Price et al., 2002; Sanz-Pérez et al.,

2009). Yet, given the severely light-limited environment of the

deciduous forest where mayapple grows, the amount of assimilate
FIGURE 4

Distribution of mean total 14C activity among the four
compartments of mayapple: New (1990) ramet, 1989 shoot, Ult
ramet and old rhizome compartment (see Figure 1). Data for each
label date are presented in separate horizontal panels: top (April),
middle (May), bottom (June). Within each label date each harvest is
represented as paired bars representing plants that were vegetative
(left bar) or sexual (right bar) in 1989.
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stored is striking. Our study finds that in mayapple, storage is an

active process, in that it occurs simultaneously with growth and,

hence, does not represent the passive accumulation of luxury

resources (sensu Chapin et al., 1990).

Chapin et al. (1990) suggest that storage is selected under

conditions where there is strong asynchrony between supply and

demand, where risk of damage is high and/or when rapid shifts in

the amount or nature of productivity occur, such as in the transition

from vegetative to reproductive growth. Based on these assertions

we predicted that in mayapple early fixed assimilate, which

comprises the largest assimilate pool (Basha, Griffith, Carlson and

Watson, unpubl.; this study, Figure 4), would be used to fuel late

season growth, particularly the differentiation and extension of the

terminal rhizome segment that forms the new ramet. However, we

found that in mayapple there is little within season reallocation of

recently fixed assimilate. Most of the assimilate that is moved into

storage remains there at least until the end of the current growing

season (Figure 4), but is remobilized to support growth of the new

ramet in the following year (Landa et al., 1992); a pattern consistent

with the findings of Eisen et al. (2021) on the response of mayapple

rhizome systems to rhizome severing. Thus, our findings of

temporal constraints on the use of stored assimilate more

accurately support another thesis of Chapin et al. (1990) that

stored carbohydrate is not necessarily available for use at any

given time.

Such physiological constraints on within season remobilization

of recently fixed assimilate appear to be widespread. Several studies

in which leaf area, fruit set, or leaf shading were manipulated infer

that recently fixed assimilate is unavailable to support short-term

compensatory responses but is available in the long term

(Zimmerman and Whigham, 1992; Cunningham, 1997; Wyka,

1999; Ehrlén and van Groenendael, 2001; Tixier et al., 2017; Eisen

et al., 2021). In related work of ours Landa et al. (1992) also found

significant reallocation of stored assimilate among years. This

pattern appears to act as buffer that holds rates of fruit

maturation constant when leaf area is manipulated (Sohn and
Frontiers in Plant Science 10152
Policansky, 1977). Further, we find that storage reserves are

rapidly replenished by assimilate fixed in the current year

(Figures 4, 5 and Landa et al., 1992), requiring bi-directional

transport, a phenomenon observed in a variety of taxa from an

array of habitats (Tissue and Nobel, 1990a, b; Jónsdóttir et al., 1996;

Alpert and Stuefer, 1997; Jónsdóttir and Watson, 1997; Tixier

et al., 2017).

Time lags of a year or more are commonly observed in

responses of plants with extensive storage to short-term

environmental variation (Zimmerman and Whigham, 1992;

Cunningham, 1997; Geber et al., 1997a, b; Watson and Lu, 1999;

Worley and Harder, 1999; Ehrlén and van Groenendael, 2001; Rünk

et al., 2021). The failure to remobilize recently fixed assimilate

within a growing season provides one explanation for the presence

of such lags.

In mayapple, developmental phenology – when meristems are

committed to alternate demographic functions - also appears to

play a crucial role (Watson et al., 1995, 1997; Geber et al., 1997b)

such that development phenology and integrative physiology work

in concert to influence plants’ capacities to respond quickly to buffer

environmental variation.
4.2 Preformation and storage

Plants that store significant amounts of assimilate also

frequently exhibit preformation (Foerste, 1891; Randall, 1952;

Lapointe, 2001; Schnablova et al., 2020; Rünk et al., 2021), a

pattern of development in which organs are partially or

completely determined one or more years before their expansion

into mature structures (Watson et al., 1995, 1997; Diggle, 1997;

Jones and Watson, 2001). The frequent co-occurrence of

preformation with extensive storage suggests that the

development and commitment of meristems to one or another

structure is based upon the amount of assimilate stored, or being

stored, at the time the developmental commitment is made. In this
TABLE 4 Contrast MANOVA of the distribution of total activity by label date and 1989 Life history status (1989 Type, vegetative or sexual) for the
June (left) and September (right) harvests.

