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A B S T R A C T

Plant height is a key quantitative trait in plant ecology, linked with leaf area and stem diameter, affecting 
photosynthesis and water transport. Taller plants typically access lighte and resources, enhancing their 
competitive ability. However, the invasive aquatic plant Myriophyllum aquaticum usually reaches around 20 cm 
above the water surface. Despite its shorter stature, this species demonstrates rapid growth and efficient resource 
utilization, which contributes to its competitive success in various aquatic environments. This study aims to 
explore how altering its height impacts photosynthesis and water transport, providing insights into its growth 
adaptation mechanisms. We conducted an experiment with M. aquaticum, adjusting its height artificially (H) and 
comparing it to naturally maintained height (CK). We measured plant traits related to photosynthesis and water 
transport, including stem diameter, root pressure, and photosynthetic pigments (chlorophyll-a, chlorophyll-b, 
and carotenoids). Observations of guttation were also recorded. Under height-adjusted treatments, 
M. aquaticum exhibited positive significant growth responses with increased stem diameter and root pressure 
compared to the CK. Photosynthetic pigments were significantly higher in H than in CK. Notably, guttation was 
observed in CK but absent in H. Artificially increasing the height of M. aquaticum enhances its photosynthetic and 
hydraulic traits. However, this adjustment may lead to water deficiency issues, particularly during sunny con-
ditions. This study contributes to understanding the ecological significance of plant height in aquatic species, 
highlighting the complex interplay between growth adaptations and environmental conditions.

1. Introduction

Plant height is the core morphological indicator of plants, serving as 
a critical trait of plant ecological strategies and a comprehensive metric 
for adapting to environmental pressures (Westoby, 1998). Moreover, as 
the longest pathway for internal water transport and photosynthate 
distribution within the plant body, plant height is closely associated 
with other functional traits (Ryan and Yoder, 1997; Marks et al., 2016; 
Savage et al., 2017). Taller plants typically exhibit thicker stem di-
ameters and wider wood vessel diameters, enhancing their water 

transport capacity (Zhong et al., 2020). Furthermore, taller plants 
intercept more light, thereby promoting their own photosynthetic ac-
tivity, and can overshadow neighboring individuals, thereby enhancing 
their competitive ability (Westoby et al., 2002). Aquatic plants are 
important primary producers in lake and river ecosystems, playing a 
crucial role in maintaining ecological balance and supporting biodi-
versity (Jeppesen et al., 1998). Similar to terrestrial plants, plant height 
of aquatic plants is an important indicator reflecting their competitive 
strength, growth conditions, and overall health status (Verhofstad et al., 
2017).
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In terrestrial ecosystems, as taller trees grow, hydraulic stress in-
creases due to gravity and the elongation of water transport pathways, 
the density and size of stomata must be adjusted to ensure effective 
water transport and transpiration (O’Keefe et al., 2023). This may ulti-
mately limit leaf expansion and photosynthesis, thereby limiting further 
height growth (Koch et al., 2004). In contrast, the stem xylem of aquatic 
plants is typically degraded, resulting in higher resistance to water 
transport (Pittermann, 2010; Brodersen and McElrone, 2013; Ding et al., 
2018). Consequently, an increase in the height of aquatic plants may 
lead to an inadequate water supply to the shoot tip. Taller aquatic plants 
typically possess more developed root systems and leaves, allowing 
them to more effectively absorb nutrients, heavy metals, and organic 

pollutants from the water, thereby improving water quality (Gao et al., 
2020, Clément et al., 2022). In our previous study, we found that shorter 
emergent plants, despite having a lower height above the water surface, 
exhibit higher root pressure (unpublished data). However, the under-
lying reasons for the elevated root pressure still require further 
investigation.

The root pressure model, first proposed by Crafts and Broyer (1938), 
posited that root pressure was generated by the woody tissues of the root 
system. The Casparian bands serve as barriers for the radial transport of 
water and ions in plant roots and play a crucial role in the generation of 
root pressure through active water absorption (Enstone et al., 2002). 
Studies have shown that root pressure is closely related to plant 

Fig. 1. Diagram of the experiment including the control (CK, A) and the artificially height supported treatment (H treatment, B).

