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Abstract. Tropical coral islands are of strategic importance, yet their ecological restoration is 

constrained by drought and nutrient-poor soils under high temperature and strong winds. To 

identify suitable pioneer species for vegetation recovery, we compared the physiological and 

ecological responses of Ruellia simplex and Mimosa diplotricha across three habitats: coastal sand 

in Shanwei (SW), soil-amended coral sand on Sansha Island (SS1), and native coral sand on 

Sansha Island (SS2). We measured leaf water content, soluble protein, antioxidant traits (SOD, 

GSH, MDA), nutrient stoichiometry (C, N, P and their ratios), metal elements (K, Ca), and 

photosynthetic pigments, and further integrated these traits through Mantel correlation analysis. 

Our results show that: (1) R. simplex maintained osmotic adjustment and redox balance through 

elevated Ca and K uptake and strong GSH accumulation, conferring high drought resilience; (2) 

M. diplotricha alleviated oxidative damage under moderate stress by enhancing SOD activity and 

soluble protein, but suffered sharp declines in pigments and antioxidant enzymes under extreme 

nutrient deficiency, indicating high environmental sensitivity; (3) Mantel analysis revealed that 

functional traits of R. simplex were relatively independent and coordinated by Ca as a central 

regulator, representing a “conservative” strategy, whereas traits of M. diplotricha were tightly 

coupled, reflecting an “investment-oriented” strategy. Taken together, R. simplex can provide 

stable long-term cover, while M. diplotricha may facilitate nutrient accumulation and community 

succession in improved habitats. Their complementary roles reduce vertical and horizontal energy 

exchange at the surface, limit water loss, and ultimately promote ecosystem recovery. This study 

provides a theoretical basis for differential species selection and management in tropical coral 

island restoration. 

Keywords: ecological restoration, landscape species, plant adaptability, plant introduction, 

tropical coral island 
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Introduction 

Tropical coral islands are unique ecosystems that provides vital resources for 

fisheries, tourism, and national defense. Protecting these islands and ensuring their 

sustainable use is therefore of great importance. Their soils are typically composed of 

coarse, unconsolidated coral sands with low nutrient content and poor water-holding 

capacity (Wu et al., 2024; Sheng et al., 2025). Under global climate change, tropical 

cyclones have intensified, and these island ecosystems are frequently exposed to heat 

and strong winds. Rainwater remains only briefly in the exposed coral sands, 

aggravating freshwater shortages. Such conditions hinder vegetation development and 

impose long-term heat and drought stress on native plant communities, leading to 

ecosystem degradation (Cai et al., 2020; Macinnis-Ng et al., 2021; Zhou et al., 2023; 

Zhou et al., 2025). These challenges not only disrupt the ecological balance of tropical 

coral islands but also threaten the stability of their freshwater lenses, undermining 

sustainable development and utility (White et al., 2010; Wu et al., 2022). Establishing 

vegetation cover can effectively reduce soil moisture loss caused by wind and direct 

solar radiation, thereby improving soil conditions (Gray et al., 2024). Therefore, to 

establish vegetation diversity and improve habitat conditions on coral islands, it is 

necessary to introduce drought- and nutrient-tolerant pioneer species. Herbaceous 

plants, in particular, can rapidly colonize harsh environments, form extensive ground 

cover, and reduce soil water evaporation, thereby improving overall habitat quality 

(Park et al., 2024; Poorter et al., 2024). Thus, examining the physiological and 

ecological functional traits of introduced herbaceous plants is essential for identifying 

suitable species to restore tropical coral islands and promote their sustainable 

development. 

When introduced into a new environment, plants adjust their functional traits to 

develop adaptive strategies that counteract unfavorable conditions (Ahrens et al., 2020; 

Wang et al., 2022). For example, under long-term heat and drought stress on tropical 

coral islands, sensitive vegetation may regulate stomatal conductance and leaf water 

content (LWC) to maintain normal cellular metabolism (Seleiman et al., 2021; Yan et 

al., 2023). The allocation of carbon (C), nitrogen (N), and phosphorus (P) in leaves also 

changes to support defense mechanisms against stress, while adjustments in potassium, 

calcium, and soluble protein levels contribute to osmotic regulation, reducing cell water 

potential and minimizing water loss to mitigate drought effects (Huang et al., 2025; Lei 

et al., 2025b). Responses of the photosynthetic pigment system further reflect survival–

defense trade-offs, as plants downregulate photosynthesis to alleviate photodamage and 

allocate energy to stress resistance (Loggini et al., 1999). Concentrations of 

malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione (GSH) in 

leaves may also shift markedly under drought stress to counteract oxidative damage 

(Zhu et al., 2020). Measuring these traits allows us to evaluate how species adjust water 

balance, nutrients, osmotic control, photosynthesis and antioxidant capacity to persist in 

extreme island environments (Wang et al., 2022; Liu et al., 2023). 

Beyond their aesthetic contributions, the introduction of non-native landscape 

species presents unique ecological questions (Sheng et al., 2024; Ma et al., 2025; Meng 

et al., 2025). Their physiological responses and functional roles might differ 

significantly from native flora, making a dedicated investigation into their adaptability 

not merely an addition to existing knowledge, but a novel and necessary step for holistic 

restoration planning (Sheng et al., 2024; Ma et al., 2025; Meng et al., 2025). Landscape 

plants typically possess high ornamental value, with prominent flower colors, leaf 



Li et al.: Differential leaf physiological and ecological responses of the pioneer species Ruellia simplex and Mimosa diplotricha on 

tropical coral islands 
- 11893 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(6):11891-11906. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/2306_1189111906 

© 2025, ALÖKI Kft., Budapest, Hungary 

colors, and floral scents. Ruellia simplex is a perennial ornamental herb with strong 

stress tolerance, capable of withstanding heat and drought, and grows well even in 

coastal sandy habitats such as Shanwei and Zhanjiang of tropical and subtropical city 

(Sheng et al., 2024; Meng et al., 2025; Sheng et al., 2025). It is also widely used for 

landscaping in tropical and subtropical regions, showing strong potential as a pioneer 

species (Cai et al., 2020). Mimosa diplotricha, in contrast, is a fast-growing perennial 

herb or shrubby plant with excellent nitrogen-fixing ability. Owing to its vigorous 

growth and regeneration capacity, it is commonly used as green manure and for soil 

improvement and erosion control. Both species have already been introduced to some 

tropical coral islands, but their growth status and physiological-ecological adaptability 

remain insufficiently assessed. 

