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Abstract

This study sought to investigate the invasive mechanism of Myriophyllum aquaticum 
by subjecting it to simulation experiments in varying water temperatures ranging from 
0 °C to 30 °C. The results showed that water temperature considerably affected both 
the growth and reproduction of M. aquaticum. The optimal temperature range for the 
growth of M. aquaticum was 25‒30 °C. Although the growth of M. aquaticum was 
inhibited at temperatures between 0‒5 °C, this did not result in mortality. The stem 
nodes, branches, and diameter reached maximum values over a temperature range of 
20‒25 °C. High-temperature stress at 30 °C led to a gradual decrease or disappearance 
of branches. Compared to the 0 °C, 5 °C, and 30 °C treatment groups, a temperature 
of 20 °C led to biomass accumulation and significantly higher values. M. aquaticum’s 
physiological activities were affected by temperature. Except for 10 °C and 15 °C, 
the catalase activity varied among different water temperatures. M. aquaticum cata-
lase activity was maximal at 5 °C and minimal at 25 °C. Conversely, the synthesis of 
photosynthetic pigments was highest at 10 °C and 15 °C. The plant’s optimal tem-
perature for growth was between 20 °C and 25 °C. When the temperature was <10 °C, 
M. aquaticum adapted to the water temperature’s potential damage. This plant has a 
notable ability to tolerate various temperatures.

Key words: Temperature gradient, submerged macrophytes, high- and low-temperature 
stress, invasion mechanisms

Introduction

Myriophyllum aquaticum (M. aquaticum) is a perennial herbaceous plant that 
grows as both submerged and emergent plants. This plant is native to the Ama-
zon basin in South America and has become widely distributed in Australia, Afri-
ca, North America, Europe, and Southeast Asia (Guillarmod 1979; Cook 1985). 
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M. aquaticum has successfully established robust populations in 14 provinces, 
autonomous regions, and municipalities throughout China. M. aquaticum pri-
marily achieves its growth and reproduction through vegetative propagation from 
stem cuttings and stolons, and quickly spreads through asexual reproduction. This 
species has a potential competitive advantage over native plants (Orchard 1981; 
Sytsma and Anderson 1993a; Xiong et al. 2021). Because of its decorative proper-
ties and sewage purification abilities, M. aquaticum has been cultivated in China 
for sewage treatment and as an ornamental plant (Sytsma and Anderson 1993b; 
Polomski et al. 2009). Unfortunately, most introduced M. aquaticum species have 
become invasive and threaten ecosystems, including rice paddy fields and shallow 
lakes in southern China (Wang et al. 2013; Liu et al. 2017).

Temperature is a crucial abiotic factor that affects plant growth, reproduction, 
and geographic distribution, and plays a key role in determining the distribution 
and productivity of plants (Santamaría and van Vierssen 1997; Descamps et al. 
2018). Invasive plant species adapt to local temperatures when colonizing new 
areas. Mimulus guttatus may have invaded regions through broad temperature 
tolerance rather than through rapid evolution during its introduction. Ipomoea 
cairica has developed a thermal-adaptation mechanism that enhances photosyn-
thetic growth compared with native plants. This mechanism involves an increase 
in soluble sugar levels and antioxidant enzyme activity, along with a decrease in 
malondialdehyde and oxide formation (Querns et al. 2022; Chen et al. 2023).

High or low water temperatures can significantly affect the growth, develop-
ment, physiology, and biochemical processes of submerged plants (Jumrani and 
Bhatia 2014; Wang et al. 2016; Yang et al. 2016). Climatic conditions are a major 
contributing factor to fluctuations in water temperature (Wang and Niu 2020; 
Bai et al. 2022). The lake surface temperature refers to the temperature of lake 
water between 0 and 1 m in depth (Yang et al. 2017). Several studies have re-
ported that an increase in near-surface air temperature leads to an increase in 
lake surface water temperature (Pan et al. 2022). M. aquaticum thrives at water 
depths of 0–77 cm, but poorly at depths of 97–137 cm (Wersal and Madsen 
2011). Thus, the near-surface air temperature affects the water temperature of the 
M. aquaticum environment.

Water temperature can affect the germination of seeds as well as photosynthetic 
and reproductive strategies of submerged plants (Su et al. 2001; Xiao et al. 2010; 
Souza et al. 2016). Water temperature has regulatory effects on seed germination, 
and as the water temperature rises, plant metabolism increases. Water temperature 
has regulatory effects on seed germination, and as the water temperature rises, 
plant metabolism increases. This accelerates germination speed, although at the 
cost of increased metabolic energy consumption. Therefore, at decrease in the en-
ergy required for growth can result in a lower germination rate of seed. At low-wa-
ter temperatures, energy consumption decreases, leading to comparatively lower 
germination rates at extremely low-water temperatures (You and Song 1995). The 
optimal water temperature for photosynthesis varies among submerged plants. The 
highest photosynthetic oxygen production in the top branches of Potamogeton cris-
pus (P. crispus) occurs at 15‒25 °C, that is the optimal temperature for its growth 
(Su et al. 2001). Hydrilla verticillata (H. verticillata) and Egeria densa photosyn-
thesize more effectively over a temperature range of 28–37 °C (Su and Li 2005), 
indicating the relationship between water temperature and photosynthesis via oxy-
gen production and the light compensation point. The light compensation points 
of V. natans, P. crispus, Ceratophyllum demersum (C. demersum), Caulerpa taxifolia, 
and Najas marina increase as the water temperature rises between 4 °C and 30 °C 
(Ren et al. 1996).
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M. aquaticum is a globally invasive species that has been extensively studied for its 
distribution (Guillarmod 1979), reproductive characteristics (Orchard 1981), water 
purification capacity (Jamil et al. 2019), and invasion prevention and control mea-
sures (Moreira et al. 1999; Gray et al. 2007; Wersal et al. 2010). Numerous factors 
impact the growth of M. aquaticum. The growth of M. aquaticum has been exten-
sively studied with respect to factors such as harvesting (Yu et al. 2022), carbon di-
oxide availability (Malheiro et al. 2013), light intensity (Wersal and Madsen 2013), 
and nutrient levels (Tan et al. 2018), among others. However, there is a lack of in-
formation regarding the environmental adaptability of this species and the effects of 
various temperatures on its growth and reproductive processes. This study aimed to 
investigate how M. aquaticum responds to varied water temperatures through sim-
ulation experiments to determine the impact of temperature on this invasive plant.

Materials and methods

Materials

Branches of M. aquaticum were harvested in January, 2019, at Baoan Lake, Hubei 
Province (30°15'51.92"N, 114°43'12.33"E). Subsequently, they were submerged 
in an aquarium filled with water for pre-cultivation. Two days later, healthy uni-
formly sized shoots of M. aquaticum were selected for transplantation.