Fig. 2. Growth traits of M. aquaticum on Day 10 and Day 50 between two treatments (n = 6). (A) Above-water height, (B) absolute length and (C) stem diameter. 
Violin and box plots illustrate the distribution of these parameters across various time points. The violin plots display the kernel density of the data, showing its 
distribution shape, while the box plots represent the interquartile range (IQR), marking the middle 50 % of the data. The line inside each box denotes the median, and 
whiskers extend to the smallest and largest values within 1.5 times the IQR. Individual points indicate raw data, highlighting distribution and potential outliers. 
Significance levels: *** refers to P < 0.001.
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adaptation to arid or water-deficient habitats (Cao et al., 2012; Yang 
et al., 2012; Gleason et al., 2017; Holmlund et al., 2020). The maximum 
plant height of the tallest terrestrial grass, bamboo, is positively corre-
lated with the maximum root pressure, which can repair embolisms 
caused by rapid daytime transpiration (Cao et al., 2012). However, 
aquatic plants typically have sufficient water supply, and whether root 
pressure still affects the maximum height of aquatic plants remains 
unexplored.

Myriophyllum aquaticum (Vell.) Verdc., a heterophyllous and herba-
ceous perennial aquatic plant, exhibits distinct submerged and emergent 
life forms, making it a highly competitive invasive species resilient to 
extreme water disturbances (Zou et al., 2024; Wersal and Madsen, 
2011). In deeper water, the plant can achieve heights of up to 200 cm in 
its submerged form, taking advantage of increased buoyancy and light 
availability at greater depths. Conversely, in shallower water, 
M. aquaticum predominantly exhibits its emergent form, where the 

Fig. 3. Differences in stomatal traits of M. aquaticum in two treatments (n = 6). (A) stomatal size (um). (B) stomatal density (mm²). ** refers to P < 0.01, *** refers 
to P < 0.001.

Fig. 4. The tip of a young leaf of M. aquaticum. (A) Guttation at the leaf tip. (B) and (C) show leaf tip and its longitudinal section in CK, while (D) and (E) show the 
leaf tip and its longitudinal section in H treatment. The circled areas in (C) and (E) refer to the distribution of hydathodes.
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vertical height above the water surface remains short. Furthermore, 
emergent M. aquaticum exhibits unique growth patterns, including pe-
riodic upright and prostrate growth, as well as large vertical climbs 
growth under certain conditions. Initially, the plant grows upright out of 
the water to a height of about 20–30 cm. Subsequently, the upper 
portion of the plant collapses, generating stolons and potential branch-
ing before resuming upright growth. This cycle repeats as the plant 
reaches approximately 20–30 cm in height again and experiences 
another slumping phase. Interestingly, we noted that a few individuals 
were able to climb approximately 100 cm by attaching to nearby tall 
plants or broken tree branches during our field observations. Thus, the 
plant height of emergent M. aquaticum, which includes collapsed parts, 
significantly differs from the standard definition of plant height, which 
refers to the vertical height of a plant from the ground to its top. Given 
these variations in growth forms and heights, this study aims to inves-
tigate whether the changes in plant height of emergent M. aquaticum in 
its natural habitat, from shorter height to greater height when climbing, 
influence the plant’s physiological and structural traits, thereby 
affecting its photosynthesis and water transport processes.

By supporting the plant height artificially, we analyzed the differ-
ences of plant traits between photosynthetic and water transport pro-
cesses in M. aquaticum in summer-autumn under natural height and 
heightened treatment. We hypothesized that M. aquaticum possessed the 
capacity to adapt to increased water transport resistance through 
morphological and anatomical adjustments for its stems and leaves, as 
well as through smaller leaf areas and higher root pressure, facilitated by 
artificial height modifications. Studying the effects of plant height on the 
photosynthetic and hydraulic characteristics of aquatic plants helps 
elucidate their ecological roles and adaptive strategies within aquatic 
ecosystems. This research enhances our understanding of aquatic plant 
physiology and ecology, emphasizing the ecological importance of plant 

height, particularly in aquatic species.

