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Abstract:



This paper presents a basic model that shows the relationship between the diameter of a stem and its flexural rigidity. The model was developed from experimental measurements of biomechanical traits (i.e., tensile and bending traits like maximum forces, stresses, moduli of elasticity, flexural rigidity, strain) of three freshwater macrophyte species (Elodea canadensis Michx., Potamogeton pectinatus L., and P. crispus L.), reflecting the seasonal changes in plant biomechanics throughout the vegetative season. These were obtained with the use of a bench-top testing machine in 2016 and 2017. The presented calculations are based on the ratio of drag-to-bending forces, in which the flexural rigidity plays a key role. The proposed model has the form EI = adb, and two approaches based on a regression analysis were applied to determine the parameters of the model—a and b. In the first method, the parameters were identified separately for each day of measurement, while in the second method, the coefficient b was calculated for all data from all days as a unified number for individual plants. The results suggest that coefficient b may provide information about the proportion of changes in drag forces depending on plant stiffness. The values of this coefficient were associated with the shape of the stem cross-section. The more circular the cross-section, the closer the value of the parameter was to 1. The parameter values were 1.60 for E. canadensis, 1.98 for P. pectinatus, and 2.46 for P. crispus. Moreover, this value also depended on the density of the cross-section structure. Most of the results showed that with an increase in stem diameter, the ratio between the drag and bending forces decreased, which led to fewer differences between these two forces. The model application may be introduced in many laboratory measurements of flow–biota interactions as well as in aquatic plant management applications. The implementation of these results in control methods for hydrophytes may help in mitigating floods caused by increases to a river channel’s resistance due to the occurrence of plants.
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1. Introduction


Aquatic plants that grow in rivers significantly affect hydrological conditions, e.g., [1,2,3,4,5]. Estimations of hydraulic resistance [4,6,7], stream restoration [8,9,10], investigations of invasive aquatic plant colonization [11,12], and development of theoretical approaches for linking ecological, biomechanical, and hydrodynamic descriptions [1,2,13] play important roles in the development of the ecological management of vegetated channels, both separately and as components of aquatic interfaces. The interaction mechanisms between plants and flow structures may be considered on multiple interconnected scales, such as leaf, stem, individual plant, plant patch, or plant patch mosaic scales [1,14]. These interactions depend on the geometry and mechanical properties of aquatic macrophytes [1]. The comprehensive knowledge of these interplays consists of three groups of plant characteristics [1]: (1) plant morphology characteristics; (2) plant material characteristics; and (3) flow–plant interaction characteristics (Figure 1). Plant morphology characteristics include information about plant geometry (e.g., length, width, cross-sectional area) as well as about plant density (e.g., number of individuals per unit bed area). Plant material characteristics provide details about the mechanical behaviors of hydrophytes, such as flexural rigidity, modulus of elasticity, or mechanical strength. The third set of characteristics quantifies the interaction between plants and water flow and includes characteristics such as the drag coefficient [1]. The connection of these features (Figure 1) may open a new avenue in studies of flow–biota interactions [1], and yet determining this connection is still a challenge for scientists focusing on freshwater ecosystems research.


Figure 1. A schematic of the divisions of plant characteristics.
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The study of the interplay between plants and flow structures is based on several forces, i.e., flow-induced, plant-induced, and plant-reaction forces, which need to be considered because they control the flow regime of a vegetated river [1]. The main loads acting upon a plant stem are the drag force, the buoyancy force, and the gravity force (Figure 2), which cause the plants to bend in the direction of water flow, which increases the tension of a shoot. To extend the scope of research focusing on the hydrodynamics of aquatic ecosystems, Nikora et al. [15], Nikora et al. [16], and Larned et al. [17] suggested the application of similarity numbers concentrating on the ratios of these forces, and some of these numbers have been used to model flow–organism interactions and mass-transfer processes. The flow–plant similarity numbers have been broadly described by Nikora [1], who highlighted the importance of a comprehensive approach in aquatic ecosystems. Although some achievements have been made with the use of plant biomechanics and similarity numbers, e.g., [18,19,20], progress in this area has been slowed by the limited information on the biomechanical properties of aquatic macrophytes [1]. For example, Ghisalberti and Nepf [20] used two similarity numbers, focusing on a combination of the buoyancy force, the elastic force, and the drag force, for simulations of eelgrass meadows in laboratory conditions. On the other hand, Usherwood et al. [19] developed simple expressions for drag based on the plant shoot length or flow speed, which showed that for a fixed length, the drag force changed linearly to the flow speed and for the fixed velocity it changed linearly to the shoot length.