Experimental design

This study was conducted in January, 2019, in a greenhouse at the Hubei Normal 
University Aquatic Environment and Ecology Restoration Laboratory. Four hun-
dred and eighty M. aquaticum plants, pre-cultivated and uniformly grown, were 
chosen and weighed to determine their initial weight. Each plant’s average fresh 
weight was 2.47 ± 0.05 g, with an average height of 25.39 ± 0.62 cm. Sixty plants 
were air-dried to measure their initial dry weight, which was used to calculate 
moisture content. The remaining 420 plants were planted in experimental buckets, 
each containing 20 plants. The buckets had a height of 56 cm, an upper diameter 
of 52 cm, a lower diameter of 38 cm, and a volume of 90 L. Next, a 12 cm layer 
of sediment was applied to the pots, which originated from the eutrophic Qing-
shan Lake. The sediment contained 1,201.77 mg/kg of total phosphorus (TP), 
620.74 mg/kg of total nitrogen (TN), and 71.32 mg/kg of organic matter (OM).

TN concentrations in the lake substrates were analyzed using the semi-micro 
Kjeldahl method following digestion with H2SO4 and HClO4, as indicated by 
Wang et al. (2017). TP concentrations were determined using the ascorbic acid 
method, as suggested by Varol and Sen (2012). OM concentrations were deter-
mined using the potassium dichromate-sulfuric acid method, as described by 
Zhang et al. (2015).

The water level in each container was continuously maintained as the M. aquati-
cum plants were inundated. The water used was extracted from the Qingshan Lake 
(TN: 3.23 mg/L, TP: 0.32 mg/L). Seven water temperatures (0 °C, 5 °C, 10 °C, 
15 °C, 20 °C, 25 °C, and 30 °C) were selected for the experiment, with three du-
plicates for each temperature. A thermometer recorded the lake water temperature 
at 5 °C. Ice cubes were added to the buckets of the 0 °C treatment group to main-
tain the experimental temperature. A heating rod, equipped with four probes, was 
inserted into the water in the middle of all treatment groups except those kept at 
10 °C to provide heat. On April 1, 2019, the experimental plants were harvested 
after a 72-day experimental period.
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Determination of indicators

Growth indicators

The height, number of stems diameter, and number of stem nodes were measured 
every 3‒7 d, whereas the length, diameter, and number of branches of each stem 
were measured using Vernier calipers and a tape-measure every 10‒12 d. Nine 
M. aquaticum plants were randomly selected from each temperature treatment 
bucket to determine their average values. The biomass of M. aquaticum was weighed 
at the end of the experiment at each temperature to obtain the total weight.

Physiological indicators

After harvesting, three–five young and undamaged leaves were selected from the top 
of the main stem. To determine chlorophyll content, 0.2 g of fresh leaves was weighed 
and subjected to the 80% acetone extraction method (wavelength: 665, 649, and 470 
nm) under light-avoidance conditions by placing the samples in the dark (Wang 2006).

Fresh leaves (0.5 g) were weighed to determine activity levels of catalase (CAT), an 
antioxidant enzyme that is widely found in organisms (Hu et al. 2016). CAT activity 
was assessed spectrophotometrically by monitoring the reduction in hydrogen per-
oxide (H2O2) absorbance at 240 nm based on the method established by Beers and 
Sizer (1952). Data were recorded at 1-min intervals for 4 min. The magnitude of CAT 
activity was denoted as the amount of H2O2 decomposed over a specific timescale, as 
explained by Saxena et al. (2016) and Wang et al. (2017). The initial minutes of the 
reaction exhibited a stronger response, which gradually subsided as the enzyme was 
depleted. CAT contributes to the development of heat-induced cold tolerance and its 
activity is positively correlated with increased cold resilience (Sala and Lafuente 1999).

For the test conducted to grow M. aquaticum, water indicators were determined 
using the following method: TN concentrations in the experimental water were 
determined using the alkaline potassium persulfate oxidation-UV photometric 
method (wavelengths: 220 and 275 nm), whereas TP was determined using the 
potassium persulfate digestion method (wavelength: 700 nm) (Zhu et al. 2022).

Data analysis and statistics

Microsoft Excel 2003 (Microsoft Inc., Redmond, WA, USA) was used for data 
processing, and correlation and analysis of variance were performed using SPSS 
27.0.1 software (SPSS Inc., Chicago, IL, USA). To examine differences in bio-
mass, leaf pigment content, and CAT activity at different temperatures, one-way 
analysis of variance (ANOVA) was performed. Data were assessed for normality 
and homogeneity (P > 0.05) using the Shapiro–Wilk and Levene methods, re-
spectively. Transformations were performed on data that did not meet the assump-
tions of normality or variance homogeneity, followed by post hoc testing using the 
Waller-Duncan method. Growth index analysis of M. aquaticum was conducted 
using Origin 8.5 software (Origin Labs Inc., Northampton, MA, USA).

Results and analysis

Growth of M. aquaticum at different temperatures

Over time, M. aquaticum grew rapidly during the first 20 days, but slowed from 
days 20 to 50 and continued to grow from days 50 to 75 (Figure 1). Temperature 
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had a noticeable influence on plant height. In all the treatment groups, an increase 
in water temperature resulted in an increase in plant height. The tallest plants, 
measuring 93 cm, were observed on day 72 at 25 °C. The plant height increased 
gradually under treatments of 0 °C and 5 °C, registering the highest values of 
38.97 cm and 37.98 cm, respectively, on day 72.

Water temperature affected stem diameter, as shown in Figure 2. Stem diameters 
were greater in treatment groups at 5 °C, 25 °C, and 30 °C. Between days 0 and 
67, stem diameter peaked under the 5 °C treatment. On day 39, stem diameter 
grew more rapidly in the 25 °C and 30 °C treatment groups, surpassing those at 
5 °C that reached a peak of 1.35 cm on day 67. By day 72, stem diameter was 
maximized at 1.67 cm under the 25 °C treatment.

Differences in the number of stem nodes in M. aquaticum were observed at dif-
ferent water temperatures (Figure 3). Initially, each plant contained an average of 
10 ± 1 stem nodes, but noticeable variation emerged after 15 days. After day 15, 
the maximum quantity of stem nodes, reaching 25 ± 3 per plant, was observed at 
both 25 °C and 30 °C, whereas at 0 °C and 5 °C, only 13 stem nodes were observed 
per plant. By day 72, the group subjected to a 25 °C treatment had the highest 
number of stem nodes, with 51 per plant. The amount of stem nodes in the groups 
treated at 0 °C and 5 °C remained relatively stable from day 20 onwards, account-
ing for 30% of the stem node number of the 25 °C group.

Except for 30 °C, the number of branches increased progressively with growth 
of the plants at different water temperatures. The numbers of branches at 0 °C, 
5 °C, and 10 °C were lower than that at the other water temperatures (Figure 4). 

Figure 1. Height of Myriophyllum aquaticum at different water temperatures.
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Figure 2. The stem diameter of Myriophyllum aquaticum at different water temperatures.

Figure 3. Number of stem nodes of Myriophyllum aquaticum at different water temperatures.
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Differences in the number of branches were observed starting on day 24. Sub-
sequently, by day 34, the number of branches had declined at 30 °C, gradually 
leading to their disappearance. At the termination of the experiment, the greatest 
amount of branches, 134 per plant, was noted at 15 °C.