2. Materials and methods

2.1. Experimental design and materials

Myriophyllum aquaticum was selected as a suitable experimental 
species due to its strong competitiveness, rapid growth in response to 
water level fluctuations, and ability to maintain consistent above-water 
height based on our previous experiment (see Supporting Information 
Appendix 1).

This study was conducted in a greenhouse at Wuhan Botanical 
Garden, Wuhan, China (114◦43′E, 30◦55′N), from July to October in 
2023. A total of 288 healthy shoot tips of M. aquaticum were collected 
from the garden’s ponds, and the tips were harvested at the length of 
40 cm. Twenty-four buckets were utilized in the study, each with a top 
diameter of 27 cm, a bottom diameter of 22 cm, and a height of 14 cm. 
Each bucket contained 12 plants. These buckets were filled with 
approximately 8 cm of nearby pond sediment and 5 cm of tap water. The 
experimental design was divided into two groups: twelve buckets 
simulating a natural height (serving as the control, CK, Fig. 1A); and the 
other twelve buckets for the artificially height supported treatment, 
aiming for larger vertical plant height (the treatment, H, Fig. 1B). For H, 
a string and the plastic structure were set up to ensure a larger plant 
height (Fig. 1B). Plant materials were pre-cultivated for 50 days from 12 
July to 31 August, 2023. The experiment was conducted during the next 
10–50 days. To maintain a stable water depth of 5 cm, these plants were 
watered twice daily. In this experiment, sampling time points were 
selected on Day 10 (9 Sep.) and Day 50 (20 Oct.). Day 10 was identified 
as a critical time point in the experiment, during which wilting was 
observed at the shoot tips of the H plants between 11:00 a.m. and 
13:00 p.m. in daytime. Additionally, guttation was observed in the CK 
during the early morning hours, while no such phenomenon was found 
in the H. Observations were continued due to sufficient experimental 
materials. On Day 50 (40 days after initial observations), it was noted 
that the plants in the H no longer showed wilting. The CK continued to 
exhibit early morning guttation, while the treatment group (H) 
remained unaffected.

2.2. Growth traits

Plant growth traits, including above-water height, absolute length 
and stem diameter, were measured on Day 10 (under warm conditions 
with temperatures ranging from 28 ◦C to 35 ◦C) and Day 50 (under 
cooling conditions with temperatures ranging from 15 ◦C to 24 ◦C). 
Above-water height refers to the vertical distance between the shoot tips 

Table 1 
Comparison of anatomical traits in M. aquaticum leaves between CK and H 
treatments. Data were showed as mean ± standard deviation. Different letters 
and bold font indicate significant difference (P < 0.05) between CK and H 
treatments as determined by t-test (n = 4).

Parameters 6th whorl leaves 12th whorl leaves

CK H CK H

Total cross-section 
area (µm2)

13 409 ± 1 
475a

13 914 ± 1 
745a

17 034 ± 3 
370a

13 104 ± 9 
940a

Vascular bundle 
area (µm2)

5 241 ± 6 
310b

6 937 ± 6 
310a

5 752 ± 1 
889a

6 314 ± 1 
889a

Lacuna (µm2) 23 551 ± 4 
002a

26 929 ± 2 
079a

18 413 ± 4 
784a

22 339 ± 1 
528a

Leaf porosity 0.17 
± 0.02a

0.19 
± 0.01a

0.11 
± 0.01b

0.17 
± 0.01a

Fig. 5. Casparian bands on the roots of M. aquaticum in the two treatments. Arrowheads: Casparian bands on endodermis.
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and the water surface, and absolute length refers to the total plant stem 
length from the shoot tips to the root, and stem diameter refers to the 
diameter of stem at the position of ca. 15 cm below the shoot tip. Six 
replicate individuals were randomly selected from the treatment, with 
each individual from an independent bucket. The above-water height 
and the absolute length were measured by using a tape. The stem 
diameter was measured by using an electronic digital caliper.