Figure 2. The main forces acting upon a plant stem: the drag force Fd, the buoyancy force Fb, the gravity force Fg, and the resultant force Fr.
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Although it has been almost a decade since the problem was formulated, studies on the links between the forces acting on flow–biota interactions are still in their infancy, and the uses of these links are rare due to difficulties. Even though there have been achievements in particular groups of characteristics, a function that links all components together has not been acquired. Aquatic plant morphology provides information about the geometry and internal structure of plants, e.g., [21], yet the determinations of these characteristics are not completely connected with the characteristics of other groups (connection I or III in Figure 1). Field experiments provide a great opportunity to investigate plant densities or volumetric characteristics to develop a database of these traits. However, this approach is not fully utilized by researchers, which causes problems for the synchronization of flow–biota studies in aquatic ecology. According to the plant material characteristics of freshwater macrophytes, research on these traits is still rare and needs to be extended due to their influences on river processes [1,22,23]. A large amount of research has focused on marine plant species such as seagrasses [24,25,26,27] or seaweeds [28,29,30,31]. However, less attention has been given to freshwater macrophytes [19,22,23,32,33,34,35,36]. Nevertheless, some progress in this area has been made. For example, according to suggestions noted by Schutten et al. [37] and Miler et al. [34] about the changes in biomechanical properties throughout the life cycle of a plant, seasonal variations of these traits have been investigated throughout the growing season [35,36]. Seasonal changes in biomechanical properties have been proven for selected plant species, i.e., E. canadensis [35] and Potamogeton spp. [36]. Furthermore, much of the research has concentrated on drag coefficients and the hydraulic resistance generated by vegetation, e.g., [6,38,39,40]. Nikora et al. [6] examined the effects of aquatic plant biomass, stature, and architecture on hydraulic performance. They noticed that the roughness may be obtained from plant morphology characteristics. Moreover, Sand-Jensen [38] suggested that drag, which is caused by flexible, submerged macrophytes, may increase in direct proportion to water velocity, whereas in the vicinity of rigid vegetation, the flow resistance increases proportionally, at least, to the square root of velocity. Although there have been many attempts to model the interactions between plants and turbulent flow in a laboratory, e.g., [41,42,43,44,45], similar experiments in the field are not common, e.g., [6]. Thus, the transfer of laboratory knowledge to real conditions is a challenge that needs to be addressed.



Even though the flow–organism interplays are well known and understood [40], there are extensive knowledge gaps in the investigations that link the fluid mechanics, biomechanics, and ecology [1,2,13]. The proper connection of these three components of plant characteristics and the affected hydrological processes in vegetated channels is still unknown. One important relationship is the correlation between drag and bending forces [1], which depends mostly on plant morphology characteristics and a key material parameter that alters the drag force and the rate of mass flux and affects the fluid velocity [46,47], i.e., the flexural rigidity. According to Tymiński and Kałuża [3] and Aberle and Järvelä [4], the flexibility of a plant plays a key role in flow resistance calculations, as it defines the amount of bending under the force of flowing water. Hence, by understanding the plant morphology and stiffness components, we may be able to estimate the total drag due to the existence of aquatic plants, which is one of the most important and influential parameters in the construction of dams or other water structures, as well as river management in the ecological or engineering sense in vegetated rivers [48,49,50]. In addition, the improvement in knowledge about plant characteristics may allow for the proposition of new control methods for hydrophytes, as they cause flooding due to the increase in the resistance of rivers [19,51,52], which is also influential from the perspective of hydraulic engineering.