Total biomass initially increased and subsequently decreased with rising water tem-
peratures, with observed differences in biomass among the various water temperature 
treatments (Figure 5). Significantly higher biomass was found in the 20 °C treatment 
group compared to the 0 °C, 5 °C (P < 0.01) and 30 °C (P < 0.05) treatment groups.

Physiological characteristics of M. aquaticum under different 
temperatures

Effects of temperature on pigment content of M. aquaticum

The levels of carotenoid (Car), chlorophyll a (Chl-a), chlorophyll b (Chl-b), and 
total chlorophyll (total Chl) were the lowest at 20 °C. The Car, Chl-a, and total 
Chl contents were highest at 10 °C, whereas the Chl-b content was highest at 

Figure 4. Number of branches and average branch length of Myriophyllum aquaticum at different water temperatures.

Figure 5. Total biomass of Myriophyllum aquaticum under different water temperatures.
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15 °C, as shown in Figure 6. However, the fluctuations in Chl-a, Chl-b, and total 
Chl contents were less prominent than those of Car at different temperatures. 
Considering all temperatures, Chl-a and Chl-b ranged from 0.66‒0.92 and 0.14–
0.20 mg/g, respectively, throughout the experiment. Moreover, Car and total Chl 
content were 0.16 to 0.27 and 0.80 to 1.09 mg/g, respectively.

Effect of temperature on CAT activity in M. aquaticum

Reaction time and CAT activity were directly proportional to the amount of CAT 
in equal-quality leaf fractions. When the amount of CAT was high, the H2O2 de-
composition rate was higher than that when the amount of CAT was low. In the first 
minute of the reaction, CAT activity was highest at 5 °C (51.56 g/min), followed by 
20 °C (29.38 g/min), and lowest at 15 °C (17.50 g/min). CAT activity in the second 
minute of the reaction was similar. During the final two minutes of the reaction, the 
activity of CAT was highest at 5 °C, closely followed by 30 °C. Treatment at 5 °C 
had the most significant effect on the activity of M. aquaticum CAT (Figure 7).

Discussion

Effect of temperature on growth of M. aquaticum

This study showed that M. aquaticum growth and development were significantly 
affected by different water temperatures. Height, biomass, and growth rates were 
higher at 10‒25 °C. Conversely, high water temperatures (30 °C) inhibited the 

Figure 6. Pigment content in the leaves of Myriophyllum aquaticum at different water temperatures.
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plant, resulting in lower height and number of stem nodes. On day 34, the number 
of stem nodes was significantly decreased at 30 °C, whereas it increased at 0–25 °C. 
The overall biomass of M. aquaticum at 30 °C was lower than that at 10–25 °C, 
as the plants had fewer and shorter branches. High water temperatures led plants 
to expend more energy for metabolism, thereby reducing the number of branches 
(Wang et al. 2008). Therefore, 10–25 °C had a positive effect on the growth of 
M. aquaticum, whereas high water temperatures (30 °C) were not suitable.

In our study, low-water temperatures (0–5 °C) hindered the growth of 
M. aquaticum (excluding stem diameter). Cold stress induces several physiolog-
ical and biochemical changes in plants in response to the damage caused by low 
temperatures through self-regulation (Quan et al. 2023). Thus, M. aquaticum re-
sponds to low-temperature stress by decreasing plant height and increasing stem 
diameter. Specifically, at 5 °C, M. aquaticum exhibited the shortest plant height 
but the greatest stem diameter compared to the other temperatures throughout the 
experiment until day 67. The advantages of dwarf plants, such as maintaining op-
timal temperatures and increasing heat absorption while reducing heat loss, have 
been previously demonstrated (Jiang et al. 2020).

The adaptation of M. aquaticum to low-temperature stress was demonstrated by 
the observed changes in CAT activity. CAT activity increased with decreasing tem-
perature, indicating that low temperatures can induce an increase in CAT activity 
to mitigate damage (Wang et al. 2019). However, with increasing stress, the an-
tioxidant defense system can be damaged and enzyme activity diminished. Wang 
et al. (2019) provided further information concerning this topic. In this study, it 
was found that M. aquaticum exhibited higher CAT activity when subjected to 5 
°C low-temperature treatment as compared to the 10–30 °C treatment (P < 0.01). 
This suggests that M. aquaticum responds to low-temperature stress by increasing 
its CAT activity, a phenomenon also reported by Zhang et al. (2013). Therefore, we 

Figure 7. Catalase activity of Myriophyllum aquaticum under different water temperatures.
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can infer a direct correlation between elevated cold tolerance and CAT activity. One 
explanation for the reduced CAT activity at 30 °C is the insensitivity of M. aquati-
cum CAT towards high temperatures. High-temperature stress in M. aquaticum can 
produce significant amounts of reactive oxygen species (ROS) that trigger lipid per-
oxidation of membranes, inhibit enzyme expression, disrupt enzyme-active centers, 
or change enzyme structures, resulting in decreased CAT activity (Zhou et al. 2010). 
CAT increases photosynthetic pigment content in plants (Nan and Fan 2008). In 
this experiment, CAT content was highest at 5  °C. However, the photosynthetic 
pigments content did not reach their maximum. This discrepancy could potentially 
be attributed to prolonged exposure to low temperatures causing detrimental effects 
to the chloroplast structure and subsequently impairing both the functionality and 
efficiency of photosynthetic organs within the chloroplasts (Fang et al. 2023).

Exploring the invasiveness of M. aquaticum from a temperature 
perspective

M. aquaticum, a tropical species native to South America, thrives in warm, humid, 
and sunny climates, and is widely distributed in tropical and subtropical regions 
(Liu et al. 2017). Heat and water temperature are the leading environmental fac-
tors that influence the growth and reproduction of M. aquaticum.

In Huangshi City, the average daily maximum temperatures during 2018 were 
22 °C in spring, 32 °C in summer, 23 °C in fall, and 10 °C in winter (China 
Weather 2018). In our study, the temperature treatments were set to simulate the 
different seasons: 10–25 °C during spring and fall, 30 °C in the summer, and 
0–10 °C in the winter. At both 20 °C and 25 °C, M. aquaticum survived and pro-
duced the highest number of new shoots. This suggests that the temperature for 
the growth of this species is between 20 °C and 25 °C (Ditomaso and Healy 2003). 
Especially, at 10–25 °C, M. aquaticum experienced an increase in biomass and leaf 
photosynthetic capacity. The increased capacity for leaf photosynthesis was evident 
from the increase in Chl content.

During winter (0–10 °C), the dormancy of M. aquaticum contributes to its 
competitiveness in various environments. M. aquaticum undergoes partial win-
ter dormancy, with only the upper aerial portion decaying. During this time, the 
plant overwinters with its roots submerged in the mud. As the water temperature 
increases in spring, the upper stems regenerate. There were no instances of disease 
or death throughout the growth period, suggesting a robust capacity for adaptation 
to the environment or regeneration (Ditomaso and Healy 2003; Liu et al. 2017).

