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Abstract

:

Floodplain vegetation is characterized by its ability to resist deformation and destruction and to deform elastically and plastically under the influence of external mechanical forces. The force of water that presses on the plant induces stress and deformation in it, but once the force is removed, the elastic properties of the vegetation return it to its original state. It regains its original size, shape, and volume. In this paper, the deflection arrow was analysed based on the field tests conducted, and then the modulus of elasticity of natural shrub vegetation was determined. Measurements were made at different plant heights. Analysis was carried out at different growing periods to estimate the variation of plant elasticity with growth, development, and season. The results confirm the loss of flexibility during winter for all the shrubs analysed. Based on the measurements carried out, the elastic modulus E of the shoots was estimated. The average modulus of elasticity ranged from about 2100 to about 4000 MPa and showed high variability, reaching even µ = 50%, both within a given shrub and depending on the measurement season. The results presented here indicate a high natural variability of mechanical parameters even within the same plant.
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1. Introduction


Rivers and their floodplains provide a resource for many different ecosystems that depend on the availability of water. The channel zone is the habitat of many species of flora and fauna, including plankton, various vertebrates, invertebrates, and macrophytes. Floodplains, on the other hand, can provide both valuable natural habitats, through the formation of ecologically diverse riparian communities [1], and economic or agricultural habitats as a result of, among other things, the abundance of meadows, which can be a source of food for grazing animals [2]. However, vegetation also increases hydraulic roughness and reduces the effective flow area, causing an increase in water surface elevation for the same flow. Balancing the desire to preserve vegetation in valley areas with the need to manage flood risk requires the use of accurate techniques to predict the effects of vegetation on water hydraulics [3].



Sustained and ongoing access to water is particularly important during periods of increased climate change, where emerging periods of drought can be interspersed with localised flooding or waterlogging resulting from intense and/or heavy rains. Floodplain vegetation should function well, both under conditions of high soil moisture and rising groundwater levels and during prolonged droughts. Unrestricted access to water results in intensive growth of vegetation, which is an important natural and economic element, but unfortunately during floods it can influence the hydraulic conditions by, among other things, reducing the cross-sectional area of the river. Therefore, information on the growth rate and variability of floodplain vegetation’s geometry and hydrodynamic properties over time is of great importance for flood protection.



The effect of plants on flow conditions depends largely on hydrodynamic parameters, i.e., the type of plants, their growth stage, geometric and mechanical characteristics. One of the most important mechanical characteristics is the elasticity of plants. This feature causes plants to deform to varying degrees as a result of the flowing water acting on them. Among other things, the size of the modulus of elasticity determines how much force is required for deflection to occur. The knowledge of this parameter, especially in the case of flexible vegetation in the inter-bank area (wicker shrubs, alders, reeds, etc.), is of great importance in predicting the behaviour of the vegetation and determining hydrodynamic resistance.



Concerning the arrangement of the water table and geometric dimensions, biological developments can be divided into low vegetation, whose height is several times lower than the height of the water table, e.g., low grasses; medium vegetation, whose height is approximately equal to the height of the water table, e.g., tall grasses, shrubs; and high vegetation, which is significantly higher than the height of the water table, e.g., tall shrubs, trees. The imperfection of this division is that vegetation classification depends on the water table, which can vary depending on the hydrological conditions in the river. However, it is important because, depending on how submerged the vegetation is, its effect on water flow is estimated differently. Completely submerged vegetation is most often characterised by the absolute roughness coefficient ks [4]. On the other hand, the influence of non-submerged vegetation is mainly related to the roughness resulting from water flowing around plant bodies, which requires the determination of geometrical characteristics and their spatial distribution in the floodplain [4].



Another division of floodplain vegetation can be made taking into account environmental conditions, including water and air conditions in the soil or substrate. Then we distinguish, according to [5], submerged or floating vegetation (hydrophytes), which is characterised by a lack of lignified tissues and high resilience, and emerged vegetation (helophytes), which is characterised by greater rigidity but has the capability of elastic deflection depending on water pressure. The last vegetation type in this category is vegetation consisting of species adapted to high water levels in the ground and periodic flooding, and thus complete saturation of the soil with water.



The biological structure of river valleys can also be divided taking into account the behaviour of plants (deflection) against the hydrodynamic pressure of flowing water [4]. In this case, we distinguish rigid plants, which are characterised by the absence of deformation, e.g., trees; elastic plants, which undergo elastic deformation, e.g., tall grasses, shrubs; and smooth plants, represented by most submerged plants which are characterised by permanent deformation.