The present study is focused on extending the research of flow–biota interactions at the scale of the plant stem. The main objective is to provide a basic model that shows a correlation between the diameter of a stem and its flexural rigidity using examples from three freshwater macrophyte species while focusing on changes in plant biomechanics throughout the vegetative season [35,36]. An additional goal of this paper is to determine whether or not there is any possibility to obtain a formula that may help properly calculate drag forces based on the information available about the phenological state of an aquatic plant, which could be obtained from the biomechanical properties of the plant.




2. Materials and Methods


2.1. Theoretical Assumptions


The theoretical foundation of our considerations is based on the relation between the drag force due to the existence of a plant in the river channel FD and the bending force of this plant FB. The description of this ratio was proposed by Nikora [1] in the following form:
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(1)




where ρ is the plant density, CD is the drag coefficient, U is the reference velocity, A is the reference plant area, R is the radius of curvature at a point where the bending force is defined, λ is the distance from the bed to the point where the resultant fluid force acts, and EI is the flexural rigidity. Referring to Figure 1, most of these parameters depend on the material characteristics of the plant, which have not yet been investigated in relation to the biomechanical traits of plants. Thus, our calculations focused on the stem diameter, which is easily measured and could be used to determine the phenological development stage of a plant.



The following assumptions were used to set up the model:

	
The flexural rigidity EI, which has a constant modulus of elasticity E [MPa] for solid materials with a circular cross-sectional shape, is expressed as [53]
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(2)




where IC is the second moment of area for the circular cross-section and is defined as [image: ], [mm4], and d is the stem diameter [mm].



	
When the cross-section of the stem plant has a circular shape (the ideal situation), the second moment of area I depends on the plant diameter d to the fourth power, i.e., I ~ d4. This condition is true even in the case when the shape scales with the increase in diameter—that is, when the cross-sections are similar (in the sense of the similarity of the figures). On the other hand, stems of aquatic plants do not have uniform cross-sections or perfect circular shapes (Figure 3). To simplify the biomechanical measurements, the cross-sectional area of the stem is usually compared to a specific shape with a solid structure [35,36]. However, a plant stem is not a solid material. The internal structure of a plant is more complex and it is not uniform for the plant’s entire lifecycle. In addition, a cross-sectional area does not change proportionally with the increase in diameter. Hence, the assumption of diameter to the fourth power as described by Equation (3) that is used for solid materials is not correct for biological systems. Therefore, in our nonideal situation, the second moment of area is approximately I ~ F(d) d4, where F(d) is a function of the shape, which, in turn, is a function of time d(t), as hydrophytes change their dimensions throughout the growing season. In addition, we assume here that the shapes of cross-sections of plants with the same diameters are (roughly) the same.


Figure 3. Examples of cross-sections of aquatic plants: P. pectinatus L. (a), P. crispus L. (b), E. canadensis Michx. (c). (a,b) were modified from Łoboda et al. [36].
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In the ideal situation, flexural modulus E does not depend on the plant diameter. E is the property of the material from which the plant was “built”. However, our situation is not ideal, and when the plant grows, the material from which it was built changes. Thus, again, E ~ H(d, t).








We can combine these three model assumptions and obtain the following formula:
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(3)




where EI is proportional to the functions of diameter and time.



Based on the aforementioned assumptions, we can suggest that the relationship between the modeled flexural rigidity EIm and the stem diameter d has the following form:
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(4)




where a and b represent the coefficients of the model that are calculated using a nonlinear regression. The power function was chosen due to monotonicity of the plant diameter data. However, as presented in Equation (3), the plant biomechanics change throughout the life cycle [35,36]. The coefficient a is a function of flexural modulus that, in turn, is dependent on diameter and time (growing season). Thus, a is responsible for changes in the biomechanical traits and morphology of a plant during growth. Łoboda et al. [35,36] investigated whether there were differences in biomechanical parameters obtained during two periods and if these changes were statistically significant or not. The studies confirmed seasonal fluctuations in tension and bending properties, which impact correct calculations of the flow resistance. On the other hand, the coefficient b defines morphology characteristics that vary between plant species and periods of the growth stage, i.e., it defines how the cross-sectional area and diameter change the flexural rigidity at a certain time in the life cycle of a plant.