To assess their potential for habitat improvement, we sampled leaves of R. simplex 

and M. diplotricha from three habitats: coastal sand in Shanwei city, soil-amended coral 

sand in Sansha city, and native coral sand in Sansha city. We measured key adaptive 

traits and compared their responses under habitats with different levels of drought 

stress. These results inform strategies for vegetation establishment, community 

succession, and the sustainable use of tropical coral islands. 

Materials and methods 

Study area 

The study was conducted on the Sansha Islands, Hainan Province, China (111°11′–

112°54′E, 15°46′–17°08′N), which lie in a tropical monsoon climate zone with a mean 

annual temperature of approximately 32.3℃ and an average annual precipitation of 

about 1500~2800 mm (Cai et al., 2020). The investigated island (112°44'E, 16°40'N), 

which have a total land area of approximately 1.6 km², are small and low-lying coral 

formations, with soils naturally rich in calcium and phosphorus but extremely poor in 

organic matter. Two herbaceous species, R. simplex and M. diplotricha, were selected 

from coastal sandy habitats in Shanwei city (115°54′E, 22°47′N), Guangdong (SW) and 

introduced to two experimental sites on Sansha city: a coral sand habitat amended with 

exogenous soil (SS1) and a native coral sand habitat without amendment (SS2). All 

three habitats fall within the tropical monsoon climate region, characterized by hot, 

rainy summers (June-August) and pronounced drought stress during the dry season. The 

geographical location and the main environmental characteristics of each site are 

presented in Table 1, respectively. 

 
Table 1. Description of sample plots 

Site SW SS1 SS2 

Soil type Marine sand Coral sand with garden soil Coral sand 

Mean annual temperature (℃) 23.2℃ 32.3℃ 32.3℃ 

Mean annual precipitation (mm) 2200 mm 2800 mm 2800 mm 

Soil organic carbon (g kg-1) 5.31 2.94 0.36 

Soil water content (%) 10.10 5.02 3.24 
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Sample collection 

Sampling was carried out in mid-August 2023. At each site, we selected R. simplex 

and M. diplotricha individuals of similar size and condition. Mature, healthy leaves (3 

treatments × 2 plants × 3 repeats) were taken from apical branches, sealed in plastic 

bags, stored at -4℃, and quickly returned to the lab for analysis (Lei et al., 2025a). For 

each species, three individual plants were sampled per site as biological replicates. In 

parallel, leaves from healthy and vigorous plants of the same batch were collected from 

their native habitat in Shanwei city, Guangdong, China, and used as controls. 

Laboratory analysis 

Leaf carbon (C) and nitrogen (N) contents were determined using an elemental 

analyzer (Total Organic Carbon Analyzer, TOC-VCSH, Shimadzu Hong Kong Limited, 

Japan). P content were measured using an Inductively Coupled Plasma Emission 

Spectrometer (ICP-OES, Avio 500, PE company, Japan) after the samples were 

digested with sulfuric acid-hydrogen peroxide (H₂SO₄-H₂O₂) (Chen et al., 2024; Li et 

al., 2024, 2025). Then, use an ICP-OES to analyze the leaf Ca and potassium (K) 

contents with perchloric acid and nitric acid. Leaf water content (LWC) was determined 

by the oven-drying (Electric hot air drying oven, DHG-9245A, Shanghai Yiheng 

Scientific Instrument Co., Ltd., China) and weighing (d = 0.01 mg Balance, NewClassic 

MF, MS105/A, Mettler-Toledo GmbH lm Langacher 448606 Greifensee, Switzerland) 

method (Ågren et al., 2012; Eslamiparvar et al., 2025). 

The malondialdehyde (MDA) content in leaves was determined using the 

thiobarbituric acid method (Wang et al., 2008). Superoxide dismutase (SOD) activity 

was measured using the xanthine oxidase method (Wang et al., 2008; Sheng et al., 

2025). Soluble protein content was determined by the Coomassie brilliant blue staining 

method (Li et al., 2024). Reduced glutathione (GSH) content was measured according 

to the method described by Nishimoto et al. (2017). The chlorophyll (a, b, and total) and 

carotenoid content in leaves was measured according to the method described by Macar 

et al. (2008), Hatier et al. (2013) and Hu et al. (2013) method. 

Data analysis 

Data were tested for normality (Shapiro-Wilk) and homogeneity of variance 

(Levene’s), with transformations applied when needed. Differences between habitats 

and species were assessed by two-way ANOVA with Tukey’s HSD (p < 0.05). Mantel 

tests were used to examine correlations among leaf traits, pigments, and nutrients. Data 

analyses and visualizations were conducted with vegan, ggcor, ggplot2 and corrplot 

packages in R (v4.2.0), with numpy and matplotlib in Python (v 3.12), and Origin 2024. 

Results 

Leaf water content 

Compared with the Shanwei coastal sand habitat (SW), leaf water content of 

R. simplex showed no significant changes in the soil-amended coral sand (SS1) or the 

native coral sand habitat (SS2) on Sansha Island. In contrast, M. diplotricha exhibited 

significantly higher leaf water content in both SS1 and SS2 (p < 0.05). Significant 

differences between the two species were also observed in SW and SS2 (p < 0.05). 
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Analysis of variance indicated that habitat (Fs = 57.56, p < 0.001), species (p < 0.01), 

and their interaction (p < 0.01) all had significant effects on leaf water content (Fig. 1). 

 

Figure 1. Leaf water content of Ruellia simplex and Mimosa diplotricha in three habitats: 

coastal sand in Shanwei (SW), soil-amended coral sand in Sansha (SS1), and native coral sand 

in Sansha (SS2). Note: Habitat (Fs), species (Fp), and their interaction (Fp × Fs) represent the 

main and interactive effects from two-way ANOVA. SW, SS1, and SS2 denote the same habitats 

throughout all figures, and Fp, Fs, and Fp × Fs indicate the same statistical factors in 

subsequent figures 

 

 

Leaf antioxidant content 

As shown in Fig. 2, leaf antioxidant traits were significantly affected by habitat, 

species, and their interaction, with marked differences observed both within species 

across habitats and between species within the same habitat (p < 0.05). Compared with 

