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The curve of a river bed creates a difference in the speed of water flow inside and outside this curve, indicating that plants growing along the river experience differential water-flow stresses during sudden floods caused by heavy rains. In this study, we conducted morphological, anatomical, and mechanical analyses using Osmunda x intermedia (Honda) Sugim. (Osmundaceae), a hybrid of Osmunda japonica Thunb. and the rheophytic O. lancea Thunb., growing inside and outside the river curve to elucidate the plant traits influenced by differential water-flow stresses. The external morphological analysis revealed that the O. x intermedia populations growing both inside and outside the river curve exhibited values intermediate between those of the parent species. However, the results of the anatomical and mechanical analyses of the petioles of the hybrid species did not necessarily reveal values intermediate between those of the parent species; however, in the hybrid species, the cell wall volume per unit volume was related to petiole strength, and the cell wall volume per unit volume of the hybrid population growing inside the river curve was significantly higher than that in the parent species or the hybrid population outside the river curve. In addition, the flexibility of petioles in the hybrid population growing outside the curve was associated with a lower cell wall density in the sterome than in that inside the curve, which may cause elastic bending that bends the cells further because of thinner cell walls. The results obtained in our study revealed that O. x intermedia adapts to different water-flow stresses through complex anatomical and mechanical changes that cannot be determined from external morphology alone.
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1 Introduction


Environmental adaptation is an important source of plant biodiversity contributing to the evolution of phenotypic diversity in response to ecological changes (Grant, 1981; Givnish, 2015), and this phenotypic diversity is recognized as an adaptation to various environmental factors and stresses (Rowe and Speck, 2005; Santiago and Wright, 2007; Gardiner et al., 2016; Anest et al., 2021). Many studies have reported that physiological stress, in particular, is one of the factors that significantly alters plant morphology in various environments (Hayakawa et al., 2012; Tunala et al., 2012; Ohga et al., 2012b; Kumekawa et al., 2013; Sunami et al., 2013; Ishii et al., 2022; Shiba et al., 2022a, 2022b, 2022c; Takizawa et al., 2022, 2023; Marui et al., 2023; Endo et al., 2025).


Mechanical loads on plants considerably impact their growth, morphology, and ecology. For example, many studies have discussed the interactions of wind stress with plants and the effects of wind loads on plants (de Langre, 2008; Mitchell, 2013). Niklas (1996) reported that sugar maple leaves sampled from young trees in wind-exposed areas have smaller leaf blades and more flexible petioles than in leaves sampled from protected areas, indicating that wind affects both leaves and petioles in sugar maples. Based on wind-induced bending and twisting stress analyses in red oak, American sycamore, yellow poplar, and sugar maple, Louf et al. (2018) reported that the ability of leaves to reduce wind stress at the stem–petiole junction can be achieved by locating the twisting area closer to the lamina. They further described that the strain decreases closer to the stem even if the stress is constant throughout the petiole. Moreover, using certain coastal tree species, Meguro and Miyawaki (1994) reported that the strain energy per unit volume of branches was higher in individuals grown under strong winds than in those grown under weak winds. In addition to such studies on trees, studies have also been conducted on herbaceous plants; Shiba et al. (2023) revealed that the adaptation process of Farfugium japonicum (L.) Kitamura (Asteraceae) to a strong wind environment reduces lamina size and shortens petioles. Notably, this species has been shown to shorten its scape under similar wind stress conditions, although the scape has a mechanically stronger structure than that of the petiole (Shiba et al., 2024b). These studies provide detailed reports on the adaptive morphology of plants in response to wind stress.


Irregular flooding can be an important stressor for plants that do not inherently have or cannot develop the characteristics to survive under submerged conditions. Flooding after heavy rainfall caused by hurricanes, cyclones, and typhoons (Blom and Voesenek, 1996) considerably impacts plant survival (Vervuren et al., 2003; van Eck et al., 2004). Plants along rivers are exposed to flash floods, a major source of mechanical stress, as a strong selective pressure. Therefore, they have lanceolate or cuneate laminae to reduce the stress caused by sudden flooding and strong river currents after heavy rain (van Steenis, 1981). Such morphological characteristics of the laminae have been reported in various taxa ranging from ferns to angiosperms (Yamada et al., 2011; Ohga et al., 2012a; Ueda et al., 2012; Yokoyama et al., 2012; Kumekawa et al., 2013; Matsui et al., 2013; Shiba et al., 2021). Among them is Osmunda lancea Thunb. (Osmundaceae), which grows on riverbanks subject to flooding after heavy rains; therefore, this species is a rheophyte with narrow-lanceolate pinnules resistant to relatively fast river currents. A comparative study of O. lancea and its closely related inland species, O. japonica Thunb., indicated a strong correlation between the gross morphology and anatomy of pinnules (Imaichi and Kato, 1992, 1993). Furthermore, Shiba and Fukuda (2024) reported that the petioles of O. lancea have the flexibility to reduce stresses caused by swift river currents, and similar results were reported for the stipes of O. lancea (Shiba and Fukuda, 2025). In particular, regarding the relationship between O. lancea and O. japonica, the morphology of O. x intermedia in environments with less water-flow stress than riverine habitats where O. lancea typically grows remains to be elucidated. Some morphological and molecular studies have reported Osmunda x intermedia (Honda) Sugim, a hybrid between O. lancea and O. japonica with morphological intermediacy in pinnule shape (Kato, 2007; Yatabe et al., 1999), with many of its habitats overlapping with those of O. lancea (Kato, 2007). Hybrids often exhibit intermediate values for both morphological and mechanical properties (Shiba et al., 2024a), and backcrossing through hybrids has been reported to exceed the values of both parent species (Rieseberg et al., 2000). Tsutsumi et al. (2013) reported that O. x intermedia did not grow in the riverside zone but on the top of the mountain on Kozushima Island in the Izu Islands, Japan, suggesting that similar pinnule forms found along rivers may result from distinct environmental factors such as wind or flooding. This suggests that the adaptation of O. x intermedia to a wide range of mechanical stresses can lead to the detection of mechanical stresses of varying intensities by analyzing this species. However, whether sites with differing mechanical stress exist within otherwise similar environments remains unclear.