In the Northern hemisphere, macrophytes rouse from winter and re-start 
producing biomass during spring with an increase in both air and water tem-
peratures, as well as longer day length (Silveira and Thiebaut 2017). Common 
submerged plants in China, such as Vallisneria natans (V. natans), H. verticillata, 
Potamogeton maackianus (P. maackianus) and P. crispus, differ in their life histories 
from M. aquaticum. V. natans and H. verticillata overwinter with winter buds, 
then seeds and sprouts in the spring. However, germination from seed or winter 
buds must to meet certain conditions (nutrients, temperature, etc.) (Nielsen et al. 
2003; Xiao et al. 2010) and time, and the survival rate is easily affected by envi-
ronmental factors during seedling growth. Although P. maackianus and P. crispus 
begin sprouting in early April, they reach their maximum biomass in July and 
then gradually wilt and die (Wang et al. 2015). However, M. aquaticum begins to 
grow in spring but does not die-off in summer and fall. During fall, M. aquaticum 
peaked. M. aquaticum can also grow during the over winter. In winter, we observed 
that even when M. aquaticum was frozen, it did not die and could still grow even 



Effects of water temperature on growth of invasive Myriophyllum aquaticum species

163Nuoxi Wang et al. (2024), Aquatic Invasions 19(2): 153–167, 10.3391/ai.2024.19.2.124920

after the ice had melted. In our experiments, even if the temperature was only 0‒5 
°C, the M. aquaticum could still grow. Although its growth was relatively slow, 
until the end of the experiment, M. aquaticum did not die under conditions of 
0‒5 °C. This is attributed to its reliance on roots for winter survival (Liu et al. 
2017). In addition to seed reproduction, submerged plants can also reproduce 
asexually using stolons, rhizomes, bulbs, tubers and fragments (Titus and Hoover 
1991; Riis and Sand-Jensen 2006). After asexual reproduction, a certain amount 
of time is required to establish roots and then colonize and grow after successful 
rooting. Moreover, such plants are equally susceptible to environmental conditions 
such as seed germination. In spring, because M. aquaticum retains its original roots 
and stems before dormancy, it can continue growing. Compared to other plants, 
M. aquaticum does not need to spend time on seed germination or root formation. 
This allows M. aquaticum to occupy its ecological niches relatively quickly.

Based on the growth and physiological indicators of M. aquaticum at various 
temperatures, the ideal water temperature range for its growth is between 20 °C and 
25 °C. However, M. aquaticum can regulate itself under high and low-temperature 
stress to survive and thrive at temperatures ranging from at least 0 °C to 30 °C. This 
adaptation is advantageous for M. aquaticum when invading subtropical and tem-
perate regions, where temperature variations occur throughout the four seasons.

Conclusions

In this study, we examined the effects of various temperatures M. aquaticum. 
Our results confirmed the significant impact of different water temperatures on 
the growth of M. aquaticum. As water temperature increased, the growth rate of 
M. aquaticum decreased. The research revealed that growth was inhibited at 0 °C 
and 5 °C. The number of stem nodes, branches, and stem diameter were highest at 
temperatures ranging from 20 °C to 25 °C. The number of branches progressively 
decreased or branches vanished under high-temperature stress at 30 °C. In con-
trast, 20 °C contributed significantly to a higher accumulation of biomass com-
pared to the 0 °C, 5 °C and 30 °C treatment groups. M. aquaticum’s physiological 
activities were also influenced by temperature. CAT activity varied significantly 
at different water temperatures, except for 10 °C and 15 °C. The highest CAT 
activity was measured in the 5 °C treatment group and the lowest in the 25 °C 
group. Temperatures of 10 °C and 15 °C facilitated photosynthetic pigment syn-
thesis by M. aquaticum. The optimal temperature range for M. aquaticum growth 
was between 20 °C and 25 °C. However, at low temperatures (<10 °C), the plants 
were able to adjust to mitigate damage caused by water temperature. These plants 
exhibit robust adaptability toward various temperatures.

Funding declaration

This research was funded by the Open Foundation of Hubei Key Laboratory of 
Pollutant Analysis & Reuse Technology (Hubei Normal University) (PA220103), 
graduate innovative research project construction of Hubei Normal University 
(No.20220454), and the College Students’ Innovative Entrepreneurial Training 
Plan Program (No.S202210513073, No. 202210513014).

Authors’ contribution

XW conceived the idea and designed the methodology. CL, LC and CH conduct-
ed the experiment. NW and SZ explored the software and prepared the figures. 



Effects of water temperature on growth of invasive Myriophyllum aquaticum species

164Nuoxi Wang et al. (2024), Aquatic Invasions 19(2): 153–167, 10.3391/ai.2024.19.2.124920

CL and LC collated the data. NW wrote the manuscript. XL made the revisions 
and translation. XW and XG significantly contributed to the manuscript writing 
and critical review.

Acknowledgements

We are grateful to anonymous referees for their helpful comments on earlier ver-
sions of this paper.

References

Bai QQ, Liang EH, Wang T, Wang JW (2022) Variation characteristics of surface water tempera-
ture and their response to climate change in Dongting Lake. Acta Scientiarum Naturalium 
Universitatis Pekinensis 58(02): 345–353. https://kns.cnki.net/kcms2/article/abstract?v=3uoq-
IhG8C44YLTlOAiTRKibYlV5Vjs7iJTKGjg9uTdeTsOI_ra5_XYmiB-MgnNRb4WoqkKUC-
qac02N5xHoX2X4SEr8QTUJCQ&uniplatform=NZKPT

Beers RFJ, Sizer IW (1952) A spectrophotometric method for measuring the breakdown of hydrogen 
peroxide by catalase. Journal of Biological Chemistry 195(1): 133–140. https://doi.org/10.1016/
S0021-9258(19)50881-X

Cook CDK (1985) Worldwide distribution and taxonomy of Myriophyllum species. In: Anderson 
LWJ (Ed.) Proceedings of the First International Symposium on Watermilfoil (Myriophyllum 
spicatum) and related Haloragaceae species. First International Symposium on Watermilfoil 
(Myriophyllum spicatum) and related Haloragaceae species, Vancouver (Canada), July 1985. 
Aquatic Plant Management Society, 1–7. https://apms.org/annual-meeting-archives/

Chen MH, Cai ML, Xiang P, Qin ZF, Peng CL, Li SS (2023) Thermal adaptation of photosyn-
thetic physiology of the invasive vine Ipomoea cairica (L.) enhances its advantage over native 
Paederia scandens (Lour.) Merr. in South China. Tree Physiology 43(04): 575–586. https://doi.
org/10.1093/treephys/tpac139

China Weather (2018) Historical Weather in Huangshi. http://www.weather.com.cn/ [Accessed on 
28.08.2023]

Descamps C, Quinet M, Baijot A, Jacquemart AL (2018) Temperature and water stress affect 
plant-pollinator interactions in Borago officinalis (Boraginaceae). Ecology& Evolution 8(6): 
3443–3456. https://doi.org/10.1002/ece3.3914

Ditomaso JM, Healy EA (2003) Aquatic and riparian weeds of the west. University of California, Agri-
culture and Natural Resources Communications Services - Publications, Oakland-USA, 289–290.