Of these three types of vegetation, only rigid and smooth vegetation has been satisfactorily described in terms of their deflection characteristics. On the contrary, resilient vegetation and the flow resistance induced by it have not been fully investigated, mainly due to the influence of varying biomechanical parameters of plants depending on species, growing season, and the hydrodynamic force of water pressure [4].



Aquatic plants are a common component of many environments, including rivers, flood plains, coastal regions and shallow lakes. They ensure the proper functioning of environmental ecosystems, such as producing and storing carbon [6,7], increasing bottom and slope stability [8,9], and providing shelter [10] and food [11] for fish and aquatic invertebrates. Aquatic plants can be adversely affected by flows at high water levels by inducing pressure forces that can damage them [12] or uproot them [13]. Flexible plants can reduce their exposure to resistance by bending in response to water flow, a process known as reconfiguration [14], by which the roughness of the riverbank increases and the drainage capacity of riverbeds is reduced [15,16,17].



The growth rate of riparian trees is crucial for their ability to actively participate in river channel dynamics [18,19]. The researchers analysed a 21 km section of the Tagliamento River in Italy. In the research, archival and actual airborne lidar, colour air photographs, and ground measurements to determine whether colonization of exposed river sediments by riparian trees has an impact on fluvial dynamics and the evolution of fluvial landforms’ channel form and to quantify any impact that is identified. The use of combined measurement techniques in all analyses has allowed for the estimation of a set of morphological and vegetation properties at high spatial resolution over a sizeable reach of a braided gravel bed river where vegetation colonization and growth interact freely with fluvial processes. The researchers confirmed that it is possible to combine historical remote sensing datasets with non-synchronous and diverse terrestrial observations using mainly freely available software to obtain information of sufficient quality to test basic scientific hypotheses, in particular, to analyse how riparian tree growth affects the morphological structure of braided river sections under conditions where other factors such as peak flow rate, slope and grain size remain approximately constant.



Similarly, Džubáková et al. [20] analysed the possibility of applying terrestrial photography to the monitoring of riparian vegetation response to flood disturbances. The research included a field study of the floodplain of the river Maggia, which is an Alpine located in southeastern Switzerland, north of the city of Locarno. Basic vegetation indices (VIs) were analysed. The analysis period included five floods between 2008 and 2011. The results confirmed a negative (destruction) but also positive (enhancement) response of the vegetation within one week after the flood, with the response depending on the vigour of the vegetation before the flood, the geomorphological conditions and the intensity of the flood forcing. The response of floodplain vegetation to the passage of a flood wave can vary significantly depending on the development environment. At the same time, the authors confirmed that the response of vegetation to flood disturbance can be effectively monitored using ground-based photography with near-infrared sensitivity, with potential relevance for long-term assessment in river management and restoration projects. Such monitoring is a valuable, low-cost alternative to continuous, repeated measurement and analysis of changes in river environments.



Riparian vegetation can also be a good indicator to investigate the link between the riparian areas and the bankfull discharge. Apollonio et al. [21] in their analyses used combined topographic observations and vegetation surveys with hydrological-hydraulic analysis in the Rio Torbido River, in central Italy, in order to confirm a possible correlation between the colonization of the riverbank by woody riparian species and the bankfull discharge. The researchers indicated that the vegetation, depending on the hydraulic conditions and the water table level, can be divided into three classes indicating their representatives. This vegetation can also be an indicator of riparian areas.



Velocity distribution is strongly influenced by the presence of vegetation. Such a study was conducted by, among others, [22], who observed that under conditions of dense bank vegetation there is a concentration of flow in the main channel and a significant rise in water level. The study was conducted on a 300 m section of a drainage channel in an agricultural area. The authors confirmed that flow resistance decreases with increasing velocity, suggesting a significant effect of vegetation reconfiguration due to resistance. The studies by [22] may provide additional information for floodplain restoration practitioners because commonly used hydraulic design models do not account for the spatial variability of natural vegetation along the cross-section.



The configuration of the plant depends on the stiffness and density of the material. Natural plants exhibit a wide range of hydrodynamic characteristics, from highly flexible seagrass, which bends easily in weak streams, to reeds, whose greater stiffness limits bending except in very strong streams.