SW, leaf GSH concentrations of R. simplex and M. diplotricha were significantly higher 

in both SS1 and SS2 (p < 0.05). Specifically, GSH in R. simplex increased by 61.38% 

and 102.76% in SS1 and SS2, respectively, while M. diplotricha increased by 42.31% 

and 23.06% (Fig. 2a). Leaf MDA in R. simplex increased by 21.55% in SS1 and 

46.19% in SS2 (p < 0.05). By contrast, MDA in M. diplotricha decreased by 29.17% in 

SS1 but increased by 35.68% in SS2 (p < 0.05) (Fig. 2b). For SOD activity, only 

M. diplotricha in SS1 showed a significant increase (74.83%), whereas M. diplotricha 

in SS2 and R. simplex in both habitats exhibited significant decreases of 17.24%, 

73.31%, and 43.22%, respectively (Fig. 2c). In R. simplex, soluble protein decreased by 

11.73% in SS1 and increased slightly by 2.04% in SS2, both significantly different from 

SW (p < 0.05). In M. diplotricha, soluble protein concentrations were significantly 

higher in both SS1 and SS2 than in SW, with increases of 8.38% and 18.99%, 

respectively (p < 0.05) (Fig. 2d). Overall, R. simplex showed higher GSH and SOD but 

lower MDA and soluble protein than M. diplotricha, except under SS1 where MDA was 

higher and SOD lower in R. simplex than in M. diplotricha. 
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Figure 2. Leaf glutathione (GSH), malondialdehyde (MDA), superoxide dismutase (SOD), and 

soluble protein contents in Ruellia simplex and Mimosa diplotricha grown in coastal sandy soil 

of Shanwei (SW), coral sand amended with external soil in Sansha (SS1), and pristine coral 

sand in Sansha (SS2) 

 

 

Leaf carbon, nitrogen, and phosphorus ecological stoichiometry 

Fig. 3a shows that R. simplex and M. diplotricha differed in their carbon allocation 

strategies, which were mainly affected by species and the species × habitat interaction 

(p < 0.05). Leaf C concentration in R. simplex increased significantly across SW, SS1, 

and SS2 (p < 0.05), whereas no significant differences were observed for 

M. diplotricha, despite a decreasing numerical trend. After introduction into SS2, the 

significant difference in leaf C between the two species observed in SW was no longer 

apparent (Fig. 3a). For nitrogen, both species showed consistent allocation patterns, 

primarily influenced by habitat (p < 0.05). Although leaf N content decreased 

numerically in both species, neither interspecific nor habitat-level differences reached 

statistical significance (p > 0.05) (Fig. 3b). Leaf P content was significantly influenced 

by habitat (p < 0.05). Both species showed significantly higher P in SS1 and SS2 

compared with SW, except that R. simplex and M. diplotricha did not differ 

significantly in SS1. In contrast, leaf P content of R. simplex was significantly higher 

than that of M. diplotricha in both SW and SS2 (p < 0.05) (Fig. 3c). For C:N ratio, the 

two species differed significantly only in SW (p < 0.05), whereas no significant 

differences were detected in SS1 or SS2 (Fig. 3d). Habitat had a significant effect 

(p < 0.05), with both species showing higher C:N ratios in SS1 and SS2 compared with 

SW (Fig. 3d). Leaf C:P and N:P ratios of R. simplex were consistently lower than those 

of M. diplotricha across habitats. Under the significant effects of habitat and species 

(p < 0.05), both C:P and N:P ratios of the two species decreased significantly in SS1 

and SS2 compared with SW (Fig. 3e, f). 
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Figure 3. Leaf carbon (C), nitrogen (N), phosphorus (P) contents and their stoichiometric 

ratios (C:N, C:P, and N:P) in Ruellia simplex and Mimosa diplotricha grown in coastal sandy 

soil of Shanwei (SW), coral sand amended with external soil in Sansha (SS1), and pristine coral 

sand in Sansha (SS2) 

 

 

Potassium and calcium in leaves 

Leaf K and Ca concentrations in R. simplex and M. diplotricha were significantly 

affected by habitat, species, and their interaction (p < 0.05), with the exception that K 

was only weakly influenced by habitat (p > 0.05) (Fig. 4). Overall, R. simplex exhibited 

significantly higher leaf K and Ca concentrations than M. diplotricha. In R. simplex, leaf 

K decreased significantly in both SS1 and SS2, whereas Ca increased significantly 

(p < 0.05) (Fig. 4). In contrast, M. diplotricha showed significant increases in both K 

and Ca in SS1 and SS2 (p < 0.05), although the magnitude of change was much smaller 

than in R. simplex (Fig. 4). 
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Figure 4. Potassium (K) and calcium (Ca) contents in leaves of Ruellia simplex and Mimosa 

diplotricha grown in coastal sandy soil of Shanwei (SW), coral sand amended with external soil 

in Sansha (SS1), and pristine coral sand in Sansha (SS2) 

 

 

Ecological responses of photosynthetic pigments in leaves 

Leaf chlorophyll a, chlorophyll b, total chlorophyll, and carotenoid concentrations in 

R. simplex and M. diplotricha were significantly affected by habitat, species, and their 

interaction (p < 0.05). In SW, all four pigments in R. simplex were significantly lower 

than those in M. diplotricha (p < 0.05). After introduction into SS1 and SS2, this pattern 

reversed, with R. simplex showing significantly higher pigment concentrations than 

M. diplotricha (p < 0.05). With increasing stress, pigment concentrations in both species 

declined significantly (Fig. 5). The magnitude of pigment loss was smaller in R. 

simplex than in M. diplotricha (Fig. 5). 

 

Figure 5. Leaf pigment contents (Chl a, Chl b, total chlorophyll, and carotenoids) of Ruellia 

simplex and Mimosa diplotricha in coastal sandy soil of Shanwei (SW), coral sand amended 

with external soil in Sansha (SS1), and pristine coral sand in Sansha 
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Correlation between different physiological and ecological indicators of leaves 

To further elucidate the coordinated regulation among leaf physiological and 

ecological traits, a Mantel test was conducted using four key stress-response indicators-

LWC, soluble protein, and leaf K and Ca concentrations-to examine their overall 

associations with other functional traits. As shown in Fig. 6a, analysis of the full dataset 

revealed that under heat and water stress, variation in LWC was significantly correlated 

with carbon content and photosynthetic pigments (p < 0.01). Leaf Ca was significantly 

associated with P, GSH, and pigment concentrations (p < 0.01), while soluble protein 

and K were significantly correlated only with MDA and SOD, respectively (p < 0.01). 