Fang YH, Hua X, Han LP, Zhao MZ, Qi XL, Dong HB, Hu L (2023) Research progress on the 
effects of abiotic stress factors on wheat photosynthesis. Journal of Henan Agricultural Sciences 
52(10): 1–13. https://doi.org/10.15933/j.cnki.1004-3268.2023.10.001

Gray CJ, Madsen JD, Wersal RM, Getsinger KD (2007) Eurasian watermilfoil and parrotfeather 
control using carfentrazone-ethyl. Journalof Aquatic Plant Management 45: 43–46. https://www.
cabdirect.org/cabdirect/abstract/20073152471

Guillarmod AJ (1979) Water weeds in Southern Africa. Aquatic Botany 6: 377–391. https://doi.
org/10.1016/0304-3770(79)90076-7

Hu LF, Yang YG, Jiang LW, Liu SQ (2016) The catalase gene family in cucumber: genome-wide 
identification and organization. Genetics and Molecular Biology 39(3): 408–415. https://doi.
org/10.1590/1678-4685-GMB-2015-0192

Jamil MH, Ishak FA, Syukor ARA, Sulaiman S, Siddique MNI, Zainuddin SZ (2019) Man-Made 
Lake of Taman Pertanian, Kuantan: The valuation of water quality and nutrient removal by using 
Hydrilla verticillata sp. and Myriophyllum aquaticum sp. as submerged plant species. Materials 
Today: Proceedings 19: 1552–1561. https://doi.org/10.1016/j.matpr.2019.11.183

Jiang Y, Kang MY, Huang YM, Zhang S (2020) Plant geography. Higher Education Press, Beijing-
China, 93–94.

https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7iJTKGjg9uTdeTsOI_ra5_XYmiB-MgnNRb4WoqkKUCqac02N5xHoX2X4SEr8QTUJCQ&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7iJTKGjg9uTdeTsOI_ra5_XYmiB-MgnNRb4WoqkKUCqac02N5xHoX2X4SEr8QTUJCQ&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7iJTKGjg9uTdeTsOI_ra5_XYmiB-MgnNRb4WoqkKUCqac02N5xHoX2X4SEr8QTUJCQ&uniplatform=NZKPT
https://doi.org/10.1016/S0021-9258(19)50881-X
https://doi.org/10.1016/S0021-9258(19)50881-X
https://apms.org/annual-meeting-archives/
https://doi.org/10.1093/treephys/tpac139
https://doi.org/10.1093/treephys/tpac139
http://www.weather.com.cn/
https://doi.org/10.1002/ece3.3914
https://doi.org/10.15933/j.cnki.1004-3268.2023.10.001
https://www.cabdirect.org/cabdirect/abstract/20073152471
https://www.cabdirect.org/cabdirect/abstract/20073152471
https://doi.org/10.1016/0304-3770(79)90076-7
https://doi.org/10.1016/0304-3770(79)90076-7
https://doi.org/10.1590/1678-4685-GMB-2015-0192
https://doi.org/10.1590/1678-4685-GMB-2015-0192
https://doi.org/10.1016/j.matpr.2019.11.183


Effects of water temperature on growth of invasive Myriophyllum aquaticum species

165Nuoxi Wang et al. (2024), Aquatic Invasions 19(2): 153–167, 10.3391/ai.2024.19.2.124920

Jumrani K, Bhatia VS (2014) Impact of elevated temperatures on growth and yield of chick-
pea (Cicer arietinum L.). Field Crops Research 164: 90–97. https://doi.org/10.1016/j.
fcr.2014.06.003

Liu L, Duan LD, Zhou JC, Xiao SY, Wu YJ, Zhu XW, Liu YD, Liu KM (2017) Four newly record-
ed invasive plants in human province and analyses on their invasiveness. Life Science Research 
21(01): 31–34. https://doi.org/10.16605/j.cnki.1007-7847.2017.01.006

Malheiro ACE, Jahns P, Hussner A (2013) CO2 availability rather than light and temperature deter-
mines growth and phenotypical responses in submerged Myriophyllum aquaticum. Aquatic botany 
110: 31–37. https://doi.org/10.1016/j.aquabot.2013.05.001

Moreira IA, Monteiro A, Ferreira MT (1999) Biology and control of parrot feather (Myriophyllum 
aquaticum) in Portugal. Ecology Environment and Conservation 5: 171–179.

Nan ZR, Fan YX (2008) Advance of researches on catalase in plants. Anhui Agricultural Science 
Bulletin (05): 27–29.

Nielsen DL, Brock MA, Crosslé K, Harris K, Healey M, Jarosinski I (2003) The effects of salinity 
on aquatic plant germination and zooplankton hatching from two wetland sediments. Freshwater 
Biology 48(12): 2214–2223. https://doi.org/10.1046/j.1365-2427.2003.01146.x

Orchard AE (1981) A revision of South American Myriophyllum (Haloragaceae) and its repercussions 
on some Australian and North American species. Brunonia 4: 27–65. https://doi.org/10.1071/
BRU9810027

Pan ME, Yang K, Zou TL, Sun R, Zhang XH, Zhang Y (2022) Determining factors in spa-
tio-temporal variation of the Tonle Sap Lake’s surface water temperature under regional climate 
change. Scientia Geographica Sinica 42(04): 739–750. https://kns.cnki.net/kcms2/article/ab-
stract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7iJTKGjg9uTdeTsOI_ra5_XW-5eyKG6GY-
jcK_ipBG4hYUMz67uEF7zaM71d2kqTmUa&uniplatform=NZKPT

Polomski RF, Taylor MD, Bielenberg DG, Bridges WC, Klaine SJ, Whitwell T (2009) Nitrogen 
and phosphorus remediation by three floating aquatic macrophytes in greenhouse-based labo-
ratory-scale subsurface constructed wetlands. Water Airand Soil Pollution 197(1–4): 223–232. 
https://doi.org/10.1007/s11270-008-9805-x

Quan W, Xue WT, Zhao TY, Liu HT, Kang YF (2023) A review on the response mechanism of plant to 
low temperature stress. Journal of China Agricultural University 28(02): 14–22. https://kns.cnki.
net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7ioT0BO4yQ4m_mO-
geS2ml3UBkLoUrqM1BpRzrc_B-4J33gyrGGFKd24vzgVPQn8kpR&uniplatform=NZKPT

Querns A, Wooliver R, Vallejo-Marín M, Sheth SN (2022) The evolution of thermal performance in 
native and invasive populations of Mimulus guttatus. Evolution Letters 6(02): 136–148. https://
doi.org/10.1002/evl3.275

Ren N, Yan GA, Ma JM, Li YJ (1996) The effect of environmental factors on the physiology of sever-
al submerged plants in the Donghu Lake. Journal of Wuhan University (Natural Science Edition) 
(02): 213–218. https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKjk-
pgKvIT9NkZNmQNo4kSVpsgzRY9IPykb9Qb8tMAdC_sb8hEc_8lBQG351rw7A9w-1kfg-
fRqKMq&uniplatform=NZKPT