2.2. Data


The biomechanical data used in this investigation were collected with a Tinius Olsen Bench Top Testing Machine 5ST (Tinius Olsen, Redhill, UK) using the Horizon software (a detailed description of the method is in Łoboda et al. [23], and the data used in this study are described in Łoboda et al. [35,36]). The plant collection and measurements were carried out in 2016 and 2017 over the course of the entire plant growth season from the Wilga River, Poland (51°51′30″ N, 21°28′20″ E, Figure 4), where the flow speed was approximately 0.5–0.7 m∙s−1 [36]. The Wilga River is a lowland river, and the bed of the river is mostly covered with medium and coarse sand [36,54]. The channel bed at the sampling site, which is in a natural unregulated part of the river, is strongly vegetated by aquatic plants, containing small stones and gravel [36].


Figure 4. Sampling site on the Wilga River indicated by the red point.
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2.3. Regression Calculations


We simplified Equation (3) and determined the parameters a and b in Equation (4) based on the data from biomechanical laboratory measurements for three freshwater macrophyte species: E. canadensis, P. pectinatus, and P. crispus, [35,36]. Two cases were investigated.



In case 1, the coefficients a and b were separately calculated using data from different days. Simply, the function from Equation (4) was minimized by the a and b values in the following function:


[image: ]



(5)







In contrast to case 1, the coefficient b was calculated in case 2 for all data from all days as a unified number for the individual plant, and the coefficient a, in this case, was calculated based on the mean squared error (MSE) value. In other words, Equation (4) was minimized by a1, …, an and b values in the following function based on the whole dataset:
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(6)









3. Results


3.1. Regression Analysis


3.1.1. Case 1


The coefficient a for E. canadensis varied from 2.22 to 10.32 depending on the measurement date (Table 1). The highest value was observed on 16 August 2016, which coincided with the highest biomechanical properties of the plant (e.g., flexural modulus E, Table 1) at this time [35]. On the other hand, the coefficient b for this species was characterized by lower dispersion from 1.14 to 2.31 (Table 1). The parameter b, which is responsible for the plant geometry, had a smaller influence on the final result of flexural rigidity for samples with higher flexural modulus values. Moreover, the differences in flexural rigidity between periods for samples were also more dependent on the variation in the modulus of elasticity (Table 1). For P. pectinatus, the calculations of parameter a showed values from 1.74 on 13 September 2016, when the plant had low flexural rigidity, to 16.32 on 14 June 2017. The high values of coefficient a were in line with the very small values of coefficient b, which varied from 0.07 to 4.32 (Table 1). The third investigated aquatic macrophyte species, P. crispus, was characterized by the largest scatter of calculated parameters (Table 1). The maximum coefficient a was equal to 20.86 and was estimated for the data from 16 August 2016 when the plant reached the highest flexural modulus, whereas the lowest value was 0.01 (Table 1). The parameter b varied from 0.27 to 9.90 (Table 1).


Table 1. Outcomes of the coefficients a and b, the mean stem diameter d and the mean flexural modulus E for E. canadensis, P. pectinatus and P. crispus for two cases throughout the growing season. MSE is the mean squared error. * data from Łoboda et al. [35]; ** data from Łoboda et al. [36].





	

	
E. canadensis

	




	
Date of Collection

	
Mean Stem Diameter *

	
Mean Flexural Modulus *

	
Case 1

	
Case 2

	
MSE Relative Diff.




	
[mm]

	
[MPa]

	
a

	
b

	
MSE

	
a

	
b

	
MSE

	
[%]




	
2016-06-09

	
1.07

	
62.54

	
3.47

	
2.20

	
6.51

	
3.67
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6.58

	
1.08




	
2016-06-24

	
1.10

	
95.32

	
3.36

	
1.93

	
8.19

	
5.59

	
8.23

	
0.49




	
2016-08-16

	
1.18

	
141.20

	
10.32

	
1.14

	
7.64

	
9.47

	
1.60

	
7.97

	
4.32




	
2016-09-13

	
1.37

	
60.07

	
5.49

	
2.03

	
75.86

	
6.36
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76.09

	
0.30




	
2016-10-04

	
1.24

	
32.31

	
2.22

	
2.31

	
2.27

	
2.63

	
2.33

	
2.64




	

	
P. pectinatus

	




	
Date of Collection

	
Mean stem Diameter **

	
Mean Flexural Modulus **

	
Case 1

	
Case 2

	
MSE Relative Diff.