River meanders are among the most common river morphology patterns. A river meander is one of a series of regular sinuous curves in a river or waterway channel, formed when the waterway erodes sediment along its outer concave banks or cliffs and deposits it along the inner convex banks by water velocity and the associated physical forces (Allan and Castillo, 2007). The meandering course results from the combined processes of erosion and deposition (Chitale, 1970). The significance of regular loops in rivers has attracted the attention of researchers from the fields of hydrodynamics, morphodynamics (Seminara, 1998, 2006), and petroleum engineering (Swanson, 1993). In addition, the geomorphological studies of meandering rivers have elucidated the relationship between the planar characteristics of meanders and the riverbed morphology based on the main features of meanders through field surveys (Leopold and Wolman, 1960; Allen, 1965; Chitale, 1970; Nanson and Hickin, 1983; Carson and Lapointe, 1983; Thorne and Furbish, 1995) and laboratory experiments (Zimmerman and Kennedy, 1978; Kinoshita and Miwa, 1974; Whiting and Dietrich, 1993a, 1993b). Furthermore, riparian zones are among the most productive and valuable natural resources worldwide because they support numerous ecological services, such as plant species diversity and wildlife habitat (Sakio, 1997). For example, riparian ecology studies have revealed that large-scale natural forest disturbances and primary succession in the lowland tropical rainforests of the Peruvian Amazon are caused by lateral erosion and channel changes in meandering rivers. Moreover, primary succession on the newly deposited fluvial soils of meandering rivers is the main factor generating and maintaining the high between-habitat species diversity characterizing the area (Salo et al., 1986). In addition, a few studies have reported that the formation and development of meandering streams are closely linked to the stabilizing effects of riparian vegetation, such as bank reinforcement by plant roots and vegetation-promoted production and retention of soil silt (Gibling and Davies, 2012; Davies et al., 2020). Therefore, studies have been conducted on river meandering, vegetation, and forests, as well as on soil heterogeneity arising from the dynamic processes of alluvial plains, including variation in water saturation and soil stability (e.g., Erskine et al., 2009; Stella et al., 2011). Focusing on a single bend in a meandering river, the flow velocity of the rivers is higher on the outside of the curve than on the inside, causing plants growing along both sites to experience different water-flow stresses, particularly during floods caused by sudden heavy rains.


Research on the effect of water-flow stress strength on plant morphology along rivers has been conducted by comparing plant populations in each river. Yamada et al. (2011) reported a relationship between the presence or absence of dams and lamina size by analyzing the leaf morphologies of Aster microcephalus (Miq.) Franch. et Sav. var. ripensis Makino (Asteraceae), suggesting that water volume regulation through dams reduces the water-flow stress on plants downstream. Sakaguchi et al. (2021) also discussed the variation in lamina size of Solidago yambaruensis S. Sakaguchi et Mot. Ito. (Asteraceae) with the differences in water volume between the rivers. However, because these studies compared plant populations between different rivers, they were unable to detect the effects of different vegetation types in each river, as well as the effects of water flow stress, such as flow rate and flow velocity, on plants along the river, suggesting that it was difficult to demonstrate the effects of water flow stress on plant morphology. Cosmo et al. (2024) also reported that plant phenotypic plasticity is highly adaptive to the selective and fluctuating conditions of riparian environments. To solve this problem, therefore, comparing plant communities outside and inside the bends would more accurately reflect the effects of water flow stress on plant morphology and mechanical properties. Our preliminary survey revealed the presence of O. x intermedia on both sides of a river approximately 5 m wide, with a curvature radius of approximately 30 m (
Figure 1
). This river flowed through a gap in a mixed forest composed of cedar and cypress, and common plant species such as O. x intermedia and Phragmites japonicus Steud. (Poaceae) grew along the river on both banks, and Rumex japonicus Houtt. and Fallopia japonica (Houtt.) Ronse Decr. (Polygonaceae) and Hydrangea involucrata Siebold (Hydrangeaceae) toward the forest margin on each bank. Therefore, we can hypothesize that they exhibit different adaptive modes to different intensities of water flow stress, and the analysis of O. x intermedia on both banks at this area will reveal adaptive patterns to the strength of water flow stress. Thus, the aim of this study was to elucidate the adaptation pattern of O. x intermedia in response to differences in water flow stress by comparing its morphological, anatomical, and mechanical characteristics.