June Harvest September Harvest

Between Subjects [Sum] DF Pillai's Trace Exact F Prob>F DF Pillai's Trace Exact F Prob>F

Label Date 1, 29 0.0013 0.038 0.8471 2, 46 0.0161 0.377 0.688

1989 Type 1, 29 0.1452 4.926 0.0344 1, 46 0.1301 6.880 0.0118

Label Date * 1989 Type 1, 29 0.0681 2.119 0.1562 2, 46 0.1790 0.413 0.6636

Within Subjects [Contrast] DF Pillai's Trace Exact F G-G P DF Pillai's Trace Exact F G-G P

Compartment1 3, 27 0.7011 21.114 <.0.0001 3, 44 0.3660 8.464 0.0011

Compartment * Label Date 3, 27 0.5996 13.478 0.001 6, 90 0.9383 13.258 <0.0001

Compartment * 1989 Type 3, 27 0.1654 1.784 0.1928 3, 44 0.0845 1.354 0.2731

Compartment * Label Date * 1989 Type 3, 27 0.2925 3.720 (0.0643) 6, 86 0.2812 2.454 (0.0549)
fro
1See Figure 1 – Vegetative for a description of the compartments.
Between-subject effects reflect differences in total activity among rhizome systems. Within-subjects effects reflect differences in the distribution of label among the four compartments (New (1990
Root/Rhizome segment), Ult, 1989 ramet), old rhizome) within rhizome systems1. Values in bold face are significant at p < 0.05; those in parentheses are of borderline significance. Within subject
tests have been corrected for departures from sphereicity using the Greenhouse-Geisser correction.
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way, the plant could be assured of having sufficient resources to

mature a particular structure, irrespective of subsequent

environmental conditions. We see evidence of such a mechanism

in mayapple, in which the new ramet is initiated two years (year X-

2) before it emerges above ground (in year X) and one year before

its rhizome elongates and the aerial shoot becomes irreversibly

determined (in year X-1) (Watson et al., 1997). The elongation rate

of the developing ramet in year X-1 is strongly correlated with the

likelihood of that ramet differentiating a sexual shoot; ramets that

elongate faster tend to be larger and are more likely to be sexual

(Geber et al., 1997a). Interestingly, expanding ramets have a

proclivity to grow faster or slower from the very onset of their

growth in year X-1, suggesting that conditions, perhaps resource

conditions at the time the bud is initiated (in year X-2), establish its

growth trajectory in year X-1. Our data are consistent with the

hypothesis that new ramet growth is supported by assimilate fixed

in prior years (Eisen et al., 2021), given that assimilate fixed early in

year X-1 (i.e., 1989) is not extensively used in the early stages of new

ramet construction (Landa et al., 1992). Such a developmental

program would match the pattern of meristem commitment with

known levels of carbon resource availability, but at a cost, the loss of

the capacity to respond quickly to changed environmental

conditions (Watson et al., 1997; Worley and Harder, 1999;

Werger and Huber, 2006). It is a pessimistic rather than an

optimistic strategy (sensu Jones, 1992).
4.3 The role of current and future
demographic status on carbon distribution
and growth

Sexual and vegetative rhizome systems of mayapple differ in

how they distribute assimilate, even in the absence of fruit initiation

and maturation (Figure 4, April label). These differences could

simply be caused by differences in the seasonal timing of

developmental phenology, as reported between male and female

plants of other species (e.g., Putwain and Harper, 1972; Watson,

1995; Laporte and Delph, 1996). But, in mayapple, differences in

seasonal phenology between sexual and vegetative plants early in

the season tend to be small (ca. 1-2 days) and are probably of

insufficient magnitude to explain the differences between them in
14C-transport pattern. Phenological differences do increase later in

the season - sexual shoots with fruit senesce on average one month

later than vegetative ones (Watson and Lu, 1999, 2004), but because

we lacked fruit-bearing sexuals in this study we could not assess

how this difference affected carbon transport.