2.3. Leaf, stem and root anatomical structures

The 6th and 12th leaf whorls were selected for anatomical analysis. 
Preliminary observations indicated that the 6th leaf whorl had the 
longest leaves among the young whorls, suggesting unique physiological 
characteristics. The 12th leaf whorl was chosen specifically due to its 
stabilized leaf length at this developmental stage (see Supporting In-
formation Appendix 2 Fig. S1). On Day 50, measurements of leaf sto-
matal area, stem vascular area, and Casparian strip, along with other 
parameters of leaves, stems, and roots, were taken for both treatments. 
For leaves, one leaf from the 6th and 12th whorls (the first fully 
expanded leaf is considered as the first whorl of the leaves, the 6th and 
12th whorls leaf were selected in our study) were taken for leaf trans-
verse section, the 6th whorl leaves for stomatal traits, and the newly- 
grown leaves at the stem tip for the hydathode by longitudinal section 
(Fig. 4A). Stem samples were taken at 12–15 cm from the stem tip, while 
the root samples were taken at 6 cm from the root tip (Fleck et al., 2015). 
Except for the determination of leaf stomata, these samples were first 
fixed in the formaldehyde-acetic acid-ethanol (FAA) solution, then 
paraffin sections were made as described in Farnese et al. (2017), and 
the leaf samples were initially collected and fixed in 2.5 % glutaralde-
hyde, followed by post-fixation in 1 % OsO4. After standard dehydration 
using an ethanol series, the samples underwent critical point drying 
(K850, Quorum, UK), were treated for electrical conductivity, and 
subsequently examined using a scanning electron microscope (SU8010, 
Hitachi, Japan) to observe morphological characteristics on the leaf 

surfaces. The stomatal number was counted for each of five randomly 
selected views (each with an area of 0.048 mm² at 500x magnification) 
on each segment. Stomatal size was determined by randomly selecting 
five stomata at 500x magnification, measuring the maximum length 
between two guard cells, and calculating the average value. Stomatal 
density was calculated by dividing the stomatal number for each view by 
0.048 mm².

For leaf and stem samples, the procedure begins with collection and 
fixation in the experimental site. Subsequently, the samples undergo 
dehydration, infiltration with paraffin wax, embedding, sectioning, 
deparaffinization, staining, mounting, and finally observation and 
photography under a microscope. The leaf transects were used for 
measuring traits such as the total cross-section area, lacuna, vascular 
bundle area of the leaves. The porosity was calculated as the ratio of air 
cavity area to total cross-section area, and each index of the leaves was 
measured at 15x magnification. Leaf longitudinal sections were used for 
the observation of hydathode (Hostrup and Wiegleb, 1991). For stem 
samples, the area and diameter of xylem conduits, thickness of cortex, 
number of aerenchyma, diameter and area of vascular bundles of the 
stems were measured under 15x magnification. For root samples, root 
slices were firstly treated with xylene and ethanol and then stained with 
berberine hydrochloride (1 h) and aniline blue solution (30 min) sepa-
rately after rinsing and air-drying, and thereafter these slices were 
mounted and observed using a fluorescence microscope to visualize the 
Casparian strip (Wang et al., 2022).

2.4. Photosynthetic physiological indicators

On Day 10 and Day 50, the chlorophyll fluorescence parameters of 
PSII were measured at shoot tips using a PAM-2500 (Cao et al., 2019). 
Measurements were taken every two hours from 8:00 a.m. to 4:00 p.m. 
We measured the maximum quantum yield of PSII (Fv:Fm), the actual 
quantum yield of PSII (YII), maximal electron transport rate (ETRmax) 
simulated by using photosynthetically active radiation (PAR) and ETR, 

Fig. 6. Changes in (A) chlorophyll fluorescence parameters (Fv:Fm: the maximum quantum yield of PSII; (B) Y(II): the actual quantum yield of PSII; (C) α: the initial 
slope; (D) ETRmax: maximal electron transport rate under different treatments (CK and H) at Day 10 and Day 50 (n = 6). *P < 0.1, **P < 0.01, ***P < 0.001.
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and the initial slope α (Chen et al., 2020). The PAR values are set as 
follows: 0, 4, 13, 140, 221, 308, 433, 593, 795, 1038, 1355, 1719 (μ mol 
m− 2 s− 1). These parameters were observed to understand the daily 

dynamics of fluorescence. The Fv:Fm refers to the maximal photo-
chemical efficiency of PSII after 15 min dark adaptation, and the YII 
refers to the actual photosynthetic efficiency of PSII, indicating the 

Fig. 7. Photosynthetic pigment content in M. aquaticum under various treatments (n = 6). (A) chlorophyll-a, (B) chlorophyll-b, (C) carotenoid (cars), (D) Chla/b. 
*P < 0.01, ***P < 0.001.