	
[mm]

	
[MPa]

	
a

	
b

	
MSE

	
a

	
b

	
MSE

	
[%]




	
2016-05-14

	
1.30

	
94.51

	
7.93

	
1.10

	
49.70

	
5.41
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55.99

	
12.66




	
2016-06-09

	
0.97

	
86.59

	
2.93

	
2.66

	
6.39

	
3.45

	
6.75

	
5.63




	
2016-06-24

	
1.37

	
90.18

	
11.16

	
0.24

	
62.14

	
5.26

	
81.85

	
31.72




	
2016-08-16

	
1.56

	
94.09

	
7.26

	
2.17

	
212.51

	
8.20

	
213.32

	
0.38




	
2016-09-13

	
1.68

	
36.66

	
1.74

	
3.31

	
49.88

	
4.44

	
54.80

	
9.86




	
2016-10-04

	
1.26

	
55.08

	
4.26

	
0.98

	
30.49

	
2.91

	
1.98

	
32.43

	
6.36




	
2017-06-14

	
1.22

	
168.50

	
16.32

	
0.07

	
26.49

	
10.35
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43.03

	
62.44




	
2017-07-12

	
0.84

	
252.97

	
6.55

	
4.32

	
14.71

	
9.70

	
31.96

	
117.27




	
2017-08-08

	
1.21

	
109.72

	
8.89

	
0.28

	
8.04

	
5.75

	
13.19

	
64.05




	
2017-10-31

	
1.24

	
117.56

	
6.77

	
2.02

	
18.15

	
6.90

	
18.17

	
0.11




	
2017-11-21

	
1.17

	
174.56

	
9.18

	
2.69

	
43.26

	
11.49

	
50.22

	
16.09




	

	
P. crispus

	




	
Date of Collection

	
Mean Stem Diameter **

	
Mean Flexural Modulus **

	
Case 1

	
Case 2

	
MSE Relative Diff.




	
[mm]

	
[MPa]

	
a

	
b

	
MSE

	
a

	
b

	
MSE

	
[%]




	
2016-05-14

	
2.10

	
33.54

	
13.28

	
0.89

	
261.59

	
3.57
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299.24

	
14.37




	
2016-06-09

	
2.43

	
19.78

	
0.12

	
6.29

	
395.53

	
4.16

	
451.57

	
14.18




	
2016-06-24

	
1.87

	
51.59

	
14.99

	
0.84

	
194.40

	
4.53

	
247.34

	
27.28




	
2016-08-16

	
1.97

	
105.21

	
20.86

	
1.65

	
706.28

	
10.82

	
781.83

	
10.69




	
2016-09-13

	
2.23

	
36.38

	
6.23

	
2.45

	
1329.52

	
6.17

	
2.46

	
1329.53

	
0




	
2016-10-04

	
2.21

	
43.17

	
0.01

	
9.90

	
349.31

	
7.06
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1062.55

	
204.18




	
2016-11-04

	
1.84

	
55.22

	
2.17

	
4.10

	
275.05

	
7.09

	
323.51

	
17.64




	
2016-12-06

	
1.70

	
52.71

	
8.64

	
1.35

	
239.71

	
4.57

	
248.21

	
3.55




	
2017-08-08

	
1.90

	
38.50

	
12.93

	
0.29

	
51.47

	
2.56

	
81.82

	
59.14




	
2017-11-10

	
1.65

	
77.41

	
20.40

	
0.27

	
54.41

	
5.72

	
114.66

	
110.85











3.1.2. Case 2


The coefficient b for E. canadensis was 1.60, whereas the coefficient a varied from 2.63 to 9.47, and the directions of the variations between the tested periods were in line with the changes in the flexural modulus (Table 1). The calculations showed that the parameter b for P. pectinatus was 1.98. However, for the second plant from Potamogeton spp., P. crispus, the cross-sectional area has been likened to a different shape than for the other plants (ellipse), and the coefficient b was the highest, equaling 2.46 (Table 1). The parameter a for P. pectinatus varied from 2.91 to 11.49 depending on the plant growth stage, whereas the values for P. crispus ranged from 2.56 to 10.82 (Table 1). Moreover, the MSEs for both cases were the lowest for E. canadensis, and they were similar due to the lower values of the flexural rigidity EI and the smaller data span.