Many flexible aquatic plants deform under the force of water, resulting in a reduction in the resistance of the plant, both by reducing the frontal area and by creating a more streamlined shape. Zhang and Nepf [23] carried out such a study, measuring the resistance and position of individual plants in the laboratory over a range of flow velocities in the channel between 2 and 62 cm·s−1. In the theoretical model, the authors determined plant resistance based on a balance of forces that included buoyancy force, restoring force due to stem stiffness and leaf resistance. The effect of foliage was characterised by the coefficient Cs, which was a function of leaf angle (as a deviation from vertical between 30–110 degrees), leaf spacing, and leaf width. After validation, the model was used to investigate the effect of leaf configuration, following examples of natural vegetation. Modelling and experiments showed that resistance increased as the plant configuration changed (the highest resistance occurs for vertical plants and the lowest for horizontal plants).



Many previous studies concerned the determination of leaf resistance strength and its contribution to total resistance, e.g., measurements by Vogel [24] confirmed that single broad leaves, especially those with long petioles and bilaterally lobed or heart-shaped epiphyses, significantly reduce their resistance under the influence of strong winds (10–20 m·s−1). Similar conclusions were reached by [25,26,27,28], who concluded, based on their analysis, that the foliage significantly affects the resistance value, but may depend on the water speed. Jalonen and Järvelä [26], based on their study, found that leaf-induced resistance can account for up to 80% of the total resistance at low water velocity (0.1 m·s−1) and only up to 40% when the velocity exceeds 0.8 m·s−1. Whittaker et al. [27] observed that the contribution of leaves to the amount of resistance varied depending on the plant species. Black alder (Alnus glutinosa) leaves contribute to 75% of the total resistance, while white willow (Salix alba) leaves contribute 30%.



Measurements of plant stability were carried out, among others, by Henry and Thomas [29], who studied the effect of lateral shading resulting from the proximity of other plants and wind on the growth of stems of the common weevil (Abutilon theophrasti) under laboratory conditions. The authors of the experiment found that the presence of other plants increases the height of the stem and root system, but decreases the diameter of the stem and leaf area. The stability of such plants is comparable to lower plants with smaller root systems that were not affected by wind and lateral shading.



The study of the resistance of water deflecting flexible vegetation under laboratory conditions was also carried out by Li, Xie, and Su, [30]. The experiment included a combination of three flow velocities (V), three vegetation modulus of elasticity (E), and three vegetation shoot thicknesses (b). The results show that the bending of the vegetation helps to move the stem towards the bottom of the channel, which contributes to reducing the total flow resistance.



Recognition of the vegetation structure and determination of its parameters are a necessary condition for the construction of a reliable mathematical flow model. One of the most important mechanical characteristics of floodplain vegetation is elasticity. Knowledge of this parameter, especially in the case of flexible mid-floodplain vegetation, is important to determine the hydrodynamic resistance that plant communities place on flowing water. With this in mind, field studies of the deflection arrow and estimates of the elastic modulus of floodplain vegetation at different periods of their development were analysed using three different wicker shrubs as examples.




2. Materials and Methods


2.1. Description of the Research Object


Field measurements were carried out on 19 randomly selected branches of three shrubs located in the floodplain of the Warta River above Lech Bridge in Poznan (Figure 1) in three periods (vegetation periods 2020 and 2021 and non-vegetation periods 2020, Figure 2, Figure 3 and Figure 4).



Shrub 1 (Figure 2) is located near the outlet of treated wastewater from the Aquanet SA treatment plant in Serbska Street, near Lech Bridge (52°25′48.697″ N; 16°57′55.042″ E; 52.2 m a.s.l., approximately 7.5 m from the edge of the Warta riverbed). The shrub belongs to the species Brittle Willow (Salix fragilis) and is the smallest and also the youngest of all three shrubs. The spread of its crown at the widest point is about 5.0 m, while the height of the highest branches is about 3.9 m above ground level (measured on 14 July 2020).



Shrubs 2 and 3 (Figure 3 and Figure 4) are located approximately 120 m away from shrub 1 following the flow of the Warta River (52°25′52.463″ N; 16°57′56.203″ E, approximately 6.0 m from the Warta bank). The two shrubs are not far from each other and belong to the species Basket Willow (Salix viminalis L.) and White Willow (Salix alba), respectively. Shrub 2 is intermediate in size, and the spread of its crown at its widest point is approximately 5.9 m, while the height of the highest branches reaches approximately 3.7 m. Shrub no. 3 is the most spreading shrub and its crown at its widest point is approximately 9.0 m, while the height of its highest branches reaches approximately 4.7 m.