Fig. 8. (A) Root pressure determination and (B) actual maximum root pressure of M. aquaticum in two treatments (n = 4). *P < 0.05.

D. Cheng et al.                                                                                                                                                                                                                                   Aquatic Botany 200 (2025) 103896 

6 



actual primary light energy capture efficiency of the PSII reaction center 
under partial closure (Li et al., 2023). ETRmax is commonly used to 
assess the maximum rate of the electron transport chain of a plant at 
light saturation; and the initial slope α responds to the efficiency of light 
energy utilization by photosynthetic organs (Millar et al., 1978).

After this, the leaves of the 6th whorl were harvested according to 
Pedersen (1994), rinsed three times with distilled water, blotted with 
paper and weighed as fresh weight. Subsequently, the pigment contents 
of chlorophyll-a (Chla), chlorophyll-b (Chlb), and carotenoid (Cars) 
were measured using a spectrophotometer (TU–1810PC, Purkinje Gen-
eral, China) at the absorbance of 470, 665 and 649 nm after extraction in 
5 mL 95 % ethanol at 4 ◦C for 24 hours (Shao et al., 2017). All the 
photosynthesis-related traits were determined with six replicates.

2.5. Root pressure

Root pressure was measured according to Cao et al. (2012). 
Continuous monitoring of root pressure was conducted from 6:00 p.m. 
to 12:00 a.m. the following day. A digital pressure sensor (PX26–015DV, 
Omega, USA) was connected to the cut of the stem (usually 5 cm above 
the water surface), and a data logger (CR1000, Campbell Scientific, 
Logan, UT, USA) was used with pressure data recorded every 5 minutes 
(Fig. 8A). Each treatment has four replicates. In addition, the pressure 
sensor was calibrated before connecting it to the plant by adjusting the 
pressure change with varying the height of the water column. The actual 
root pressure equals the sum of the measured root pressure and the root 
pressure from the water surface to the sensor.

2.6. Statistical analysis

We used Student’s t-tests in R (R-4.1.3) to compare the differences of 
the plant traits between CK and H treatments.

3. Results

3.1. Growth traits

All growth traits of Myriophyllum aquaticum showed significant dif-
ferences between CK and H (Fig. 2), with larger growth observed in 
individuals with artificial support structures on both Day 10 and Day 50. 
The above-water height in H treatment was significantly higher than 
that in the CK (t = - 100.16, P < 0.001), with approximately 90 cm in H 
treatment and 20 cm in CK. The absolute length in H treatment (ca. 
107 cm) was significantly longer than that in CK (ca. 91 cm) (t = - 7.01, 
P < 0.001). Additionally, the stem diameter was greater in H treatment 
(ca. 3.17 mm) compared to the CK (ca. 2.36 mm) (t = - 8.53, P < 0.001).

3.2. Anatomical traits of leaves, stems and roots

The stomatal length was significantly smaller in H treatment than in 
CK (t = 14.29, P < 0.001, Fig. 3A). In contrast, the stomatal density in H 
treatment was significantly greater, being twice as high as that in CK 
(t = - 6.00, P < 0.01, Fig. 3B). No difference in anatomical traits of hy-
dathode were found between CK and H treatments in the longitudinal 
section of M. aquaticum (Fig. 4C, E). However, guttation at the leaf tips 
was observed only in CK in the early morning, while no guttation was 
found in H treatment (Fig. 4B, D). The total cross-section area, lacuna, 
and leaf porosity did not differ between the CK and H treatments for the 
6th whorl of leaves (all t < - 1.29, P > 0.05, Table 1). However, the leaf 
vascular bundle area was significantly larger in H treatment than in CK 
(t = - 3.60, P < 0.05). For the 12th whorl of leaves, only the leaf porosity 
showed statistical difference between the two treatments, with a notably 
higher value in H treatment (t = - 7.26, P < 0.01).