3.1.3. Cases Comparison


The MSE relative difference between case 1 and case 2 shows a decrease in the fitting of the function to the data from individual dates of sample collection in case 2, when the coefficient b was calculated as one value for the entire growing season of the plant. The smallest values of the MSE relative difference were obtained for E. canadensis, where the maximum decrease in the function fitting was 4.32% (Table 1), while the differences in regression fitting between both cases for Potamogeton spp. varied from 0.11% to 117.27% and from 0% to 204.18% for P. pectinatus and P. crispus, respectively (Table 1).





3.2. Data Analysis


According to Nikora [1], some of the variables in Equation (1) are a function of L (the large plant scale, e.g., length) or d (the small plant scale, e.g., diameter). Thus, EI α d, A α dL, R α L, λ α L, and the FD/FB relationship may be presented in the following form:
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(7)




where ρ, CD, and U are independent of the plant diameter d. In our case, EI = a · db, which finally gives
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(8)







If we assume that X is independent of the plant diameter and does not change suddenly and significantly, the coefficient b may provide information about the influence of changes in the diameter and the flexural rigidity on the ratio between the drag force FD and the bending force FB. For the cases when the coefficient b ≥ 1, this ratio decreases and has positive limits equal to 0. On the other hand, in the case when the coefficient b ∈ ⟨0, 1), the ratio increases, and it is proportional to the root function of the plant diameter. For b = 1, a state of equilibrium between these two forces is expected. Specifically, for case 2 (Table 1), the values of coefficient b were equal to 1.60, 1.98, and 2.46 for each sample. Substituting a specific value for this coefficient, we are able to estimate the proportion of changes in drag forces depending on the plant stiffness. More detailed descriptions of the obtained results are presented in the discussion section.





4. Discussion


One of the interdisciplinary problems of aquatic interfaces is the lack of biomechanical models for freshwater macrophytes [13]. Thus, a function (Equation (4)) along with two formulas (Equations (5) and (6)) were presented, which may help properly calculate the drag forces (Equation (1)). These calculations were used to estimate the relationship between the diameter of a stem and its flexural rigidity using examples from three freshwater macrophyte species: E. canadensis, P. pectinatus, and P. crispus.



In our calculations, case 1 focused on describing the investigated relationships in detail, while case 2 presented a general method where one of the coefficients was unified for the plant. Based on Equation (2), we assumed that the proposed model is powerful. Nevertheless, in the case of living material, it is questionable if this relationship is indeed powerful, but the results showed that the approximation (Equation (4)), which was also used in the measurements of Fukushima and Sato [55], seems to be correct. Moreover, the analysis was based on seasonal changes in the growth stage of hydrophytes. Thus, the functions of both the shape and modulus of elasticity, which were F and H, respectively (Equation (3)), depended on the diameter of the plant and time. Because the cross-sections of the plants have not been analyzed in detail, the model investigated the impacts of both factors, i.e., the flexural modulus and the shape of the cross-section, together. Nevertheless, our results provide an opportunity to extend the knowledge of flow–biota interfaces [13] in a general (case 2) or more specific (case 1) way. The simplification of coefficient b in case 2 generalizes the information about the morphology characteristics of individual species while maintaining the seasonal variations in material behavior [35,36]. In the E. canadensis example, both presented cases gave similar functions for each period (Figure 5). Thus, the model application may be carried out on a simplified method with coefficient b equal to 1.60 (Table 1). On the other hand, the differences between the results were higher from the two cases for Potamogeton spp. than from the E. canadensis example, e.g., on 4 October 2016 for P. crispus or 14 June 2017 for P. pectinatus (Figure 5). Thus, the selection of the preferred method for the processing of laboratory measurements may depend on the data and/or the expected use of the obtained results. However, most of the plant growth periods modeled in case 1 and case 2 were in a good agreement.