[image: Panel A shows the sampling locations used in this study. Panel B presents photographs of the survey area. Red arrows indicate the shooting directions. Black arrows mark Osmunda japonica (I) and O. lancea (II), while white arrows indicate the external (II) and internal (III) populations of Osmunda × intermedia.]
Figure 1 | 

(A) Sampling locations used in our study, and (B) photographs of the survey area. The red arrows indicate the shooting directions shown in (B). The black arrows indicate Osmunda japonica (I) and O. lancea (II), while the white arrows indicate the outside (II) and inside (III) of O. x intermedia. AIII and AIV adapted from the Geospatial Information Authority of Japan (GSI), based on GSI Maps, licensed under the GSI Map Copyright License, https://maps.gsi.go.jp/.









2 Materials and methods





2.1 Plant materials


The O. lancea, O. × intermedia, and O. japonica specimens were collected along the Tsuru River in Uenohara City, Yamanashi Prefecture, Japan (Figure 1). The Tsuru River basin has an inland climate with extreme temperature fluctuations, with an average annual temperature of 9–14 °C and annual precipitation of approximately 1,600–2,200 mm, concentrated during the rainy season and typhoon season. O. × intermedia was sampled from both the inner and outer banks of the river, whereas O. lancea was sampled from the outer bank of the same meandering section of the river (Figures 1, 2). According to Iwatsuki (1995), both parent species can be distinguished based on the shape of the pinnule base—cuneate to acute or truncate—and the width of the widest part of pinnules, less than 10 mm in the former and 10–25 mm in the latter. Thus, individuals with broader pinnules and sharper basal angles than in O. lancea and O. japonica, respectively, were identified as O. × intermedia. O. japonica specimens were collected upstream from the same river.


[image: Photographs of Osmunda × intermedia populations along a river curve. Panel A shows the population growing on the inside bank of the river, and Panel B shows the population growing on the outside bank. Differences in riverine setting between the two populations are clearly visible.]
Figure 2 | 

Osmunda x intermedia populations growing (A) inside and (B) outside the river curve.




The river is approximately 18 m wide at the sampling site, with a curvature radius of approximately 25 m, measured using maps from the Geospatial Information Authority of Japan. The specimens were cut at the petiole base and wrapped in moistened paper to prevent water loss. They were carefully packed underwater to remove air and transported to the laboratory. Mechanical analyses were performed within 24 h of sampling. All procedures were conducted following the regional and national regulations. All analytical procedures were performed using previously described methods (Shiba and Fukuda, 2024).






2.2 Morphological analyses


For morphological analysis, we measured the total lamina area of O. x intermedia specimens and the basal angle, maximum width, length, and area of their pinnules using the ImageJ software (version 1.54). Leaf index (pinnule length-to-width ratio) was also calculated (Tsukaya, 2002). Petiole length was defined as the distance from the petiole base to the lamina base and was measured using a ruler. The cross-sectional shape of the petiole base was evaluated by measuring its major and minor axes using callipers. Although this approach is simplified, the ratio of the major to minor axes is approximately 1.3, suggesting that the petiole base can be approximated as an ellipse. The cross-sectional area A of the petiole base was calculated as follows:
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where a and b represent the major and minor axes of the petiole base, respectively.


Relationships between cross-sectional area A and petiole length and between petiole length and lamina area were analyzed.






2.3 Mechanical analyses


The span length was adjusted based on the sample thickness to maintain a span-to-depth ratio of 15 to accommodate the testing apparatus specifications. Samples were selected from straight regions near the petiole base. The major and minor axes at the midpoint of each sample were measured using callipers to calculate the cross-sectional area, following the method used for the morphological analysis.


Three-point bending tests were performed using a tabletop tensile/compression tester (MCT-1150; A&D, Tokyo Japan) equipped with a bending jig (JM-B1-500N; A&D, Tokyo Japan). The test speed and sampling frequency were set to 10 mm/min and 50 Hz, respectively.


Bending stress σ and strain ϵ were calculated using the following standard equations for elliptical cross-sections under elastic loading:
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where M denotes the bending moment, Z is the section modulus, P represents the applied load, L is the span length, δ represents the displacement, and I is the second moment of the area. Z and I were calculated under the assumption of an elliptical cross-section as follows:
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where a and b are the major and minor axes, respectively.


The bending stress and strain at fracture were defined as bending strength σmax and breaking strain ϵbreak, respectively. The bending modulus of elasticity (E) was calculated from the stress–strain curve between 0.05% and 0.25% strain using the following equation:
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2.4 Cell wall volume per unit volume and anatomical analysis of petioles


The fresh volume Vfresh
 of the petiole was calculated as follows:
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where a and b are the major and minor axes of the elliptical cross-section, respectively, and l is the petiole length.


After volume measurement, the samples were dried in an incubator at 75°C for 3 days, and their dry mass M
dry was measured using a precision balance (ATX224R, SHIMADZU, Tokyo, Japan).


The cell wall mass per unit volume was then calculated using the following equation:
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Petiole segments not used for mechanical testing were excised and fixed in FAA solution (acetic acid: formalin: 99.5% ethanol: distilled water = 5:5:45:45), and transverse sections were prepared. Cross-sectional images were obtained under a light microscope (CX43, OLYMPUS, Tokyo, Japan) equipped with a camera (Moticam X3-12V, SHIMADZU, Tokyo, Japan) and analyzed using ImageJ.