When analyzed separately, R. simplex and M. diplotricha exhibited distinct ecological 

response strategies. In M. diplotricha (Fig. 6c), LWC, K, and Ca were all strongly 

influenced by P (p < 0.05); in addition, LWC was significantly associated with MDA 

and pigments, and soluble protein was also significantly correlated with MDA and 

pigments (p < 0.05). In contrast, R. simplex showed significant correlations among most 

traits, but LWC and soluble protein were not strongly affected by other physiological 

indicators (Fig. 6b). Only leaf Ca was consistently associated with multiple factors 

(p < 0.01), and K was correlated only with SOD (p < 0.05). These patterns highlight the 

strong adaptive capacity of R. simplex to withstand heat and drought stress. 

 

Figure 6. Mantel analysis of physiological and ecological traits of Ruellia simplex and Mimosa 

diplotricha. Note: “*”, “**”, and “***” indicate p < 0.05, p < 0.01, and p < 0.001, 

respectively 
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Discussion 

In water-limited environments, plants rely on osmotic adjustment to maintain cellular 

water balance and sustain normal metabolic processes under drought stress. Our results 

revealed clear differences between the two species in their drought-resistance strategies. 

For example, M. diplotricha showed a significant increase in leaf water content, 

suggesting that it may cope with drought stress by enhancing tissue hydration (Fig. 7). 

In contrast, R. simplex may depend on alternative mechanisms to withstand water 

deficit. In general, high leaf water content is considered an important indicator of 

drought resistance, reflecting a plant’s water retention capacity and hydration status 

(Macar et al., 2008). However, maintaining high leaf water content often requires plants 

to regulate osmolyte concentrations, thereby lowering cellular water potential to 

promote water uptake and retention (Sehar et al., 2021). 

 

Figure 7. Schematic diagram illustrating the changes in soil physicochemical properties and 

the corresponding physiological responses of Ruellia simplex and Mimosa diplotricha across 

the three treatments (SW, SS1, and SS2) 

 

 

K and Ca are two key inorganic osmolytes in plant cells. At the onset of water 

deficit, plants often accumulate K+ to rapidly lower cellular water potential and 

maintain turgor pressure (Sardans et al., 2021). In this study, M. diplotricha exhibited 

higher K concentrations in drier habitats (SS1 and SS2), whereas R. simplex showed the 

opposite trend. This indicates that the two species adopt different osmotic adjustment 

strategies under the same stress conditions, consistent with their patterns of leaf water 

content. M. diplotricha maintained higher leaf hydration through K accumulation, while 

reduced K in R. simplex may facilitate stomatal closure, thereby minimizing 

transpirational water loss (Yang et al., 2021). Ca plays a broader role in stress signaling. 

Drought stress induces increases in cytosolic Ca2+, triggering stomatal regulation, stress-

responsive gene expression, and stabilization of cellular structures, which help mitigate 

drought damage (Sehar et al., 2021; Yang et al., 2021). After introduction into SS1 and 

SS2, Ca levels increased significantly in both species, with a greater increase in R. 

simplex. This suggests that R. simplex may rely more heavily on stress-induced 

responses such as stomatal closure and membrane stabilization. These findings align 

with previous reports that drought-tolerant species often maintain elevated tissue Ca 
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levels together with organic osmolyte accumulation, thereby sustaining turgor, reducing 

oxidative damage, and enhancing drought resistance (Sehar et al., 2021; Huang et al., 

2023). 

In addition to inorganic osmolytes, organic osmolytes play indispensable roles in 

resisting drought stress. In this study, M. diplotricha showed significantly elevated 

soluble protein concentrations under both SS1 and SS2 drought conditions, whereas 

R. simplex exhibited a significant decline in SS1. This reflects differences in stress-

response thresholds and adaptive pathways between the two species. In general, 

moderate drought stress induces the synthesis of protective proteins, leading to 

increased soluble protein concentrations that enhance enzymatic activity and stabilize 

cellular structures (Maleki et al., 2024). For instance, soluble protein concentrations in 

cotton leaves are higher under drought than under normal conditions, confirming that 

drought induces the accumulation of protective proteins (Li et al., 2010). However, 

when drought is either mild or severe, protein synthesis may decline or degradation may 

occur, resulting in reduced soluble protein concentrations and lower metabolic activity, 

thereby conserving energy (Mohammadkhani et al., 2008; Xiong et al., 2022). In this 

study, the decrease of soluble protein in R. simplex under mild stress in SS1 may be 

related to reduced protein synthesis, allowing more energy to be allocated to drought 

defense. Overall, M. diplotricha tends to maintain cell water potential and leaf hydration 

by increasing osmolytes such as K and soluble proteins, consistent with its significantly 

higher leaf water content under drought. By contrast, R. simplex relies more on stomatal 

regulation and Ca-mediated signaling to maintain tissue hydration, consistent with the 

relatively stable leaf water content observed across habitats. These strategies reflect 

different pathways of drought adaptation: the former actively stores water by raising 

intracellular osmotic pressure, while the latter passively conserves water by reducing 

water loss. 

Drought stress triggers excess ROS, driving lipid peroxidation and oxidative damage. 

Plants counter this with enzymatic defenses such as SOD and non-enzymatic 

antioxidants like GSH (Zhu et al., 2020). In this study, M. diplotricha showed 

significantly elevated SOD activity and reduced MDA concentrations in the soil-

amended SS1 habitat, indicating that enhanced enzymatic activity efficiently scavenged 

ROS and alleviated lipid peroxidation. This is consistent with the established 

mechanism whereby increased MDA under stress is typically accompanied by enhanced 

antioxidant enzyme activity, with SOD dismutating superoxide radicals (Khaleghi et al., 

2019; Meng et al., 2025). However, under more severe drought (SS2), SOD activity in 

M. diplotricha declined slightly relative to the control, likely due to enzyme inactivation 

or inhibited synthesis, leading to MDA accumulation (Duan et al., 2023). In contrast, 

SOD activity in R. simplex declined continuously under stress (73% in SS1 and 43% in 

SS2), suggesting that energy reallocation may reduce investment in enzymatic defenses, 

weakening ROS scavenging and resulting in greater MDA accumulation (Liu et al., 

2023). Meanwhile, GSH functioned as a direct free radical scavenger in both species. 

GSH concentrations increased significantly in both species under drought, with 

particularly large increases in R. simplex, suggesting a greater reliance on non-

enzymatic antioxidant pathways, consistent with previous findings (Nishimoto et al., 

2017; Meng et al., 2025). 