It also is possible that sexual shoots retain more assimilate in the

leaf and stem in preparation for the possibility that a resource

demanding fruit will be set; a form of short-term storage that has

been observed by others (Chapin et al., 1990; Lapointe, 1998). If a

sexual shoot fails to set fruit the unused assimilate could be re-

allocated to other plant functions before the leaves senesce. In

mayapple, sexual shoots that fail to mature fruit effectively become

two-leafed vegetative shoots and they do give rise to

disproportionately long new rhizomes (Sohn and Policansky,

1977), an observation consistent with this hypothesis. However,
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in mayapple, we do not see significant withdrawal of labeled

assimilate from the senescing leaves of failed sexual shoots.

Moreover, these failed sexual shoots senesce their leaves sooner

than those that mature fruit (Watson and Lu, 1999, 2004),

shortening their period of net positive photosynthesis and,

resulting in the permanent loss of this locally stored assimilate

when the leaf is shed, a potentially substantial and rarely considered

cost to even unsuccessful reproduction. Despite loss of assimilate

via senescence, mayapple sexual systems that fail to form fruit tend

to be more robust in subsequent years than vegetative or successful

sexual systems, perhaps owing to their greater leaf area alone. Not

only do they produce larger new rhizome segments, they branch

more frequently, and give rise to additional new sexual vs vegetative

ramets (Sohn and Policansky, 1977; Geber et al., 1997a). Seemingly,

the larger leaf area of the sexual shoot and its greater longevity

(Watson, 1990; Watson and Lu, 1999, 2004) permits more

assimilate to be fixed, thereby compensating for the higher loss of

carbon by the senescing sexual leaf.

Interestingly, we found no significant differences in the

patterns of distribution (Figure 4) and sink strength (Figure 5)

of recently fixed assimilate between those systems that will

become vegetative or sexual, even though larger new ramets

tend to experience very different demographic fates (Sohn and

Policansky, 1977; Geber et al., 1997a, b). These observations

further support the idea that the performance of the new

expanding ramet is based on the resources acquired in prior

years and is consistent with the hypothesis that the
Frontiers in Plant Science 12154
preformation of structures influences the pathway of

development based on the quantity of resources accumulated at

the time of meristem determination rather than that of outgrowth.
4.4 Changing seasonal environments in
the Anthropocene

Several issues remain unclear about controls on development

and physiological integration in long-lived plants, of resource-poor

environments, that may significantly affect their ability to rapidly

respond to changing environmental cues in a warming world. In

mayapple, for instance, we have a poor understanding of what

triggers seasonal aerial growth. Observational data over many years

indicates a one-week interval of emergence that is insensitive to

temperatures experienced by plants during the preceding month

(Watson, unpubl.), suggesting to us photoperiodic control. In

contrast, the expansion rate of new rhizome segments is sensitive

to environmental temperatures and thus can result in effects on

flowering time (Watson, pers. obs.). Mayapple fertilization is

dependent on outcrossing by insects, and rainy or cold conditions

during flowering leads to reduced fruit set; typically less than 10% of

sexual shoots mature fruit (Geber et al., 1997a). Thus, temperature

and rainfall effects on phenology of either mayapple or its

pollinators could have serious demographic consequences

involving fruit set and, hence, the genetic diversity of

local populations.
FIGURE 5

Specific activity of the below ground structures (roots =⬭; rhizomes = □) of the ramets of mayapple in systems terminated by either a sexual (open

symbols) or a vegetative shoot (closed symbols) in 1989. Rhizome systems were labeled at one of three times during the 1989 growing season: April
(top panel), May (middle panel), or June (bottom panel), and then harvested either in May (far left), June (second from left) or September 1989
(second from right), or March 1990 (far right). The numbers on the X-axis identify the individual ramets within the rhizome system and correspond to
the year in which each ramet bore an aerial shoot (Figure 1).
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More closely aligned with the study reported here, we do not