Riis T, Sand‐Jensen KAJ (2006) Dispersal of plant fragments in small streams. Freshwater biology 
51(2): 274–286. https://doi.org/10.1111/j.1365-2427.2005.01496.x

Sala JM, Lafuente MT (1999) Catalase in the heat-Induced chilling tolerance of cold-Stored hybrid 
fortune mandarin fruits. Journal of Agricultural and Food Chemistry 47(6): 2410–2414. https://
doi.org/10.1021/jf980805e

Santamaría L, Van Vierssen W (1997) Photosynthetic temperature responses of fresh-and brack-
ish-water macrophytes: a review. Aquatic Botany 58(2): 135–150. https://doi.org/10.1016/
S0304-3770(97)00015-6

Saxena I, Srikanth S, Chen Z (2016) Cross talk between H2O2 and interacting signal molecules under 
plant stress response. Frontiers in Plant Science 7: 570. https://doi.org/10.3389/fpls.2016.00570

Silveira MJ, Thiebaut G (2017) Impact of climate warming on plant growth varied according to the 
season. Limnologica 65: 4–9. https://doi.org/10.1016/j.limno.2017.05.003

https://doi.org/10.1016/j.fcr.2014.06.003
https://doi.org/10.1016/j.fcr.2014.06.003
https://doi.org/10.16605/j.cnki.1007-7847.2017.01.006
https://doi.org/10.1016/j.aquabot.2013.05.001
https://doi.org/10.1046/j.1365-2427.2003.01146.x
https://doi.org/10.1071/BRU9810027
https://doi.org/10.1071/BRU9810027
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7iJTKGjg9uTdeTsOI_ra5_XW-5eyKG6GYjcK_ipBG4hYUMz67uEF7zaM71d2kqTmUa&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7iJTKGjg9uTdeTsOI_ra5_XW-5eyKG6GYjcK_ipBG4hYUMz67uEF7zaM71d2kqTmUa&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7iJTKGjg9uTdeTsOI_ra5_XW-5eyKG6GYjcK_ipBG4hYUMz67uEF7zaM71d2kqTmUa&uniplatform=NZKPT
https://doi.org/10.1007/s11270-008-9805-x
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7ioT0BO4yQ4m_mOgeS2ml3UBkLoUrqM1BpRzrc_B-4J33gyrGGFKd24vzgVPQn8kpR&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7ioT0BO4yQ4m_mOgeS2ml3UBkLoUrqM1BpRzrc_B-4J33gyrGGFKd24vzgVPQn8kpR&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7ioT0BO4yQ4m_mOgeS2ml3UBkLoUrqM1BpRzrc_B-4J33gyrGGFKd24vzgVPQn8kpR&uniplatform=NZKPT
https://doi.org/10.1002/evl3.275
https://doi.org/10.1002/evl3.275
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKjkpgKvIT9NkZNmQNo4kSVpsgzRY9IPykb9Qb8tMAdC_sb8hEc_8lBQG351rw7A9w-1kfgfRqKMq&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKjkpgKvIT9NkZNmQNo4kSVpsgzRY9IPykb9Qb8tMAdC_sb8hEc_8lBQG351rw7A9w-1kfgfRqKMq&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKjkpgKvIT9NkZNmQNo4kSVpsgzRY9IPykb9Qb8tMAdC_sb8hEc_8lBQG351rw7A9w-1kfgfRqKMq&uniplatform=NZKPT
https://doi.org/10.1111/j.1365-2427.2005.01496.x
https://doi.org/10.1021/jf980805e
https://doi.org/10.1021/jf980805e
https://doi.org/10.1016/S0304-3770(97)00015-6
https://doi.org/10.1016/S0304-3770(97)00015-6
https://doi.org/10.3389/fpls.2016.00570
https://doi.org/10.1016/j.limno.2017.05.003


Effects of water temperature on growth of invasive Myriophyllum aquaticum species

166Nuoxi Wang et al. (2024), Aquatic Invasions 19(2): 153–167, 10.3391/ai.2024.19.2.124920

Souza LF, Gasparetto BF, Lopes RR, Barros IBI (2016) Temperature requirements for seed germina-
tion of Pereskia aculeata and Pereskia grandifolia. Journal of Thermal Biology 57: 6–10. https://
doi.org/10.1016/j.jtherbio.2016.01.009

Su RL, Li W (2005) Advances in research on photosynthesis of submerged macrophytes. Chinese 
Bulletin of Botany (S1): 128–138. https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG-
8C44YLTlOAiTRKgchrJ08w1e7F1IFNsBV5UtYDfY_ZQIMBsoTFYFUC3CJvrby8bMlUt-
95mmfQ46MjVlEqG_tXiBiV&uniplatform=NZKPT

Su SQ, Shen AL, Tang HY, Yao WZ (2001) Effects of temperature, light intensity and pH on 
photosynthesis in Potamogeton crispus L. Journal of Southwest University Natural Science (06): 
532–534, 537. https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKg-
chrJ08w1e7AZ-xq6cidhcxBfEHXX5ccWXeUPqZy6VGOASQCuFEhcmmzksMxqLyEBNz-
rcfQw_Sv&uniplatform=NZKPT

Sytsma MD, Anderson LWJ (1993a) Biomass, nitrogen, and phosphorus allocation in parrotfeather 
(Myriophyllum aquaticum). Journalof Aquatic Plant Management 31: 244–248.

Sytsma MD, Anderson LWJ (1993b) Nutrient limitation in Myriophyllum aquaticum. Journal of 
Freshwater Ecology 8(2): 165–176. https://doi.org/10.1080/02705060.1993.9664847

Tan BC, He H, Gu J, Li KY (2018) Eutrophic water or fertile sediment: which is more important for 
the growth of invasive aquatic macrophyte Myriophyllum aquaticum? Knowledge & Management 
of Aquatic Ecosystems (419): 3. https://doi.org/10.1051/kmae/2017057

Titus JE, Hoover DT (1991) Toward predicting reproductive success in submersed freshwater an-
giosperms. Aquatic Botany 41(1–3): 111–136. https://doi.org/10.1016/0304-3770(91)90041-3

Varol M, Sen B (2012) Assessment of nutrient and heavy metal contamination in surface water 
and sediments of the upper Tigris River, Turkey. Catena 92: 1–10. https://doi.org/10.1016/j.
catena.2011.11.011

Wang F, Wang Q, Zhao XY (2019) Research progress of phenotype and physiological response mech-
anism of plants under low temperature stress. Molecular Plant 17(15): 5144–5153. https://doi.
org/10.13271/j.mpb.017.005144

Wang LF, Xia J, Yu JJ, Yang LY, Zhan CS, Qiao YF, Lu HW (2017) Spatial variation, pollution as-
sessment and source identification of major nutrients in surface sediments of Nansi Lake, China. 
Water 9(06): 444. https://doi.org/10.3390/w9060444