On the photosynthetic side, Chl a, Chl b and total chlorophyll declined in both 

species in SS1 and SS2. This reflects reduced photosynthesis but also a likely adaptive 

downregulation of light harvesting to prevent excess ROS (Loggini et al., 1999). 
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Carotenoids accumulated, consistent with their role in energy dissipation and singlet 

oxygen quenching via the xanthophyll cycle. Overall, the two species showed distinct 

but also overlapping responses in antioxidant and photoprotection strategies. 

Drought alters not only water and light use but also nutrient elemental stoichiometry 

(Wang et al., 2022). Carbon allocation reflects trade-offs between growth and defense, 

and in this study the two species adopted contrasting strategies. Under stress, R. simplex 

significantly increased leaf carbon concentration, while M. diplotricha showed the 

opposite trend. This pattern supports the idea that R. simplex may reduce metabolic 

activity while increasing osmolytes and non-structural carbohydrates to stabilize cellular 

structures, whereas M. diplotricha may allocate more energy to carbon-based defense. 

The increase in leaf C:N ratio under stress in both species further supports this 

interpretation. Following introduction to the coral islands, leaf nitrogen decreased 

significantly while phosphorus increased, which may reflect both stress-induced 

responses and differences in soil nutrient availability. This is consistent with previous 

findings that coral island soils are richer in phosphorus (Li et al., 2025). The associated 

declines in C:P and N:P may support ATP/NADPH efficiency and photosystem repair, 

but also indicate a shift from N limitation in sandy habitats to P limitation on coral 

sands (Zhang et al., 2018; Wang et al., 2023). As a legume, M. diplotricha offsets N 

limitation via fixation, aiding its establishment. Thus, M. diplotricha fits a “high-

investment, high-defense” strategy, maintaining metabolism and repair, while R. 

simplex follows a “low-investment, conservative” path, reducing costs and stabilizing 

structures. This stoichiometric divergence complements their water, antioxidant, and 

photosynthetic strategies, forming a coherent adaptive system. 

The overall Mantel analysis indicated that plants adapt to drought stress through 

multiple pathways of water regulation and osmotic adjustment. These include increasing 

LWC to sustain photosynthesis and antioxidant systems, and elevating Ca 

concentrations to activate stress-responsive mechanisms and maintain growth. 

However, species differed in their adaptive strategies. R. simplex tended to rely on Ca-

mediated responses, emphasizing reduced metabolism and structural stabilization of 

cells and tissues as a means of stress adaptation. In contrast, M. diplotricha adopted a 

more integrated strategy. Alongside increased Ca for structural stability, it invested 

additional energy to substantially elevate LWC and soluble protein concentrations, 

thereby sustaining metabolic activity under stress. From the perspective of physiological 

adaptation, both species can tolerate the hot and drought-prone conditions of tropical 

coral islands. In terms of ecological application, R. simplex shows strong resistance and 

can provide long-term cover on bare coral sands, reducing evaporation and improving 

the microenvironment. M. diplotricha, being fast-growing and capable of N fixation, 

can enhance soil fertility in improved habitats. Together, the two species represent a 

complementary “stabilization + improvement” strategy for vegetation restoration on 

tropical coral islands. 

Conclusion 

This study systematically investigated the physiological and ecological responses of 

R. simplex and M. diplotricha in three contrasting habitats: coastal sandy soils in 

Shanwei (SW), coral sands amended with external soil in Sansha (SS1), and pristine 

coral sands in Sansha (SS2). Our results revealed that M. diplotricha copes with drought 

stress by markedly increasing leaf water content, accumulating potassium ions and 



Li et al.: Differential leaf physiological and ecological responses of the pioneer species Ruellia simplex and Mimosa diplotricha on 

tropical coral islands 
- 11903 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(6):11891-11906. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/2306_1189111906 

© 2025, ALÖKI Kft., Budapest, Hungary 

soluble proteins, and activating antioxidant enzymes, reflecting a “high-investment, 

high-defense” strategy. Owing to its rapid growth and nitrogen-fixing capacity, this 

species can effectively improve soil fertility. In contrast, R. simplex maintained 

relatively stable leaf water content by reducing potassium, increasing calcium, elevating 

reduced glutathione, and downregulating photosynthetic pigments to stabilize cellular 

structures. This “low-investment, conservative” strategy confers strong stress tolerance 

and enables persistent coverage of bare substrates, thereby reducing water loss and 

improving microhabitat conditions. When combined, the two species can enhance 

surface vegetation cover, minimize energy exchange across vertical and horizontal 

interfaces, and jointly achieve a “stabilization + improvement” restoration outcome: 

stabilizing substrates while enhancing soil quality and promoting vegetation 

establishment. Future work should focus on designing habitat- and stage-specific 

species assemblages and monitoring the long-term succession of other stress-tolerant 

species, in order to establish a robust framework for vegetation restoration and 

sustainable management on tropical coral islands. 

Acknowledgments. This study was funded by the National Key R&D Program of China (Key Special 

Project for Marine Environmental Security and Sustainable Development of Coral Reefs 2022-102). 

REFERENCES 

[1] Ågren, G. I., Weih, M. (2012): Plant stoichiometry at different scales: element 

concentration patterns reflect environment more than genotype. – New Phytologist 

194(4): 944-952. https://doi.org/10.1111/j.1469-8137.2012.04114.x. 

[2] Ahrens, C. W., Andrew, M. E., Mazanec, R. A., Ruthrof, K. X., Challis, A., Hardy, G., 

Byrne, M., Tissue, D. T., Rymer, P. D. (2020): Plant functional traits differ in adaptability 

and are predicted to be differentially affected by climate change. – Ecology and Evolution 

10(1): 232-248. https://doi.org/10.1002/ece3.5890. 

[3] Cai, H., Lu, H., Tian, Y., Liu, Z., Huang, Y., Jian, S. (2020): Effects of invasive plants on 

the health of forest ecosystems on small tropical coral islands. – Ecological Indicators 

117: 106656. https://doi.org/10.1016/j.ecolind.2020.106656. 

[4] Chen, X., Ni, X., Zheng, G., Hu, M. Y., Chen, H. Y. H. (2024): Changes in plant lignin 

components and microbial necromass matter with subtropical forest restoration. – 

Geoderma 445: 116875. https://doi.org/10.1016/j.geoderma.2024.116875. 