To calculate the sterome-to-petiole cross-sectional area ratio, cross-sections of petioles were imaged under a light microscope (CX43; OLYMPUS, Tokyo, Japan) equipped with a digital microscope camera (Moticam X3-12V; SHIMADZU, Tokyo, Japan). Both the total petiole area and the sterome area were measured using ImageJ, and the ratio was calculated as sterome area divided by total petiole cross-sectional area, expressed as a percentage. The cell wall area fraction within the sterome was determined by measuring the cell wall area contained in a 50 × 50 µm square region (2,500 µm²), and the fraction was calculated as follows:
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Longitudinal cut were made near the epidermis using a 0.15 mm razor blade for the vertical anatomical observation of cells. The sections were immersed in a dissociation solution (acetic acid: hydrogen peroxide = 1:1) and incubated at 60°C for 3 days. The dissociated samples were observed under the light microscope, and the sclerenchyma cells were identified based on their morphology (Kijima, 1987). We imaged 30 sclerenchyma cells for each individual, and their lengths were measured using ImageJ. The average cell length was used as the representative value for each individual.






2.5 Statistical analyses


All statistical analyses were performed using the software R4.4.2. The normality and variance homogeneity of each measured variable were assessed using the Shapiro–Wilk and Levene’s tests, respectively (p< 0.05, the same applies to the following tests). Group differences were evaluated using one-way analysis of variance (ANOVA) or Welch’s ANOVA, as appropriate, and all post hoc comparisons were performed using Tukey’s HSD test. For bivariate comparisons, Pearson’s correlation analysis and an analysis of covariance (ANCOVA) were performed. Based on the ANCOVA results, group differences in slope (estimated using the emtrends function) and adjusted intercepts (estimated marginal means from the emmeans analysis) were tested based on Tukey’s HSD test. Scatter plots shown in the figures are based on raw (unadjusted) data, and all figure outputs were generated using Microsoft Excel.







3 Results





3.1 Morphological analysis of the lamina and petiole


Overall, O. japonica and the internal population exhibited larger pinnule and lamina dimensions compared with O. lancea and the external population (
Figure 3A
). Pinnule length was greatest in the internal population, whereas the other three groups showed similar values (
Figure 3B
). Pinnule width was widest in O. japonica, followed by the internal population, with the external population and O. lancea showing narrower pinnules (
Figure 3C
). Leaf index values were relatively high in O. lancea and both populations, but consistently lower in O. japonica (
Figure 3D
). The pinnule base angle was widest in O. japonica and moderately wide in the internal population, while the external population and O. lancea exhibited distinctly sharper bases (
Figure 3E
). The lamina area was larger in O. japonica and the internal population than in the external population and O. lancea (
Figures 3F
, 
4
). These patterns indicate that O. japonica and the internal population share broader lamina traits, whereas O. lancea and the external population are characterized by narrower, more slender pinnules. These results indicate that O. japonica and the internal population share broad pinnule morphologies, which form larger laminae, whereas O. lancea and the external population are characterized by narrow and slender pinnules that form smaller laminae.


[image: Box plots A to E present data on various measurements of leaf characteristics for four plant types: *O. lancea*, *O. x intermedia* (external and internal), and *O. japonica*. Graph A shows leaf area (mm²), B shows leaf length (mm), C shows leaf width (mm), D shows leaf thickness (units), and E shows leaf angle (degrees). Each plot displays statistical significance with different letters. Image F displays leaves from the four plant types, showing variation in size and shape. A scale bar is present.]
Figure 3 | 
Comparative analyses of (A) pinnule area, (B) length, (C) width, (D) leaf index, and (E) angle at the base. Columns marked by different letters differ significantly according to the Tukey’s HSD test (p < 0.05). (F) Silhouette of a pinnule, scale bar = 2 cm.




[image: Box plot comparing leaf area in square millimeters across four categories: “O. lancea”, “External O. x intermedia”, “Internal O. x intermedia”, and “O. japonica”. “O. lancea” and “External O. x intermedia” are labeled with “b”, and “Internal O. x intermedia” and “O. japonica” with “a”. Median leaf area increases from left to right.]
Figure 4 | 
Comparative analysis of lamina area. Columns marked by different letters differ significantly according to the Tukey’s HSD test (p < 0.05).




Petiole length was greatest in O. japonica and shortest in O. lancea, while both populations showed intermediate values without differing from each other (
Figure 5A
). The petiole cross-sectional area was smaller in O. lancea than in both populations, whereas O. japonica exhibited an intermediate value similar to the hybrids (
Figure 5B
).


[image: Two box plots labeled A and B compare measurements for different plant species. Plot A shows height in millimeters, with values ranging from 100 to 900. Plot B shows area in square millimeters, with values from 10 to 90. Species include O. lancea, O. x intermedia (external and internal), and O. japonica, marked with statistical significance letters: a, b, c, ab.]
Figure 5 | 
Comparative analyses of (A) petiole length and (B) cross-sectional area. Columns marked by different letters differ significantly according to the Tukey’s HSD test (p < 0.05).