Wang H, Jiang Y, Liu SB, Ma X (2008) Research progress on influencing of environmental factors on 
the growth of submersed macrophytes. Acta Ecologica Sinica (08): 3958–3968. https://kns.cnki.
net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKgchrJ08w1e7VSL-HJEdEx04RKi-
AT21EaU4ajvVBBVZQ1NtFqOcyY5MJLSdU_tzNPkN6RICIVwLA&uniplatform=NZKPT

Wang PC, Mo BT, Long ZF, Fan SQ, Wang HH, Wang LB (2016) Factors affecting seed germina-
tion and emergence of Sophora davidii. Industrial Crops and Products 87: 261–265. https://doi.
org/10.1016/j.indcrop.2016.04.053

Wang Q, Zhou XD, Luo JH, Chen C (2015) The remote sensing monitoring of dominant species 
of submerged vegetation of Lake Taihu with the consideration of their living histories. Journal 
of Lake Sciences 27(05): 953–961. https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C-
44YLTlOAiTRKibYlV5Vjs7ir5D84hng_y4D11vwp0rrtUAgY10LUsRAkO6BkRonQvnb-y3K-
gtIdHIM7dkRpZW0A&uniplatform=NZKPT

Wang R, Niu ZG (2020) Characteristics of changes in lake temperature in China and their re-
sponse to climate change. China Environmental Science 40(02): 780–788. https://kns.cnki.
net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7i8oRR1PAr7RxjuA-
Jk4dHXonGM-frnwwKK84VZOyPKOuyv-tP-npP3l9tWA8N1A2HY&uniplatform=NZKPT

Wang WG, Su XH, Tang XY, Hou YQ, Hu QC (2013) Environmental risk assessment and man-
agement of exotic wetland plants used for treatment of rural domestic. Journal of Ecology and 
Rural Environment 29(02): 191–196. https://kns.cnki.net/kcms2/article/abstract?v=3uoqIh-
G8C44YLTlOAiTRKgchrJ08w1e7xAZywCwkEEJxFZWdFpA74aEcr1BImfmiHHyOo2TT-
mI0L3KjW3JgdIos4U__0wajZ&uniplatform=NZKPT

https://doi.org/10.1016/j.jtherbio.2016.01.009
https://doi.org/10.1016/j.jtherbio.2016.01.009
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKgchrJ08w1e7F1IFNsBV5UtYDfY_ZQIMBsoTFYFUC3CJvrby8bMlUt95mmfQ46MjVlEqG_tXiBiV&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKgchrJ08w1e7F1IFNsBV5UtYDfY_ZQIMBsoTFYFUC3CJvrby8bMlUt95mmfQ46MjVlEqG_tXiBiV&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKgchrJ08w1e7F1IFNsBV5UtYDfY_ZQIMBsoTFYFUC3CJvrby8bMlUt95mmfQ46MjVlEqG_tXiBiV&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKgchrJ08w1e7AZ-xq6cidhcxBfEHXX5ccWXeUPqZy6VGOASQCuFEhcmmzksMxqLyEBNzrcfQw_Sv&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKgchrJ08w1e7AZ-xq6cidhcxBfEHXX5ccWXeUPqZy6VGOASQCuFEhcmmzksMxqLyEBNzrcfQw_Sv&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKgchrJ08w1e7AZ-xq6cidhcxBfEHXX5ccWXeUPqZy6VGOASQCuFEhcmmzksMxqLyEBNzrcfQw_Sv&uniplatform=NZKPT
https://doi.org/10.1080/02705060.1993.9664847
https://doi.org/10.1051/kmae/2017057
https://doi.org/10.1016/0304-3770(91)90041-3
https://doi.org/10.1016/j.catena.2011.11.011
https://doi.org/10.1016/j.catena.2011.11.011
https://doi.org/10.13271/j.mpb.017.005144
https://doi.org/10.13271/j.mpb.017.005144
https://doi.org/10.3390/w9060444
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKgchrJ08w1e7VSL-HJEdEx04RKiAT21EaU4ajvVBBVZQ1NtFqOcyY5MJLSdU_tzNPkN6RICIVwLA&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKgchrJ08w1e7VSL-HJEdEx04RKiAT21EaU4ajvVBBVZQ1NtFqOcyY5MJLSdU_tzNPkN6RICIVwLA&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKgchrJ08w1e7VSL-HJEdEx04RKiAT21EaU4ajvVBBVZQ1NtFqOcyY5MJLSdU_tzNPkN6RICIVwLA&uniplatform=NZKPT
https://doi.org/10.1016/j.indcrop.2016.04.053
https://doi.org/10.1016/j.indcrop.2016.04.053
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7ir5D84hng_y4D11vwp0rrtUAgY10LUsRAkO6BkRonQvnb-y3KgtIdHIM7dkRpZW0A&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7ir5D84hng_y4D11vwp0rrtUAgY10LUsRAkO6BkRonQvnb-y3KgtIdHIM7dkRpZW0A&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7ir5D84hng_y4D11vwp0rrtUAgY10LUsRAkO6BkRonQvnb-y3KgtIdHIM7dkRpZW0A&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7i8oRR1PAr7RxjuAJk4dHXonGM-frnwwKK84VZOyPKOuyv-tP-npP3l9tWA8N1A2HY&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7i8oRR1PAr7RxjuAJk4dHXonGM-frnwwKK84VZOyPKOuyv-tP-npP3l9tWA8N1A2HY&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7i8oRR1PAr7RxjuAJk4dHXonGM-frnwwKK84VZOyPKOuyv-tP-npP3l9tWA8N1A2HY&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKgchrJ08w1e7xAZywCwkEEJxFZWdFpA74aEcr1BImfmiHHyOo2TTmI0L3KjW3JgdIos4U__0wajZ&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKgchrJ08w1e7xAZywCwkEEJxFZWdFpA74aEcr1BImfmiHHyOo2TTmI0L3KjW3JgdIos4U__0wajZ&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKgchrJ08w1e7xAZywCwkEEJxFZWdFpA74aEcr1BImfmiHHyOo2TTmI0L3KjW3JgdIos4U__0wajZ&uniplatform=NZKPT


Effects of water temperature on growth of invasive Myriophyllum aquaticum species

167Nuoxi Wang et al. (2024), Aquatic Invasions 19(2): 153–167, 10.3391/ai.2024.19.2.124920

Wang XK (2006) Principles and techniques of plant physiological and biochemical experiments. 
Higher Education Press, Beijing-China, 134–136.