[5] Duan, H., Shao, C., Zhao, N., Wang, D., Resco de Dios, V., Tissue, D. T. (2024): The 

role of leaf superoxide dismutase and proline on intra-specific photosynthesis recovery of 

Schima superba following drought. – Scientific Reports 14(1): 8824. 

https://doi.org/10.1038/s41598-024-59467-9. 

[6] Eslamiparvar, A., Hosseinifarahi, M., Amiri, S., Radi, M. (2025): Combined bio 

fortification of spinach plant through foliar spraying with iodine and selenium elements. – 

Scientific Reports 15(1): 6722. https://doi.org/10.1038/s41598-025-91554-3. 

[7] Gray, M. A., McGowan, H. A., Guyot, A., Lockington, D. A. (2024): Direct observations 

of evapotranspiration from three contrasting vegetation types on a coastal low-lying sub-

tropical sand island. – Journal of Hydrology 643: 132033. 

https://doi.org/10.1016/j.jhydrol.2024.132033. 

[8] Hatier, J. H., Clearwater, M. J., Gould, K. S. (2013): The functional significance of black-

pigmented leaves: Photosynthesis, photoprotection and productivity in ophiopogon 

planiscapus ‘nigrescens’. – PLoS One 8(6): e67850. 

https://doi.org/10.1371/journal.pone.0067850. 

https://doi.org/10.1111/j.1469-8137.2012.04114.x
https://doi.org/10.1002/ece3.5890
https://doi.org/10.1016/j.ecolind.2020.106656
https://doi.org/10.1016/j.geoderma.2024.116875
https://doi.org/10.1038/s41598-024-59467-9
https://doi.org/10.1038/s41598-025-91554-3
https://doi.org/10.1016/j.jhydrol.2024.132033
https://doi.org/10.1371/journal.pone.0067850


Li et al.: Differential leaf physiological and ecological responses of the pioneer species Ruellia simplex and Mimosa diplotricha on 

tropical coral islands 
- 11904 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(6):11891-11906. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/2306_1189111906 

© 2025, ALÖKI Kft., Budapest, Hungary 

[9] Hu, X., Tanaka, A., Tanaka, R. (2013): Simple extraction methods that prevent the 

artifactual conversion of chlorophyll to chlorophyllide during pigment isolation from leaf 

samples. – Plant Methods 9(1): 1-13. https://doi.org/10.1186/1746-4811-9-19. 

[10] Huang, X., Guo, W., Yang, L., Zou, Z., Zhang, X., Addo-Danso, S. D., Zhou, L., Li, S. 

(2023): Effects of drought stress on non-structural carbohydrates in different organs of 

Cunninghamia lanceolata. – Plants 12(13): 2477. 

[11] Huang, C., Zhai, S., Xu, Y., Huang, W., Duan, H., Wu, T., Liu, J., Lie, Z. (2025): Effects 

of drought on chemical elements and stoichiometry linked to plant species in subtropical 

forests. – Plant Growth Regulation 105: 1711-1722. 

https://doi.org/10.1007/s10725-025-01360-0. 

[12] Khaleghi, A., Naderi, R., Brunetti, C., Maserti, B. E., Salami, S. A., Babalar, M. (2019): 

Morphological, physiochemical and antioxidant responses of Maclura pomifera to 

drought stress. – Scientific Reports 9(1): 19250. 

https://doi.org/10.1038/s41598-019-55919-0. 

[13] Lei, C., Zhou, S., Tissue, D. T., Neilson, R., Lie, Z., Wu, T., Liu, X., Meng, C., Li, X., 

Zhu, D., Liu, J. (2025a): Seasonal variation of phyllosphere microbial communities under 

warming. – Global Change Biology 31: e70270. https://doi.org/10.1111/gcb.70270. 

[14] Lei, Y., Chen, S., Xu, L., Zhang, Y., Yang, Y. (2025b): Enhancing plant drought 

tolerance through exogenous nitric oxide: A comprehensive meta-analysis. – BMC Plant 

Biology 25: 447. https://doi.org/10.1186/s12870-025-06491-0. 

[15] Li, D., Li, C., Sun, H., Wang, W., Liu, L., Zhang, Y. (2010): Effects of drought on 

soluble protein content and protective enzyme system in cotton leaves. – Frontiers of 

Agriculture in China 4(1): 56-62. https://doi.org/10.1007/s11703-010-0102-2. 

[16] Li, S., Sun, H., Zhang, R., Gao, C., Yang, P., He, X., Hu, T. (2024): Chitosan induced 

cold tolerance in Kobresia pygmaea by regulating photosynthesis, antioxidant 

performance, and chloroplast ultrastructure. – Frontiers in Plant Science 15: 1441564. 

https://doi.org/10.3389/fpls.2024.1441564. 

[17] Li, X., Wu, T., Wu, G., Aguila, L. C. R., Liu, X., Liu, Y., Cheng, Y., Jiang, F., Lie, Z., 

Liu, J. (2024): Increasing stand age increases N deficiency but alleviates relative P 

limitations in Castanopsis hystrix plantations in southern China. – Land Degradation & 

Development 35: 2173-2183. https://doi.org/10.1002/ldr.5052. 

[18] Li, Q., Liu, X., Liu, K., Ren, H., Jian, S., Lu, H., Cheng, Y., Zou, Q., Huang, Y. (2025): 

The invasion of Cassytha filiformis accelerated the litter decomposition of native plant 

communities in small tropical coral islands. – BMC Plant Biology 25(1): 504. 

https://doi.org/10.1186/s12870-025-06556-0. 

[19] Li, X., Wu, G., Lie, Z., Aguila, L. C. R., Khan, M. S., Luo, H., Liu, X., Liu, J. (2025): 

Microbial community variation in rhizosphere and non-rhizosphere soils of Castanopsis 

hystrix plantations across stand ages. – Journal of Forestry Research 36: 82. 

https://doi.org/10.1007/s11676-025-01879-y. 

[20] Liu, F., Zhao, Y., Wang, X., Wang, B., Xiao, F., He, K. (2023): Physiological response 

and drought resistance evaluation of Gleditsia sinensis seedlings under drought-

rehydration state. – Scientific Reports 13(1): 19963. 

https://doi.org/10.1038/s41598-023-45394-8. 

[21] Loggini, B., Scartazza, A., Brugnoli, E., Navari-Izzo, F. (1999): Antioxidative defense 

system, pigment composition, and photosynthetic efficiency in two wheat cultivars 

subjected to drought. – Plant Physiology 119(3): 1091-1100. 

https://doi.org/10.1104/pp.119.3.1091. 