For stem traits, there were no significant differences between CK and 
H treatment in aerenchyma, vascular bundle area, vascular bundle 
diameter, conduit area and conduit diameter (t < - 0.98, P > 0.05), but 

cortical thickness in H treatment was significantly larger in H treatment 
than that in CK (t = - 2.87, P < 0.05, see Supporting Information Ap-
pendix 2, Table S1). Casparian bands are visible in the radial walls of the 
exodermis and endodermis in stem cross section, and there was no dif-
ference in the morphology of Casparian bands in CK and H treatment 
(Fig. 5).

3.3. Leaf chlorophyll fluorescence parameters and pigment contents

No significant differences were found in Fv:Fm, Y(II), α and ETRmax 
between CK and H for most sampling times on Day 10 and Day 50 
(t < 1.55, P > 0.05, Fig. 6). We found that ETRmax in H treatment 
exhibited a distinct pattern. On the sunny day (Day 10), ETRmax in H 
treatment showed a bimodal curve, decreasing from 233 ± 2 at 
10:00–169 ± 6 at 12:00 (μmol m-2 s-1), while CK remained relatively 
stable. However, on the cooler day (Day 50), ETRmax in both treatments 
ranged from approximately 60 to 134 (μmol m-2 s-1), with no daily 
variation (Fig. 6D).

The contents of Chl a, Chl b, and Cars in H treatment were all 
significantly higher than those in CK (t < -2.43, P < 0.05), while no 
difference for chla/b (t < - 1.54, P > 0.05, Fig. 7).

3.4. Root pressure

The actual root pressure in H treatment was significantly higher than 
that in CK treatment (t = - 2.74, P < 0.05, Fig. 8B), with values of 17.01 
± 7.48 kPa in the H treatment and 7.64 ± 2.11 kPa in the CK treatment.

4. Discussion

Consistent with our hypothesis, many indicators related to physio-
logical, morphological, and anatomical traits in Myriophyllum aquaticum 
showed enhanced growth under artificial support. However, it is 
important to note that under certain conditions, such as sunny noon, this 
species may experience water deficiency due to the artificially increased 
height. This finding suggests potential trade-offs between the benefits of 
artificial support and the risks of water stress, particularly in high-light 
environments. Our study provides valuable insights into the complex 
interactions between environmental conditions and the growth and 
physiological properties of aquatic plants.

4.1. Adaptation to environmental variability

Plant adaptation to varying environmental conditions can be man-
ifested at different levels, these include morphology, physiology and 
structure (Gratani, 2014; Sharma et al., 2020). In our study, the Fv:Fm 
value ranged between 0.75 and 0.80, indicating that the photosynthetic 
organs of M. aquaticum were in a non-stressed state (Jiang et al., 2018; 
Wang et al., 2021). Furthermore, both the photosynthetic pigments 
(related to light absorption and transformation) and ETRmax were 
marginally higher in the artificially supported treatment. These results 
suggest that the artificial support might enhance light absorption and 
energy conversion efficiency, potentially leading to increased photo-
synthetic productivity. This is in line with findings from other studies on 
terrestrial plants, where different trellis systems affect photosynthetic 
characteristics, such as chlorophyll content (Guseynov and Mayborodin, 
2021). The moderate growth and favorable light conditions provided by 
the L-shaped trellis system are suggested as the primary reasons for the 
observed improvements in leaf development, which significantly 
increased chlorophyll content compared to the fan-shaped trellis system 
(Guseynov and Mayborodin, 2021).

4.2. Morphological and anatomical adjustments

Beyond photosynthetic enhancement, we observed significant 
morphological changes, including an increase in leaf stomatal density 
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and cortical thickness of the stem, following artificial support. These 
changes are indicative of improved photosynthetic capacity (Bertolino 
et al., 2019; Flexas and Carriquí, 2020; Huang et al., 2024) and 
enhanced mechanical support and protective function of the stem (Speck 
and Burgert, 2011; Shah et al., 2017). The increased cortical thickness 
suggests a strategic adjustment by the plant to mitigate water deficiency 
by enhancing energy storage capacity, thus supporting continued 
growth under suboptimal water conditions (Zhan et al., 2017).