Wersal RM, Madsen JD (2011) Comparative effects of water level variations on growth charac-
teristics of Myriophyllum aquaticum. Weed Research 51(04): 386–393. https://doi.org/10.1111/
j.1365-3180.2011.00854.x

Wersal RM, Madsen JD (2013) Influences of light intensity variations on growth characteristics of 
Myriophyllum aquaticum. Journal of Freshwater Ecology 28(2): 147–164. https://doi.org/10.108
0/02705060.2012.722067

Wersal RM, Madsen JD, Massey JH, Robles W, Cheshier JC (2010) Comparison of daytime and 
night-time applications of diquat and carfentrazone-ethyl for control of parrotfeather and Eurasian 
watermilfoil. Journalof Aquatic Plant Management 48: 56–58. https://www.webofscience.com/
wos/alldb/full-record/WOS:000290834900012

Xiao C, Wang XF, Xia J, Liu GH (2010) The effect of temperature, water level and burial depth on 
seed germination of Myriophyllum spicatum and Potamogeton malaianus. Aquatic Botany 92(01): 
28–32. https://doi.org/10.1016/j.aquabot.2009.09.004

Xiong W, Zhu SQ, Zhu J, Yang LT, Du SM, Wu YW, Wu TF, Gu YY, Xiao KY, Chen J, Jiang YP, 
Wang Q, Wang H, Tang W, Pan L, Chen JF, Bowler P (2021) Distribution and impacts of inva-
sive parrot’s feather (Myriophyllum aquaticum) in China. Bioinvasions Records 10(4): 796–804. 
https://doi.org/10.3391/bir.2021.10.4.04

Yang DL, Sun P, Li MF (2016) Chilling temperature stimulates growth, gene over-expression and 
podophyllotoxin biosynthesis in Podophyllum hexandrum Royle. Plant Physiology and Biochem-
istry 107: 197–203. https://doi.org/10.1016/j.plaphy.2016.06.010

Yang K, Yu ZY, Luo Y, Shang CX, Yang Y (2017) Lake surface wate rtemperature prediction and visual-
ization. Chinese Journal of Scientific Instrument 38(12): 3090–3099. https://kns.cnki.net/kcms2/
article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7i0-kJR0HYBJ80QN9L51zrP2iw-
z4s1HMgkweRJwIepIMkmKsdzKUZ_0RsTzRNZjLLW&uniplatform=NZKPT

You WH, Song YC (1995) Seed germination ecology of three submerged macrophytes in Dianshan 
Lake. Chinese Journal of Applied Ecology (02): 196–200. https://kns.cnki.net/kcms2/article/
abstract?v=3uoqIhG8C44YLTlOAiTRKjkpgKvIT9NkGsvn6cq9Bo0G_FUdaIrpHj-WB-rsZ-
Zu0nsM0qXrHYFfWRg05cLAbePbza8JKEYo1&uniplatform=NZKPT

Yu XH, Wu XD, Ge XG, Gui ZF, Zhou MD, Bian LL, Liu L (2022) Effects of harvest intensity 
on Myriophyllum aquaticum growth and water purification. Journal of Hydroecology 43(01): 
95–102. https://doi.org/10.15928/j.1674-3075.202004040091

Zhang W, Zhao J, Pan FJ, Li DJ, Chen HS, Wang KL (2015) Changes in nitrogen and phosphorus 
limitation during secondary succession in a karst region in southwest China. Plant Soil 391: 
77–91. https://doi.org/10.1007/s11104-015-2406-8

Zhang Z, Xu HG, Wang SF, Liang Y, Zhang DX (2013) Effect of low temperature stress on physi-
ological indexes of cucumber seedlings. Jiangsu Agricultural Sciences 41(05): 126–127. https://
doi.org/10.15889/j.issn.1002-1302.2013.05.108

Zhou G, Sun BT, Zhang LH, Xiong YJ, Wang SS (2010) Responses of antioxidant system in leaves 
of Rhododendron jinggangshanicum to high temperature stress. Acta Botanica Boreali-Occidenta-
lia Sinica 30(06): 1149–1156. https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLT-
lOAiTRKgchrJ08w1e7_IFawAif0mz-pVZPBfvY-WDzw8W071NFmquo2JAPlVjyMr-g8eM-
PHbKOQ7LdsT4z&uniplatform=NZKPT

Zhu SM, Wu XD, Zhou MD, Ge XG, Yang XQ, Wang NX, Lin XW, Li ZG (2022) Effects of Har-
vesting Intensity on the Growth of Hydrilla verticillata and Water Quality. Sustainability 14(22): 
15390. https://doi.org/10.3390/su142215390

https://doi.org/10.1111/j.1365-3180.2011.00854.x
https://doi.org/10.1111/j.1365-3180.2011.00854.x
https://doi.org/10.1080/02705060.2012.722067
https://doi.org/10.1080/02705060.2012.722067
https://www.webofscience.com/wos/alldb/full-record/WOS:000290834900012
https://www.webofscience.com/wos/alldb/full-record/WOS:000290834900012
https://doi.org/10.1016/j.aquabot.2009.09.004
https://doi.org/10.3391/bir.2021.10.4.04
https://doi.org/10.1016/j.plaphy.2016.06.010
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7i0-kJR0HYBJ80QN9L51zrP2iwz4s1HMgkweRJwIepIMkmKsdzKUZ_0RsTzRNZjLLW&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7i0-kJR0HYBJ80QN9L51zrP2iwz4s1HMgkweRJwIepIMkmKsdzKUZ_0RsTzRNZjLLW&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKibYlV5Vjs7i0-kJR0HYBJ80QN9L51zrP2iwz4s1HMgkweRJwIepIMkmKsdzKUZ_0RsTzRNZjLLW&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKjkpgKvIT9NkGsvn6cq9Bo0G_FUdaIrpHj-WB-rsZZu0nsM0qXrHYFfWRg05cLAbePbza8JKEYo1&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKjkpgKvIT9NkGsvn6cq9Bo0G_FUdaIrpHj-WB-rsZZu0nsM0qXrHYFfWRg05cLAbePbza8JKEYo1&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKjkpgKvIT9NkGsvn6cq9Bo0G_FUdaIrpHj-WB-rsZZu0nsM0qXrHYFfWRg05cLAbePbza8JKEYo1&uniplatform=NZKPT
https://doi.org/10.15928/j.1674-3075.202004040091
https://doi.org/10.1007/s11104-015-2406-8
https://doi.org/10.15889/j.issn.1002-1302.2013.05.108
https://doi.org/10.15889/j.issn.1002-1302.2013.05.108
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKgchrJ08w1e7_IFawAif0mz-pVZPBfvY-WDzw8W071NFmquo2JAPlVjyMr-g8eMPHbKOQ7LdsT4z&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKgchrJ08w1e7_IFawAif0mz-pVZPBfvY-WDzw8W071NFmquo2JAPlVjyMr-g8eMPHbKOQ7LdsT4z&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C44YLTlOAiTRKgchrJ08w1e7_IFawAif0mz-pVZPBfvY-WDzw8W071NFmquo2JAPlVjyMr-g8eMPHbKOQ7LdsT4z&uniplatform=NZKPT
https://doi.org/10.3390/su142215390

	Effects of water temperature on growth of invasive Myriophyllum aquaticum species
	Abstract
	Introduction
	Materials and methods
	Materials
	Experimental design
	Determination of indicators
	Data analysis and statistics

	Results and analysis
	Growth of M. aquaticum at different temperatures
	Physiological characteristics of M. aquaticum under different temperatures

	Discussion
	Effect of temperature on growth of M. aquaticum
	Exploring the invasiveness of M. aquaticum from a temperature perspective

	Conclusions
	Funding declaration
	Authors’ contribution
	Acknowledgements
	References