[22] Ma, Y., Xu, D., Huang, Z., Xu, F., Xiang, M., Wei, J., Sheng, H., Wu, Z., Aguila, L. C. 

R., Zhang, L., Wang, W., Li, X. (2025): Mixed forest conversion from moso bamboo 

forests in wetland parks increases understory species diversity and improves soils. – 

Global Ecology and Conservation 57: e03386. 

https://doi.org/10.1016/j.gecco.2024.e03386. 

https://doi.org/10.1186/1746-4811-9-19
https://doi.org/10.1007/s10725-025-01360-0
https://doi.org/10.1038/s41598-019-55919-0
https://doi.org/10.1111/gcb.70270
https://doi.org/10.1186/s12870-025-06491-0
https://doi.org/10.1007/s11703-010-0102-2
https://doi.org/10.3389/fpls.2024.1441564
https://doi.org/10.1002/ldr.5052
https://doi.org/10.1186/s12870-025-06556-0
https://doi.org/10.1007/s11676-025-01879-y
https://doi.org/10.1038/s41598-023-45394-8
https://doi.org/10.1104/pp.119.3.1091
https://doi.org/10.1016/j.gecco.2024.e03386


Li et al.: Differential leaf physiological and ecological responses of the pioneer species Ruellia simplex and Mimosa diplotricha on 

tropical coral islands 
- 11905 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(6):11891-11906. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/2306_1189111906 

© 2025, ALÖKI Kft., Budapest, Hungary 

[23] Macar, T. K., Ekmekçi, Y. (2008): PSII photochemistry and antioxidant responses of a 

chickpea variety exposed to drought. – Zeitschrift Für Naturforschung C 63(7-8): 583-

594. https://doi.org/10.1515/znc-2008-7-820. 

[24] Macinnis-Ng, C., Mcintosh, A. R., Monks, J. M., Waipara, N., White, R. S. A., 

Boudjelas, S., Clark, C. D., Clearwater, M. J., Curran, T. J., Dickinson, K. J. M., Nelson, 

N., Perry, G. L. W., Richardson, S. J., Stanley, M. C., Peltzeret, D. A. (2021): Climate-

change impacts exacerbate conservation threats in island systems: New Zealand as a case 

study. – Frontiers in Ecology and the Environment 19(4): 216-224. 

https://doi.org/10.1002/fee.2285. 

[25] Maleki, M., Shojaeiyan, A., Mokhtassi-Bidgoli, A. (2024): Differential responses of two 

fenugreek (Trigonella foenum-graecum L.) landraces pretreated with melatonin to 

prolonged drought stress and subsequent recovery. – BMC Plant Biology 24(1): 161. 

https://doi.org/10.1186/s12870-024-04835-w. 

[26] Meng, C., Sheng, H., Li, Z., Haider, F. U., Wang, L., Guo, Z., Shi, Z., Huang, C., Yang, 

F., Li, X. (2025): Leaf physiological plasticity and the adaptability of introduced 

landscape plants on a tropical coral island. – Horticulturae 11(9): 1094. 

https://doi.org/10.3390/horticulturae11091094. 

[27] Mohammadkhani, N., Heidari, R. (2008): Effects of drought stress on soluble proteins in 

two maize varieties. – Turkish Journal of Biology 32(1): 23-30. 

[28] Nishimoto, S., Koike, S., Inoue, N., Suzuki, T., Ogasawara, Y. (2017): Activation of Nrf2 

attenuates carbonyl stress induced by methylglyoxal in human neuroblastoma cells: 

Increase in GSH levels is a critical event for the detoxification mechanism. – Biochemical 

and Biophysical Research Communications 483(2): 874-879. 

https://doi.org/10.1016/j.bbrc.2017.01.024. 

[29] Park, J., Lee, S., Kim, Y., Park, J., Lee, J., Park, Y., Kim, E., You, Y. (2024): Vegetation 

cover is a crucial key to the success of ecological restoration in the desertified steppe of 

Inner Mongolia. – Ecological Indicators 165: 112241. 

https://doi.org/10.1016/j.ecolind.2024.112241. 

[30] Poorter, L., van der Sande, M. T., Amissah, L., Bongers, F., Hordijk, I., Kok, J., 

Laurance, S. G. W., Martínez-Ramos, M., Matsuo, T., Meave, J. A., Muñoz, R., Peña-

Claros, M., van Breugel, M., Herault, B., Jakovac, C. C., Lebrija-Trejos, E., Norden, N., 

Lohbeck, M. (2024): A comprehensive framework for vegetation succession. – Ecosphere 

15(4): e4794. https://doi.org/10.1002/ecs2.4794. 

[31] Sardans, J., Josep Peñuelas, J. (2021): Potassium control of plant functions: Ecological 

and agricultural implications. – Plants 10(2): 419. 

https://doi.org/10.3390/plants10020419. 

[32] Sehar, S., Adil, M. F., Zeeshan, M., Holford, P., Cao, F., Wu, F., Wang, Y. (2021): 

Mechanistic insights into potassium-conferred drought stress tolerance in cultivated and 

tibetan wild barley: Differential osmoregulation, nutrient retention, secondary metabolism 

and antioxidative defense capacity. – International Journal of Molecular Sciences 22(23): 

13100. https://doi.org/10.3390/ijms222313100. 

[33] Seleiman, M. F., Al-Suhaibani, N., Ali, N., Akmal, M., Alotaibi, M., Refay, Y., 

Dindaroglu, T., Abdul-Wajid, H. H., Battaglia, M. L. (2021): Drought stress impacts on 

plants and different approaches to alleviate its adverse effects. – Plants 10(2): 259. 

https://doi.org/10.3390/plants10020259. 

[34] Sheng, H., Li, X., Zeng, S. (2024): Unraveling the mediating role of plant color and 

familiarity on children’s mood in urban landscape. – Journal of Asian Architecture and 

Building Engineering 23: 2091-2099. https://doi.org/10.1080/13467581.2023.2278458. 