4.3. Water transport challenges

While the artificial support improved overall plant growth, it had a 
complex impact on water transport within M. aquaticum. Despite no 
significant differences in the Casparian strip structure of the root be-
tween treatments, root pressure was significantly higher under artificial 
support. This increased root pressure suggests that M. aquaticum has the 
potential to grow taller or support greater height than its current stature. 
The high root pressure observed in our study, relative to the actual 
support height, is similar to that of the terrestrial resurrection plant 
Paraboea rufescens, which uses this pressure to facilitate plant recovery 
when rewetted (Fu et al., 2022). However, the lack of guttation observed 
in artificially supported plants compared to naturally-grown individuals 
(Fig. 4D), especially at dawn, implies increased resistance in the water 
transport pathway at greater heights. This phenomenon is reminiscent of 
the challenges faced by aquatic plants with degraded xylem structures, 
leading to water transport inefficiencies (Barbosa et al., 2019). The 
contrasting phenomena implied that aquatic plants with a more 
degraded xylem structure may experience greater resistance in the water 
transport pathway, resulting in the lack of guttation at the shoot tips 
when the plants were artificially supported to an extreme height 
(Richards and Sculthorpe, 1968; Barbosa et al., 2019). The xylem con-
duits of stem in M. aquaticum are 2.76 mm, which is significantly smaller 
than those in lianas (15.80 cm) (Rosell and Olson, 2014).

4.4. Midday water stress

The midday depression of photosynthesis and leaf wilting observed 
in M. aquaticum during summer, particularly under intense sunlight, 
could be attributed to water transport limitations rather than photo-
inhibition, as suggested by the stable Fv:Fm values. The chlorophyll a/b 
ratio of 2.3, similar to that of terrestrial shade-adapted plants, indicates 
a sensitivity to high temperatures and intense light (Huang et al., 2021). 
The midday wilting is likely due to inadequate water supply to the upper 
parts of the plant, leading to loss of cell turgor and subsequent leaf 
wilting, a phenomenon also observed in taller terrestrial plants under 
water stress (Petit et al., 2010; Blackman, 2018). Previous studies have 
shown that the photosynthetic activity of herbs fluctuates throughout 
the day, suggesting a potential decrease in efficiency from morning to 
noon (Koyama and Takemoto, 2014; Rosell and Olson, 2014; Liu et al., 
2022). Moreover, water stress has been demonstrated to adversely affect 
both photosynthesis and water-use efficiency of Phragmites australis, 
leading to a reduction in net photosynthetic rate during midday under 
mild to moderate drought conditions. Additionally, wilting phenomena 
have been observed at the upper parts of woody plants (Pittermann, 
2010; Blackman, 2018). Although artificially supported plants exhibited 
better water-regulating capacity, as indicated by stomatal density and 
vascular bundle characteristics, these adaptations were insufficient to 
offset the water deficit at the shoot apex caused by the artificially 
increased height (Krähmer and Kováč, 2016; Chen et al., 2022).

5. Conclusion

In summary, the present study provides valuable insights into how 
changes in plant height can influence eco-physiological traits in aquatic 
plants, with a specific focus on the invasive M. aquaticum. Although the 
relationship between height and physiological processes is well-studied 

in trees, the unique patterns observed in M. aquaticum reveal significant 
distinctions between terrestrial and aquatic plant responses. Unlike 
trees, which have evolved complex mechanisms to cope with height- 
related challenges, aquatic plants like M. aquaticum may exhibit 
distinct responses due to their unique structural and physiological ad-
aptations to waterlogged environments. Increasing plant height alters 
the water transport efficiency of M. aquaticum, impacting its competi-
tiveness for light and resources. As a sustainable and actionable man-
agement tool, adjusting plant height offers a novel approach to invasive 
species control. While current research focuses on Myriophyllum aqua-
ticum, the strategy holds potential for broader applications. Future 
studies across diverse aquatic species will help assess the effectiveness of 
height manipulation as a universal management tool in various aquatic 
ecosystems.
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