2.2. Measurement of the Deflection Arrow


To determine the deflection arrow, the methodology of Tymiński et al. [31] was used, taking into account small and large deflections of flexible vegetation branches under the influence of concentrated force or hydrodynamic pressure loads acting on them. This methodology assumes that the shape of the branch is close to a truncated cone (Figure 5a–c).



For the case of a small truncated cone stem/branch deflection assuming a rectangular velocity distribution and a linearly varying stem/branch cross-sectional area, the hydrodynamic pressure distribution shown in Figure 5a was determined [31]:
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where:




	
a, b—dimensions depending on stem/branch area [m],



	
L—original length of stem/branch [m],



	
x—stem/branch throw from the point of attachment [m],



	
λ—dimensionless coefficient of resistance [-],



	
p—external load, hydrodynamic pressure acting on the plant front surface [Pa],



	
R, r—initial and final radius of the stem/branch [m],



	
E—modulus of elasticity [Pa],



	
cw—flow resistance coefficient [-],



	
ρ—water density [kg·m−3],



	
v—water velocity [m·s−1].








After a series of transformations and the integration of Equation (1) and the approximation that the deflection curve can be approximated by a parabola passing through a point with coordinates x = L, y = w, an equation allowing the determination of the deflection arrow can be obtained [31]:


  1 =   w ·  x 1     L 2    ·      L 2    4  w 2    +    x 1 2     L 2      +  L  2 w   ·   sinh   − 1     w ·  x 1     L 2     



(5)




where:




	
w—deflection arrow [m] (Figure 1a),



	
x1—deflection height [m].








For large stem/branch deflections in cylindrical and truncated cone shapes, the basic equations are of the form:
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where: φ(x)—the load-dependent function for a cone-shaped stem/branch loaded with a concentrated force according to the scheme in Figure 5b can be determined from the equation [31]:
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where: P—the value of the concentrated force [N].



For a cone-shaped stem loaded by hydrodynamic pressure, the deflection arrow, according to the scheme in Figure 5c, can be determined from the equation [31]:
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In the case where a = r and b = R:
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In the case of both large deflections under concentrated force loading and hydrodynamic pressure loading, having the function describing the parameter u, it is possible to determine the value of x1 from relation (8) and then the value of y from relation (6). Due to the complex forms of the functions that describe the parameter u, integrals (6) and (8) can be calculated using numerical integration methods [31].



The modulus of elasticity of the branches was determined using the formula for a cantilever beam with a truncated cone section:


  E =   64  3  ·   P ·  l 3    π · w ·  D 3  · d    



(17)




where:




	
P—force induced by the load [N],



	
l—force arm [m],



	
w—size of deflection arrow [m],



	
D, d—larger and smaller diameter of the rod (branch) [m].








The field tests consisted in measuring the deflection of a randomly selected branch as a result of its being loaded with weights of 15, 30 and 50 g successively, and their multiples up to about 500 g, which corresponds approximately to loading the branches with flowing water with velocities in the range 0.09 to 1.8 m·s−1. The loads for individual branches were applied at one of three levels: 50, 100, and 150 cm (Figure 6) above the ground. The level at which the load was applied to the branches depended on the position of a given shoot in the shrub and the position of the beginning of the branch relative to the ground level. For shrub 1, measurements were taken at 50 cm for three branches, 100 cm for two branches and 150 cm for three branches. For shrub 2, measurements were taken for three branches at the 50 cm level, one branch at the 100 cm level and three branches for the 150 cm level, respectively. While for shrub 3, measurements were taken for one branch at the 50 cm level, one branch at the 100 cm level and two branches at the 150 cm level, respectively. All loaded branches were inventoried in detail and the deflection measurement was always performed in the same place. The branches on which the measurements that were made were marked with labels at the place where the load was applied, and subsequent numbers of branches were marked. The measurement of the deflection arrow of individual branches was performed using a rack with a movable scale, allowing measurements within the range of approx. 20 to 160 cm above ground level (Figure 7).