know what physiological mechanisms lead to movement of large

amounts of assimilate into the old rhizome, nor do we understand

what regulates the timing of this movement. Movement of resources

into storage organs is generally thought to be controlled by sink-

driven processes (Geiger, 1987) but, in mayapple, we have found

that the largest concentration of newly fixed assimilate is in the

oldest rhizome segment (Landa et al., 1992), (although this was less

evident in the study reported here), and that segment is excised

during the growing season and the assimilate it contains

presumably lost. Arbuscular mycorrhizae also may play a role in

creating sinks in mayapple rhizomes, but do not explain the oft-seen

accumulation of label in the oldest rhizome segment, because

mycorrhizae are found at highest concentrations at nodes closer
Frontiers in Plant Science 13155
to the younger end of the rhizome system (nodes X-4 to X-5)

(Watson et al., 2001).
5 Concluding comments

Mayapple growth and development is characterized both by

extensive storage and complete preformation of new structures.

The co-occurrence of these two syndromes, one developmental

and the other physiological, in stress tolerant organisms (Grime,

2001; Chapin et al., 1993) of strongly seasonal environments

(Diggle, 1997; Watson et al., 1997) suggest that they act in

concert to regulate the relative production of structures differing

in demographic function and in long and short-term costs, based
TABLE 6 Compound MANOVA of specific activity distribution within rhizome systems in the June and September harvests as a function of Label Date
and 1989 Life history status (1989 Type, vegetative or sexual).

Between
Subject [Sum]

June Harvest September Harvest

DF Exact F Prob>F DF Exact F Prob>F

Label Date 1, 29 8.4647 0.0069 2, 46 2.592 (0.0858)

1989 Type 1, 29 0.1994 0.6585 1, 46 0.071 0.7908

Label Date *
1989 Type

1, 29 6.0451 0.0202 2, 46 2.783 (0.0723)

Within
subject
[Compound]

DF Pillai's trace F G-G P DF Pillai's trace F G-G P

Rt/Rhz 1,29 0.146 4.968 0.0337 1,46 0.018 0.855 0.3600

Rt/Rhz *
Label Date

1,29 0.053 1.614 0.2141 2,46 0.188 5.313 0.0084

Rt/Rhz *
1989 Type

1,29 0.009 0.269 0.6081 1,46 0.004 0.162 0.6895

Rt/Rhz * Label
Date * 1989 Type

1,29 0.071 2.213 0.1476 2,46 0.016 0.369 0.6937

Ramet 6,24 0.738 11.29 0.0027 6,41 0.618 11.063 0.0013

Ramet *
Label Date

6,24 0.575 5.422 0.0254 12,84 0.758 4.276 0.0080

Ramet * 1989 Type 6,24 0.124 0.568 0.5842 6,41 0.082 0.610 0.5571

Ramet * Label
Date* 1989 Type

6,24 0.330 1.969 0.1902 12,84 0.284 1.159 0.3501

Rt/Rhz * Ramet 6,24 0.684 8.655 0.0055 6,41 0.340 3.514 (0.0876)

Rt/Rhz * Ramet *
Label Date

6,24 0.317 1.860 0.2015 12,84 0.809 4.759 0.0096

Rt/Rhz * Ramet *
1989 Type

6,24 0.119 0.540 0.5975 6,41 0.087 0.651 0.4368

Rt/Rhz * Ramet *
Label Date*
1989 Type

6,24 0.143 0.665 0.5336 12,84 0.329 1.378 0.2734
1See Figure 1 for description of compartments.
The between-subject analysis examines differences among rhizome systems based on a sum MANOVA design. Within-subject tests are a compound MANOVA with two levels of dependent
variables (Root and Rhizome) for each of seven ramets.1 Within-subject effects test differences between roots and rhizomes (Rt/Rhz) within ramets, or differences between roots and rhizomes in
the distribution among ramets (Rt/Rhz * Ramet). Values in bold face are significant at p < 0.05; those in parentheses are of borderline significance. Within subject tests have been corrected for
departures from sphereicity using the Greenhouse-Geisser correction.
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on estimates of resources on hand at the time the developmental

commitment is made which, as in mayapple, is years earlier. These

syndromes can be thought of as evolved solutions to problems

posed by the physical and biological environments in which they

are found (Watson et al., 1997; Watson, 2008). In mayapple, the

interactions between developmental program and resource

integration reflect a conservative growth strategy that is

consistent with the constraints imposed by the environment in

which they evolved; this strategy conserves resources over time

but precludes rapid response to short term environment variation.