A significant positive relationship was observed between petiole cross-sectional area and petiole length in all populations (O. japonica: r = 0.868, p< 0.001, n = 58; O. lancea: r = 0.713, p< 0.001, n = 58; internal population: r = 0.751, p< 0.001, n = 20; external population: r = 0.795, p< 0.001, n = 23; 
Figure 6
). ANCOVA revealed a significant interaction between cross-sectional area and population (p< 0.001), indicating that slopes differed among populations. According to the emtrends analysis, the slope in the internal population (3.46 ± 0.67) was significantly lower than those in O. japonica (7.04 ± 0.56, p = 0.0004), O. lancea (10.42 ± 1.36, p = 0.0001), and the external population (8.87 ± 1.45, p = 0.0048). In contrast, no significant differences were detected among O. japonica, O. lancea, and the external population; the smallest non-significant result was p = 0.104. After adjusting for cross-sectional area using ANCOVA, the estimated marginal means of petiole length differed significantly among populations (emmeans analysis). O. japonica exhibited a greater adjusted petiole length (466 ± 8.5 mm) than the internal (364 ± 16.0 mm), external (345 ± 12.5 mm), and O. lancea populations (347 ± 17.1 mm), whereas no significant differences were detected among the latter three groups; the smallest non-significant result was p = 0.806 (Tukey’s HSD test).


[image: Scatter plot showing the relationship between petiole length (millimeters) and cross-sectional area (square millimeters) for three species: *O. lancea*, *O. japonica*, and *O. x intermedia*. *O. lancea* is represented by circles and a solid line with the equation y = 10.4x + 53.4. *O. japonica* is shown with crosses and a dotted line y = 7.0x + 267.1. *O. x intermedia* includes triangles for external areas with a dashed line y = 8.9x + 94.9, and diamonds for internal areas with a dot-dash line y = 3.5x + 266.1. The x-axis is cross-sectional area, and the y-axis is petiole length.]
Figure 6 | 
Relationship between petiole length and cross-sectional area. Significant differences in slopes among populations were tested using ANCOVA followed by Tukey’s HSD test (p< 0.05), and are indicated by different letters shown in parentheses in the figure. Statistical details and significance tests are described in the Results section.




A significant positive relationship was observed between petiole length and lamina area in all populations (internal population: r = 0.685, p = 0.00085, n = 20; O. japonica: r = 0.704, p = 0.00054, n = 20; O. lancea: r = 0.749, p = 0.00015, n = 20; external population: r = 0.701, p = 0.00118, n = 18; 
Figure 7
). ANCOVA revealed a significant interaction between petiole length and population (p = 0.0136), indicating that slopes differed among populations. According to the emtrends analysis, the slope in the internal population (3.71 ± 0.63) was significantly steeper than that in O. lancea (0.69 ± 0.70, p = 0.01), whereas no significant differences were detected among the other populations. After adjusting for petiole length using ANCOVA, the estimated marginal means of lamina area differed significantly among populations (emmeans analysis). O. japonica (842 ± 106 mm²) and the internal population (825 ± 64.5 mm²) exhibited greater adjusted lamina areas than the external (462 ± 61.6 mm²) and O. lancea populations (348 ± 127 mm²), whereas no significant differences were detected between O. japonica and the internal population (p = 0.99) or between the external and O. lancea populations (p = 0.84; Tukey’s HSD test).


[image: Scatter plot showing the relationship between petiole length (millimeters) and lamina area (square centimeters) for three plant species: O. lancea, O. japonica, and O. x intermedia. Different trend lines represent each species, with equations and slope values provided. Data points are marked by different shapes: circles, crosses, triangles, and diamonds.]
Figure 7 | 
Relationship between petiole length and lamina area. Significant differences in slopes among populations were tested using ANCOVA followed by Tukey’s HSD test (p< 0.05), and are indicated by different letters shown in parentheses in the figure. Statistical details and significance tests are described in the Results section.








3.2 Mechanical properties of the petiole




Figure 8
 shows the results of the mechanical analysis of petioles. The bending modulus differed significantly among populations (p< 0.05), being the highest in the internal population and the lowest in the external population, while both parent species exhibited intermediate values with no significant difference between them (
Figure 8A
). The bending strength also varied significantly among populations (p< 0.05), with the internal population showing the highest value, O. lancea intermediate, and the other two populations the lowest (
Figure 8B
). The breaking strain was significantly higher in O. lancea and the external population than in the other populations (
Figure 8C
).


[image: Box plots display mechanical properties of O. lancea, O. x intermedia (external and internal), and O. japonica. Plot A shows modulus (MPa), plot B shows hardness (N/mm²), and plot C shows strain (%). Varied patterns indicate different groups, with letters signifying statistical differences.]
Figure 8 | 
Comparative analyses of (A) bending modulus, (B) bending strength, and (C) breaking strain. Columns marked by different letters differ significantly according to the Tukey’s HSD test (p < 0.05).








3.3 Cell wall volume per unit petiole volume and anatomical characteristics


The cell wall volume per unit petiole volume differed significantly among populations (p< 0.05), being the highest in the internal population, intermediate in O. lancea, and significantly lower in O. japonica and the external population, which did not differ from each other (
Figure 9
).


[image: Box plot comparing density in grams per cubic millimeter for four plant groups: *O. lancea* (External), *O. x intermedia*, Internal, and *O. japonica*. *O. x intermedia* has the highest mean density at approximately 0.31, labeled 'a'. *O. lancea* and *O. japonica* show similar densities, around 0.20, labeled 'b' and 'c', respectively. Internal has the lowest density, around 0.13, labeled 'c'.]
Figure 9 | 
Comparative analyses of weight per unit volume in a petiole. Columns marked by different letters differ significantly according to the Tukey’s HSD test (p < 0.05).