Figure 5. Model matching for E. canadensis (a), P. pectinatus (b) and P. crispus (c). The red line  [image: Water 10 00540 i001] represents case 1, and the blue line  [image: Water 10 00540 i002] represents case 2.
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The simplified method (case 2) showed three different results for coefficient b for each plant species (Table 1). In contrast to homogeneous material with circular cross-sectional shapes where this parameter is equal to 4, the calculations revealed values of 1.60, 1.98, and 2.46 (Table 1). The differences between species may result from a variety of internal structures (Figure 3). The cross-sections of two stems (E. canadensis and P. pectinatus) resembled circular shapes; however, the coefficient b for E. canadensis was 1.60, and the structure of this species was denser than that of P. pectinatus (Figure 3). Thus, E. canadensis had a lower volume of air channels, which may result in lower turgor pressure, which, in turn, affects the stem stiffness [56]. The impact of the shape on the final outcomes in this species, therefore, was smaller than in P. pectinatus due to higher elasticity [35,36]. The internal structure of P. crispus reveals two overlapping circles that were likened to ellipses (Figure 3), and this plant was characterized by a higher coefficient b. However, as mentioned above, because the cross-sections of the plants were not analyzed in detail, we cannot unambiguously assume the dependence of the shape on the final result of the parameter b. On the other hand, our results may indicate that the higher the plant stiffness, the lower the influence of the flexural modulus, which is in line with the flexural rigidities of the investigated species that were calculated by Łoboda et al. [35,36]. In addition, Fukushima and Sato [55] also examined the relationship between the flexural rigidity and the diameter of living material in cabbage. In contrast to our results, where the coefficient b was lower than 4 (the value for a solid circular material), they acquired a higher value equal to 6.15, which indicated that stiffness had a greater influence on the shape of the sample cross-section than the flexural modulus. The reason for this difference could be that cabbage may have lower elasticity than hydrophytes, and thus, the modulus of elasticity should also be lower. Moreover, cabbage is an example of terrestrial plants, which are characterized by higher stiffnesses than aquatic plants [19,57]. The coefficient b also sheds light on how the proportion of changes in drag forces depends on plant stiffness. Along with the increase in the plant stem diameter, the ratio between FD and FB for the same value of the coefficient b (assuming that b > 1) decreases; thus, the difference between the drag and bending forces is proportionally lower. On the other hand, when the coefficient b < 1, the situation is reversed (see Equation (8)). In the case 2 example (Table 1), the results for each investigated plant species showed that the increase in diameter caused a proportionally lower influence in drag. E. canadensis was characterized by the highest effect of the diameter on the proportion of forces, whereas for P. crispus, the dimensions led to a downtrend in the ratio of forces. Interesting results were obtained for P. crispus in case 1, where the coefficient b was calculated for each period. Biomechanical measurements of this hydrophyte were carried out in 2016 and 2017 [36]. During the first season (2016), most of the modeled coefficients b varied between 1 and 10 with two exceptions, which were less than but close to 1 (Table 1). Thus, the majority of the periods were characterized by a downtrend in the ratio of forces with the plant expansion, whereas the second season (2017) showed that the coefficient b was approximately 0.3 (Table 1), which meant that the ratio between FD and FB increased proportionally to the increase in the plant diameter. Moreover, we cannot assume that the influences that the parameters have on the ratio are hidden in the assumed variable X (Equation (8)). However, a lower value of the ratio may suggest that the plant belongs to the “bending” plants category, and the plants in this category are stiffer and cause higher resistance [1].