Without knowing more about what factors govern the initiation of

various developmental and physiological process – daylength,

temperature, rainfall, symbionts – and how these may be

affected by a warming habitat (e.g., changes in the timing of

anthesis vis-à-vis the availability of pollinators; changes in the

mycorrhizal symbiosis with changes in the intensities and patterns

of rainfall), it remains difficult to assess the capacity of these

tightly bound processes to continue to successfully interact and

remain functional. For plants like mayapple, whose migration

capacity is limited, the answers will be crucial to their persistence

(Whigham, 2004).
Frontiers in Plant Science 14156
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TABLE 7 Compound MANOVA of specific activity distribution within the rhizome system for April, May and June label dates as a function of harvest
date and 1989 Life history status (1989 Type, vegetative or sexual).

April Label May Label June Label

Between-
Subject [Sum]

DF Exact F Prob>F DF Exact F Prob>F DF Exact F Prob>F

Harvest 2, 44 2.612 0.0847 1, 30 6.221 0.0184 1, 30 5.982 0.0205

1989 Type 1, 44 12.393 0.0010 1, 30 4.375 0.0450 1, 30 1.344 0.2555

Harvest * 1989 Type 2, 44 1.687 0.1969 1, 30 1.021 0.3203 1, 30 0.309 0.5824

Within
Subject [Compound]

DF Pillai's tr. F G-G P DF Pillai's tr. F G-G P DF Pillai's tr. F G-G P

Rt/Rhz 1,44 0.327 21.37 <0.0001 1,30 0.020 0.60 0.4439 1,30 0.201 7.54 0.0101

Rt/Rhz * Harvest 2,44 0.221 6.23 0.0041 1,30 0.131 4.51 0.0421 1,30 0.028 0.85 0.3642

Rt/Rhz * 1989 Type 1,44 0.044 2.01 0.1624 1,30 0.083 2.70 0.1107 1,30 0.003 0.09 0.7699

Rt/Rhz * Harvest * 1989 Type 2,44 0.098 2.40 0.1025 1,30 0.044 1.38 0.2487 1,30 0.002 0.06 0.8017

Ramet 6,39 0.699 15.05 0.0003 6,25 0.688 9.19 0.0020 6,25 0.729 11.20 0.0155

Ramet * Harvest 12,80 0.400 1.66 0.1838 6,25 0.486 3.93 0.0363 6,25 0.166 0.83 0.3976

Ramet * 1989 Type 6,39 0.371 3.83 0.0452 6,25 0.263 1.49 0.2676 6,25 0.212 1.12 0.3311

Ramet * Harvest * 1989 Type 12,80 0.373 1.53 0.2186 6,25 0.367 2.41 0.1175 6,25 0.163 0.81 0.4016

Rt/Rhz * Ramet 6,39 0.584 9.11 0.0026 6,25 0.439 3.27 0.0532 6,25 0.673 8.56 0.0328

Rt/Rhz * Ramet * Harvest 12,80 0.534 2.42 (0.0686) 6,25 0.620 6.80 0.0047 6,25 0.190 0.98 0.3689

Rt/Rhz * Ramet * 1989 Type 6,39 0.206 1.68 0.2192 6,25 0.161 0.80 0.5135 6,25 0.075 0.34 0.5860

Rt/Rhz * Ramet * Harv. *
1989 Type

12,80 0.197 0.72 0.5791 6,25 0.216 1.15 0.3635 6,25 0.153 0.75 0.4259
fron
Between-Subject terms test overall differences among plants. See the caption of Table 6 for explanation of abbreviations and terms. Values in bold face are significant at p < 0.05; those in
parentheses are of borderline significance. Within subject tests have been corrected for departures from sphericity using the Greenhouse-Geisser correction.
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Lubbe, F., Klimes,̌ A., Dolezal, J., Jandová, V., Mudrak, O., Janecek, S., et al. (2021).
Carbohydrate storage in herbs: The forgotten functional dimension of the plant
economic spectrum. Ann. Bot. 127, 813–825. doi: 10.1093/aob/mcab014