Figure 10A
 shows a cross-sectional image of the petiole of O. x intermedia. 
Figures 10B, C
 show the structures of the cell walls in the steromes observed in cross-sections and the sclerenchyma cells obtained from the macerated samples, respectively. The sterome-to-petiole cross-sectional area ratio was significantly higher in O. lancea and the internal population than in O. japonica, while the external population showed intermediate values without significant differences from any other population (
Figure 10D
). The cell wall area fraction within the sterome differed significantly among populations, being the highest in the internal population and the lowest in O. lancea (
Figure 10E
). The sclerenchyma cell length was significantly greater in O. japonica and the internal population than in O. lancea, whereas the external population exhibited intermediate values with no significant differences from the other populations (
Figure 10F
).


[image: Cross-sectional images and data visualizations comparing O. × intermedia, O. lancea, and O. japonica. Panel A shows a histological section with annotations. Panel B presents a close-up of cellular structures. Panel C shows a cell dissociation image highlighting tissue differences. Panels D, E, and F feature box plots illustrating percentage values and micrometer-scale measurements for different species and parts, with statistical groups indicated by letters.]
Figure 10 | 
Anatomical analysis of the petiole. (A) Cross-section of a petiole, the red arrow indicates the sterome (St.), scale bar = 100 µm. (B) Structure of the cell wall of the sterome, and (C) isolated sclerenchyma cells observed from dissociated samples are shown for Osmunda x intermedia, scale bar = 100 µm. Comparisons were made for (D) sterome-to-petiole cross-sectional area ratio, (E) cell wall area fraction within the sterome, and (F) length of sclerenchyma cells. Columns marked by different letters differ significantly according to the Tukey’s HSD test (p < 0.05).









4 Discussion





4.1 Comparison of pinnule morphology on both banks


In general, the magnitude of mechanical forces experienced by plants exposed to strong winds and/or low water stresses is related to the plant size and shape, and the main morphological traits that allow them to avoid, reduce, and mitigate these forces are a small surface area exposed to fluids and a shape that lowers the forces experienced per unit area (Puijalon et al., 2005), the former is related to small growth forms and compact shapes (Speck, 2003; Rudnicki et al., 2004; Puijalon et al., 2005), whereas the latter is related to the shape of stems, leaves, and crowns (Telewski and Jaffe, 1986; Sand-Jensen, 2003; Puijalon et al., 2008). By contrast, the force required to break stems or petioles, which indicates the resistance of plants to mechanical forces, is expressed as the product of their cross-sectional area and material strength (Niklas, 1996), A large cross-sectional area of a plant organ or a high proportion of reinforcing tissue are plant traits that lead to high breakage resistance (Telewski and Jaffe, 1986; Ennos, 1997; Read and Stokes, 2006). Thus, various morphological variations are involved in mechanical forces, and hybrids exhibit a wide variety of traits which allow them to adapt to a wide range of environments (Rieseberg et al., 2000; Shiba et al., 2024c). Our results demonstrated that the size of the pinnule of O. x intermedia differed between the populations growing outside and inside the river curve, with the external populations being significantly smaller in pinnule size than the internal populations. To determine whether the pinnules were small or narrow based on these morphological results, Tsukaya (2002) proposed a leaf index value calculated as the ratio of leaf length to leaf width, which has been used in various studies to compare leaf silhouettes. Tsukaya (2002) found that the leaf indices of many riverside populations were significantly higher than those of neighboring populations, indicating that they had significantly thinner leaves (Yamada et al., 2011; Ohga et al., 2012a; Ueda et al., 2012; Yokoyama et al., 2012; Kumekawa et al., 2013; Matsui et al., 2013; Shiba and Fukuda, 2024). Our results revealed that the length and width of pinnules of O. x intermedia in the external population were significantly smaller than those in the internal population, and no significant differences were observed in the leaf index between them, indicating that the pinnules in the external population became smaller rather than narrower. Can plants adapt to water-flow stress by becoming smaller rather than narrower? Based on a comparison of leaf shapes between riverside and inland populations, Shiba et al. (2021) reported that the riverside populations of Eurya japonica Thunb. (Ternstroemiaceae) adapt to water-flow stress by developing relatively small leaves. The process of leaf miniaturization also included a reduction in width such that the population of O. x intermedia collected from the outer bank was able to adapt to strong water-flow stress by developing relatively small pinnules. In addition to the differences in pinnule size, a significant difference exists in the angle at the pinnule base between the two hybrid populations, indicating that the pinnule morphology of the external population was not simply smaller than that of the internal population but also included changes that resulted in a thinner base of the pinnule. This change in the angle at the leaf base is commonly observed in plant populations growing along rivers (Yamada et al., 2011; Ohga et al., 2012a; Ueda et al., 2012; Yokoyama et al., 2012; Kumekawa et al., 2013; Matsui et al., 2013; Shiba and Fukuda, 2024). Moreover, our results revealed that lamina size was smaller in the external population than in the internal population. Plants can prevent mechanical damage caused by external forces by creating structures that deflect resistance to large forces and reduce impact (Niklas, 1996; Read and Stokes, 2006). Whitehead (1962) reported that lamina size decreases with increasing mechanical stress. Our results also demonstrated a significant difference in lamina size between the two hybrid populations, suggesting that the decreased lamina area contributes to the reduced resistance to water flow, although it limits the amount of light available for photosynthesis. These results for the pinnule and lamina of O. x intermedia confirmed that the effects of water flow on plant traits are nonlinear, with a smaller effect on the internal population and a much larger effect on the external population, suggesting that the external population has experienced the history of stronger water-flow stress. Moreover, the contrasting gradient of increasing stress on the outer bend and decreasing stress on the inner bend of the river led to differential erosion and sediment deposition between both banks, the former being rocky while the latter was sandy at the survey site in our study. Therefore, these differences in soil conditions may also be involved in the aboveground morphology of O. x intermedia.