The flexural rigidity of a plant, which is one of the most important biomechanical traits that alters the drag force and the rate of mass flux and affects the fluid velocity [46,47] was emphasized in this study. Thus, the model application may improve the estimations of hydraulic resistance due to the occurrence of plants [4,6,7]. Nikora [1] claimed that vegetation with high flexural rigidity is mainly subject to a pressure drag, while plants characterized by low flexural rigidity are exposed to viscous skin friction following the flow. According to Albayrak et al. [46], who investigated flow–plant interactions at a leaf scale, the hydrodynamic effect of flexural rigidity is more variant than the effects of leaf shape, serration, and roughness; however, flexural rigidity may modify the adaptation mechanisms of plants and flow patterns. Moreover, with the increase in leaf stiffness, a double increase in drag [46] was observed. In addition, Albayrak et al. [44] investigated the interaction between biomechanics, drag, and turbulence of stem, leaf, and shoots of a common aquatic plant, i.e., Glyceria fluitans (L.) R. Br. They showed that for the same Reynolds numbers, the stem drag coefficient was two times higher than obtained for the leaves, although the average Vogel number for stems and leaves was the same, i.e., α = −0.50. On the other hand, Zhu et al. [21] carried out a comprehensive review of the differences in leaf morphology of five submerged macrophytes species: Potamogeton maackianus A. Benn., P. pectinatus L., P. lucens L., Ceratophyllum demersum L., and Myriophyllum spicatum L., showing, for example, that P. maackianus is characterized by alternate, oblong, or linear leaves [58,59], while P. lucens has narrowly lanceolate leaves with a cuneate base [60]. This leads to the interesting question, which, however, is beyond the scope of this study: what is the relationship between the flow velocity and the morphology or the biomechanical properties of the leaves of different aquatic plants?



The drag force is an essential factor in adaptation strategies or reconfigurations in response to flowing water by plants [14], which are influenced by flexural rigidity [46]. The adaptations of hydrophytes in relation to higher stiffnesses allow them to survive in slow to moderately flowing waters, while flexible plants may survive in fast-flowing rivers [22]. Thus, mechanical characteristics may also be an important component of invasive plant management [12] that can improve existing methods or even invent new ones. For example, the information about plant stiffness may be used to generate appropriate levels of water movements, frequency, and power that are necessary to destroy plants. As mentioned by Hussner et al. [12], until now there has not been a single method that could be suitable for every situation. In addition, the reduction of river vegetation is a large-scale problem regarding both invasive and indigenous plants. The obtained results may be implemented in control methods for hydrophytes, which, due to increasing in the river channels resistance, cause flooding [19,51,52]. A wider knowledge of aquatic macrophytes may give the opportunity for prediction of the habitat expansion of specific species. On the other hand, the estimation of the biomechanical traits of hydrophytes may be an important component of stream restoration, as it may help in choosing the right vegetation for reduction of stream bank erosion. Thus, more extensive knowledge of the biomechanics of introduced invasive alien aquatic plants as well as indigenous species and their estimations is required.



The model may also be applied to laboratory measurements of hydrodynamic processes in vegetated channels, which were previously conducted with the use of real [7,61,62,63,64] or artificial plants [42,65,66,67,68,69,70,71]. However, the mechanical characteristics of the materials that were used for hydrophyte analogs and imitations are much different from the mechanical characteristics of natural plants, e.g., flexible PVC elements used to imitate E. canadensis have a modulus of elasticity [70] that is several dozen times higher than that of E. canadensis [35]. Such differences in the flexural modulus have meaningful impacts on plant stiffness (see Equation (2)), causing errors in laboratory results [64]. The presented model may improve lab experiments by providing appropriate recalculations of the obtained outcomes. In addition, it would be worth considering calculations of existing simulations, e.g., [42,71], in accordance with seasonal changes in plant properties, as artificial elements do not grow and do not alter their characteristics, imitating only one static stage.




5. Conclusions


The testing of the biomechanical properties of aquatic plants can provide valuable information about adaptations of plants to flow conditions and different environments as well as their influence on hydrodynamic processes in vegetated channels [1,13,22,33,46]. Two possibilities for obtaining the flexural rigidity of aquatic plants have been shown. The mechanical trait influenced the drag forces based on the stem diameter, which confirms our hypothesis about the possibility of acquiring a formula that links plant characteristics and the drag force. As a conclusion, the following points are presented:

	(1)

	
The relationship between flexural rigidity of aquatic plant stem and drag has the following form: EI = adb.




	(2)

	
Our work showed that two approaches may be used for estimating plant stiffness based on plant morphology in a detailed (case 1) or general way (case 2), which is needed to obtain drag forces (Equation (1)).




	(3)

	
With a constant coefficient b, the increase in the diameter of the plant stem may cause monotonous changes in the ratio of the drag and bending forces.




	(4)

	
The model may be applied in many laboratory measurements of flow–biota interactions as well as in widely understood aquatic plant management.
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