MaChado, R. A. R., Ferrieri, A. P., Robert, C. A. M., Glauser, G., Kallenbach, M.,
Baldwin, I. T., et al. (2013). Leaf-herbivore attack reduces carbon reserves and regrowth
from the roots via jasmonate and auxin signaling. New Phytol. 200, 1234–1246.
doi: 10.1111/nph.12438

Marshall, C. (1990). “Source-sink relations of interconnected ramets,” in Clonal
Growth in Plants: Regulation and Function. Eds. J. M. van Groenendael and H. de
Kroon (SPB Academic Publishing, The Hague), 23–42.

Meloche, C. G., and Diggle, P. K. (2003). The pattern of carbon allocation supporting
growth of preformed shoot primordia in Acomastylis rossii (Rosaceae). Am. J. Bot. 90,
1313–1320. doi: 10.3732/ajb.90.9.1313

Niederhauser, E. C. (2015). Seed Dispersal of the Forest Herb Podophyllum peltatum
by Multiple Vectors. Athens: Ohio University. Available at: http://rave.ohiolink.edu/
etdc/view?acc_num=ohiou1429701798.

Ott, J., Klimesǒvá, J., and Hartnett, D. (2019). The ecology and significance of below-
ground bud banks. Ann. Bot. 123, 1099–1118. doi: 10.1093/aob/mcz051

Pitelka, L. F., and Ashmun, J. W. (1985). ““Physiology and integration of ramets in
clonal plants,”,” in Population Biology and Evolution of Clonal Organisms. Eds. J. B. C.
Jackson, L. W. Buss and R. E. Cook (Yale University Press, New Haven,CT), 399–435.

Potvin, C., Lechowicz, M. J., and Tardif., S. (1990). The statistical analysis of
ecophysiological response curves obtained from experiments involving repeated
measures. Ecol. 71, 1389–1400. doi: 10.2307/1938276

Price, E. A. C., Gamble, R., Williams, G. G., and Marshall, C. (2002). ““Seasonal
patterns of partitioning and remobilization of 14C in the invasive rhizomatous
perennial Japanese knotweed (Fallopia japonica (Houtt.) Ronse Decraene)”,” in
Ecology and Evolutionary Biology of Clonal Plants. Eds. J.F. Stuefer, B. Erschbamer,
H. Huber and J. Suzuki (Dordrecht: Springer). 347–362. doi: 10.1023/A:1016036916017

Putwain, P. D., and Harper, J. L. (1972). Studies in the dynamics of populations. V.
Mechanisms governing the sex ratio in Rumex acetosa andR. acetosella. J. Ecol. 60, 113–129.
doi: 10.2307/2258045

Randall, W. J. (1952). Interrelations of autecological characteristics of forest herbs.
University of Wisconsin, Madison (WI).

Rashid, K., Rashid, S., Islam, T., Ganie, A. H., Nawchoo, I. A., and Khuroo, A. A.
(2023). Hidden from the harsh: Belowground preformation prior to winter determines
life history strategy of a temperate perennial herb. Flora 308, 152387. doi: 10.1016/
j.flora.2023.152387

Rünk, K., Zobel, K., and Liira, J. (2021). Long-term growth of three sympatric
Dryopteris fern speccies shows the accumulation of climatic effects over 2 years because
of organ preformation. Climatic Change 164, 16. doi: 10.1007/s10584-021-02967-8

Rust, R. W., and Roth, R. R. (1981). Seed production and seedling establishment in
the mayapple, Posophyllum peltatum L. Am. Midl. Natur. 105, 51–60. doi: 10.2307/
2425009

Sachs, T., and Novoplansky, N. (1997). “What does aclonal organization suggest
concerning clonal plants)?,” in The Ecology and Evolution of Clonal Plants. Eds. H. de
Kroon and J. M. van Groenendael (Backhuys Academic Publishers, Leiden, The
Netherlands), 55–77.
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