[35] Sheng, H., Yuan, J., Aguila, L. C. R., Shi, Z., Wu, G., Zhou, S., Li, Z., Wang, L., Li, Y., 

Liu, J., Li, X. (2025): Physiological responses and nutrient absorption of three plants 

under extreme environments on a tropical coral island. – Polish Journal of Environmental 

Studies 34: 1-9. https://doi.org/10.15244/pjoes/197458. 

https://doi.org/10.1515/znc-2008-7-820
https://doi.org/10.1002/fee.2285
https://doi.org/10.1186/s12870-024-04835-w
https://doi.org/10.1186/s12870-024-04835-w
https://doi.org/10.1016/j.bbrc.2017.01.024
https://doi.org/10.1016/j.ecolind.2024.112241
https://doi.org/10.1002/ecs2.4794
https://doi.org/10.3390/plants10020419
https://doi.org/10.3390/ijms222313100
https://doi.org/10.3390/plants10020259
https://doi.org/10.3390/plants10020259
https://doi.org/10.1080/13467581.2023.2278458
https://doi.org/10.15244/pjoes/197458


Li et al.: Differential leaf physiological and ecological responses of the pioneer species Ruellia simplex and Mimosa diplotricha on 

tropical coral islands 
- 11906 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(6):11891-11906. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/2306_1189111906 

© 2025, ALÖKI Kft., Budapest, Hungary 

[36] Wang, C., Li, R. (2008): Enhancement of superoxide dismutase activity in the leaves of 

white clover (Trifolium repens L.) in response to polyethylene glycol-induced water 

stress. – Acta Physiologiae Plantarum 30(6): 841-847. 

https://doi.org/10.1007/s11738-008-0189-8. 

[37] Wang, J., Zhang, X., Han, Z., Feng, H., Wang, Y., Kang, J., Han, X., Wang, L., Wang, 

C., Li, H., Ma, G. (2022): Analysis of physiological indicators associated with drought 

tolerance in wheat under drought and re-watering conditions. – Antioxidants 11(11): 

2266. https://doi.org/10.3390/antiox11112266. 

[38] Wang, Y., Zhang, L., Chen, J., Feng, L., Li, F., Yu, L. (2022): Study on the relationship 

between functional characteristics and environmental factors in karst plant communities. 

– Ecology and Evolution 12(9): 1904-1908. https://doi.org/10.1002/ece3.9335. 

[39] Wang, W., Peng, Y., Chen, Y., Lei, S., Wang, X., Farooq, T. H., Liang, X., Zhang, C., 

Yan, W., Chen, X. (2023): Ecological stoichiometry and stock distribution of C, N, and P 

in three forest types in a Karst region of China. – Plants 12(13): 2503. 

https://doi.org/10.3390/plants12132503. 

[40] White, I., Falkland, T. (2010): Management of freshwater lenses on small Pacific islands. 

– Hydrogeology Journal 18(1): 227-246. https://doi.org/10.1007/s10040-009-0525-0. 

[41] Wu, H., Lester, C. R., Stigter, T. Y., Craig, S. G. (2022): Assessing the quantity and 

quality controls of the freshwater lens on a Semi-Arid Coral-Limestone Island in Sri 

Lanka. – Frontiers in Water 4: 832227. https://doi.org/10.3389/frwa.2022.832227. 

[42] Wu, H., Lei, X., Chen, X., Shen, J., Wang, X., Ma, T. (2024): Study on effect of particle 

size distribution on water-retention capacity of coral sand from macro and micro 

perspective. – Journal of Marine Science and Engineering 12(2): 341. 

https://doi.org/10.3390/jmse12020341. 

[43] Xiong, S., Wang, Y., Chen, Y., Gao, M., Zhao, Y., Wu, L. (2022): Effects of drought 

stress and rehydration on physiological and biochemical properties of four oak species in 

China. – Plants 11(5): 679. https://doi.org/10.3390/plants11050679. 

[44] Yan, S., Weng, B., Jing, L., Bi, W. (2023): Effects of drought stress on water content and 

biomass distribution in summer maize (Zea mays L.). – Frontiers in Plant Science 14: 

1118131. https://doi.org/10.3389/fpls.2023.1118131. 

[45] Yang, X., Lu, M., Wang, Y., Wang, Y., Liu, Z., Chen, S. (2021): Response mechanism of 

plants to drought stress. – Horticulturae 7(3): 50. 

https://doi.org/10.3390/horticulturae7030050. 

[46] Zhang, Q., Xiong, G., Li, J., Lu, Z., Li, Y., Xu, W., Wang, Y., Zhao, C., Tang, Z., Xie, Z. 

(2018): Nitrogen and phosphorus concentrations and allocation strategies among shrub 

organs: the effects of plant growth forms and nitrogen-fixation types. – Plant and Soil 

427(01): 305-319. https://doi.org/10.1007/s11104-018-3655-0. 

[47] Zhou, S., Lie, Z., Liu, X., Zhu, Y., Josep, P., Roy, N., Su, X., Liu, Z., Chu, G., Meng, Z., 

Yan, J., Liu, J. (2023): Distinct patterns of soil bacterial and fungal community 

assemblages in subtropical forest ecosystems under warming. – Global Change Biology 

29(6): 1501. https://doi.org/10.1111/gcb.16541. 

[48] Zhou, S., Lie, Z., Lei, C., Zhang, Q., Liu, X., Wu, G., Neilson, R., Huang, F., Chu, G., 

Meng, Z., Zhu, D., Tissue, D. T., Peñuelas, J., Liu, J. (2025): Multi-scale evidence for 

declining microbial carbon fixation along forest succession gradients. – The ISME 

Journal 19(1): wraf191. https://doi.org/10.1093/ismejo/wraf191. 

[49] Zhu, Y., Luo, X., Nawaz, G., Yin, J., Yang, J. (2020): Physiological and Biochemical 

Responses of four cassava cultivars to drought stress. – Scientific Reports 10(1): 6968. 

https://doi.org/10.1038/s41598-020-63809-8. 

 

https://doi.org/10.1007/s11738-008-0189-8
https://doi.org/10.3390/antiox11112266
https://doi.org/10.1002/ece3.9335
https://doi.org/10.3390/plants12132503
https://doi.org/10.1007/s10040-009-0525-0
https://doi.org/10.3389/frwa.2022.832227.
https://doi.org/10.3390/jmse12020341
https://doi.org/10.3390/plants11050679
https://doi.org/10.3389/fpls.2023.1118131
https://doi.org/10.3390/horticulturae7030050
https://doi.org/10.1007/s11104-018-3655-0
https://doi.org/10.1111/gcb.16541
https://doi.org/10.1093/ismejo/wraf191
https://doi.org/10.1038/s41598-020-63809-8