4.2 Morphological relationships between petioles and lamina under different water flow stresses


Plants are rooted in the soil and cannot move; therefore, they cannot respond to various abiotic stressors (van Loon, 2016). As plants are anchored at the base, mechanical stresses, such as water currents, in combination with the weights of leaves and reproductive organs, usually produce a bending moment in the stem and petiole, which is resisted by the bending strength that depends on their mechanical properties (Pinthus, 1974; Berry et al., 2004). For example, the shortening of stems and petioles can enhance the resistance of plant species against mechanical stresses (Cooper and Mendiola, 2004); however, our results demonstrated no significant difference in petiole length between the two hybrid populations. The internal population exhibited a significantly greater increase in lamina area relative to petiole length compared with O. lancea (
Figure 7
), but it was found to adopt a leaf morphology that reduces the bending moment caused by the weight of the large lamina by shortening petiole length relative to the basal cross-sectional area (
Figure 6
). This strategy appears to be specific to the internal population. By contrast, how can the external population adapt to strong water-flow stress without significant changes in petiole length? Our results revealed that the cross-sectional area of the base of the petiole in the external population of O. x intermedia was significantly smaller than that in the internal population. Moreover, the cross-sectional area of the petiole base and petiole length exhibited a correlation in both hybrid populations; however, the rate of increase was significantly different between the two populations. A comparative analysis of the results for O. japonica and O. lancea demonstrated that the growth rate of only the internal population differed significantly from that of the two parent species, and the external population was considerably similar to O. lancea in several characteristics, suggesting that even though no significant differences exist in petiole length between the two hybrid populations, the cross-sectional area of the petiole base in the external population exhibited morphological adaptations favoring its growth and survival along rivers. However, an intriguing question remains regarding how the petioles of the external populations of O. x intermedia support the lamina that are slightly larger than those of O. lancea, given the risk of petiole lodging—bending caused by external forces that results in a permanent deviation from vertical position, ultimately reducing reproduction success and fitness (Pinthus, 1974; Berry et al., 2004). Lodging is relatively more likely to occur in stems or petioles with small diameters and low strength (Islam et al., 2007). Furthermore, regarding the relationship between lamina area and petiole length, a significant difference in the slope was observed between O. lancea and the internal population of O. x intermedia. Although O. lancea tended to suppress the expansion of the lamina area with increasing petiole length, the external population exhibited a growth pattern wherein the lamina area increased relatively more actively with increasing petiole length. In this study, the relationship between petiole length and cross-sectional area and that between lamina area and petiole length exhibited different trends. Considering these differences in lamina and petiole morphology, an important question is how the mechanical properties of petioles, as supporting organs of the plant, are coordinated with these patterns.






4.3 Relationship between mechanical and anatomical characteristics of petioles


The stems and petioles of plants are exposed to a variety of forces, including their weight and additional external loads, such as wind, rain, snow, and animal movement; however, they have evolved to be strong, light, and can withstand damage without experiencing catastrophic failure (Speck and Burgert, 2011). The petiole of Osmunda performs various functions with conflicting requirements, such as orienting the lamina to the sun for photosynthesis, connecting the lamina with the vascular bundle, supporting the weight of the lamina, and elastic deflection of the leaf under water stress to prevent tearing (Shiba and Fukuda, 2024). In particular, achieving a mechanical compromise between high bending stiffness in the petiole to withstand the bending loads caused by the weight of the lamina and sufficient flexibility to avoid the damaging effects of water stress is important (Shiba and Fukuda, 2024). Regarding the mechanical analysis of petioles, the bending of the petiole increases with the bending moment. Because the petiole is elastic up to a certain limit, the plant quickly returns to an upright position once the bending force ceases (Pinthus, 1974). Beyond this limit, bending is irreversible and lodging occurs (Shah et al., 2017). Therefore, the maximum bending strength of the petiole is an important mechanical property of plant structure (Pinthus, 1974; Berry et al., 2004). The results of our mechanical analyses revealed that the petioles of the external population of O. x intermedia exhibited a significantly lower bending modulus and strength, but significantly higher breaking strain than those of the internal population, indicating that the petioles of the external population were more flexible and could deform to break more readily, although they could withstand a smaller maximum load than withstood by the petioles of the internal population. How did these mechanical differences arise in the petioles? Our anatomical analysis provides a hint towards understanding these differences. Plants have various types of cells and tissues which support the plant body structure. The epidermis of the stem is smooth and has a rather thick cuticle, but the outer cortical layer inside the epidermis is mainly hard and widespread, whereas the inner region is composed of thin-walled parenchyma tissue with flexible cellulose cell walls. The relative amounts of these two tissue types may importantly influence petiole flexibility under strong pressure; however, accurately measuring the properties of individual tissues and cell types remains challenging (Karam and Gibson, 1994). These tissues contain a lining in their walls which cannot be bent or broken, and the relative amounts of these two tissue types determine whether the plant will bend or stand under strong pressure (Moysset and Simón, 1991; Paiva and MaChado, 2003; Leroux, 2012). Our results for weight per unit volume in petioles added to O. japonica and O. lancea were similar to the bending modulus and strength, suggesting that the appreciation of the relative contribution of the cell walls to the mechanical properties of petioles in the genus Osmunda was also reflected in our experimental studies. Which petiolar tissues are mechanically important? Köhler and Spatz (2002) showed that the outer strengthening tissues have an elastic modulus and strength approximately four times higher than the core tissues, and Niklas and Paolillo (1997) also demonstrated that the mature epidermis is an important stiffening agent in turgid stems, indicating that the outer tissues are the principal structure supporting cells against tension and bending loads. Shiba and Fukuda (2024) suggested that the cell size and the relative amount of cell walls in the outer tissue of petioles play important roles in determining strength and flexibility. Therefore, we performed anatomical analyses of steromes in the external and internal populations of O. x intermedia. Although the proportion of the sterome in the petiole was not significantly different between the external and internal populations of O. x intermedia, the proportion of the cell wall in the sterome was significantly higher in the internal populations. Furthermore, no significant difference exists in stomatal cell height between the internal and external populations of O. x intermedia, suggesting that the external population possesses a thinner cell wall than the internal population. Therefore, the flexibility of the petioles of the external population was associated with a lower cell wall density in the sterome, which may cause elastic bending that bends the cells further because of the thinner cell walls. Thus, the resistance or avoidance of petioles and stems to external forces has been evaluated based on morphological measurements such as petiole length, cross-sectional area, and leaf blade size. However, our study showed that the combination of morphological, mechanical, and anatomical analyses could detect different petiole and stem characteristics, even between populations that appear to have similar external morphology. Hitherto, research has been conducted on the relationship between the lamina size in the Asteraceae plants A. microcephalus var. ripensis and S. yambaruensis, their river habitat, and the intensity of water-flow stress (Yamada et al., 2011; Sakaguchi et al., 2021); however, incorporating an analysis of supporting organs such as petioles and stems would allow for a detailed discussion of adaptation patterns that cannot be elucidated from lamina size alone.







5 Conclusions and future research


Hybridization and introgression, which can lead to hybridization and genome reticulation, are widely considered to be major evolutionary mechanisms that promote morphological change and adaptation in plants (Soltis and Soltis, 2009), and approximately 25% of plant species are known to hybridize with at least one other species (Mallet, 2005). Therefore, they play an important role in shaping plant biodiversity (Mallet, 2005; De Queiroz, 2007; Taylor and Larson, 2019). This study supported our hypothesis that the adaptive patterns of O. x intermedia differ on both sides of meandering rivers with different water flow stresses. Even more interestingly, our study revealed that the anatomical and mechanical traits of the external and internal populations of O. x intermedia did not necessarily exhibit values intermediate between those of the parents and that the combination of various characteristics contributed to lowering water-flow stress and enabled growth under different stresses. Our results also revealed that the intensity of river flow stress was reflected in the anatomical characteristics of petioles of O. x intermedia, which were not apparent from their external morphology, indicating that new anatomical features have been added to rheophytic plants, which have previously been characterized by morphological traits.


It is also intriguing to understand whether these morphological and anatomical traits of O. x intermedia are achieved through phenotypic plasticity or genetic variation. Cultivation experiments of each population will be effective in distinguishing them, leading to further research. Moreover, O. x intermedia has been reported throughout Japan (Shimura, 1964, 1972), possibly because it repeatedly hybridizes and backcrosses, creating opportunities for growth in diverse environments. In addition, Yatabe et al. (2011) reported that F2 and F3 offspring were formed in O. x intermedia under artificial conditions, suggesting that this species could be used as a model plant for the mechanical analysis of petioles. Further analyses using such populations are necessary to demonstrate the great diversity of O. x intermedia. However, soil erosion along riverbanks and riparian areas can lead to riverside areas instability and collapse (Chu-Agor et al., 2008, 2009; Daly et al., 2015) and increased sediment loads to rivers (Fox et al., 2016). Although plants along the river buffer trap nutrients and sediments from surface runoff and reduce the vulnerability of riverbanks to erosion (Sakio, 1997), it is unlikely that the current intensity of water-flow stress will continue in the future, and the O. x intermedia analyzed in this study may be replaced by populations with different traits to adapt to different water-flow stresses. Therefore, conducting long-term along-the-river surveys for O. x intermedia may help reveal the plant-induced changes in river conditions. Future investigations into the potential impacts of erosion and deposition processes on the riverbanks on both banks, as well as the possible influences of changes in soil properties and water saturation, will demonstrate that the complex bank-to-bank asymmetries common to many meandering rivers are suitable for analyzing quantitative changes in flow stress along the river.
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