To evaluate the effect of the vegetation period and the ambient temperature on the elasticity of shrub branches, measurements of branch deflection arrows were made in two conditions: under vegetation periods (2020 and 2021) at an average air temperature of about 18 °C, and non-vegetation, winter conditions (2020) at an average air temperature of about 5 °C. The measurement under non-vegetation conditions was conducted in the snowmelt period after a long period (about two weeks) of negative temperatures. The obtained results of deflection arrows for individual loads were used to develop the modulus of elasticity of individual branches using the equations for a cantilever beam with a truncated cone section loaded with a concentrated force (17).




2.3. Measurement of Diameters


Three measurement cycles of branch diameters were performed on individual shrubs. Two series of measurements were carried out during the growing season in 2020 and 2021 and one cycle of measurements during the non-vegetation conditions in 2020. Diameters were measured for each shrub at four levels: 10, 50, 100, and 150 cm above ground level. At each height, for each measurement cycle, between 30 and 70 randomly selected branches were measured (depending on the total number of branches at that height). The measurement was performed using an electronic caliper, with a measurement range of 0–150 mm and measurement accuracy of 0.01 mm. In the case of thick branches and trunks of shrubs (mainly shrub No. 3) with a diameter of more than 150 mm, the measurement was performed with a measuring tape with an accuracy of 1 mm. For all measurement series, for each of the four levels, the average diameter of the branches corresponding to each shrub was calculated.





3. Results


3.1. Branch Diameters


Measurements of branch diameters were carried out at four heights, 10, 50, 100, and 150 cm for each shrub in three periods: twice during the vegetation conditions in 2020 and 2021 and during the non-vegetation conditions in 2020. Summaries of the measurements are presented in Table 1, Table 2 and Table 3 and for shrub No. 3 in Figure 8. Changes in branch diameter between the vegetation periods and non-vegetation conditions are mainly due to changes in tension within the xylem [32]. Diurnal diameter changes [33,34] may result from, among other things, diurnal temperature changes or the influence of diurnal water changes [34]. The seasonal variation in diameter recorded in the measurements (Figure 8) is due to the occurrence of low temperatures [35,36,37] and the reduction of water and nutrient transport by the branches. The shrubs showed high variability in branch diameters µ ranging from about 33% to almost 90%, and standard deviation SD from 1.83 to almost 57.5 mm. Table 4 summarises the percentage change in the mean diameters of shrubs 1 and 3 between the vegetation conditions of 2020 and 2021. A fairly significant increase in diameter can be observed for shrub 3, which is located in the slope of the trough and thus closer to the groundwater table, which has a significant effect on the rate of diameter and branch growth. The average increase in branch diameter between 2020 and 2021 vegetation conditions for shrubs 1 and 3 ranged from 2 to 54%. In the literature, the average annual growth rate of willow branch diameters in later years of development is about 10–15% [38,39]. However, in the case of younger shrubs, this increment can be higher and reach up to 30% [40].




3.2. Deflection Arrows


All lateral branches on which measurements were made were selected so that the minimum distance that the shoot started from the ground level was 0.5 m. Each shoot branch on which the deflection arrow measurements were performed was labelled (Figure 7) for unambiguous identification in subsequent measurement cycles. The branches were loaded successively with weights of 15, 30 and 50 g and multiples thereof at three heights, i.e., 50, 100 and 150 cm above ground level. Table 5 shows the measured deflection values and calculated modulus of elasticity, for example, branch No. 1 for shrub 1. Analogous analyses were conducted for the remaining branches and shrubs. The averaged values of the modulus of elasticity for individual branches for shrub No. 1 are summarised in Table 6. It was found that there was a loss of elasticity of the branches in the winter conditions and a decrease in deflection when the same load was applied concerning the growing conditions, which is related to the natural reaction of the plant in the non-vegetations period. The plant then enters a dormancy state, the foliage is lost and water and food requirements are reduced. The apparent changes in deflection between the measuring conditions correspond to changes in diameter. Lignin concentration also increase during the winter season [41].



Figure 9 shows the deflection arrow values of selected branches loaded at 50 cm above ground level for three shrubs during the vegetation and non-vegetation seasons.



Branch No. 10 and 16 (shrub 2 and shrub 3, respectively), both in the vegetation and non-vegetation seasons, were characterised by the highest stiffness. The maximum deflection, for a load of 430 g, did not exceed 30 cm. However, it should be noted that these were the thickest branches on which measurements were carried out, with diameters of 10.55 and 20.3 mm, respectively, and were characterised by the greatest lignification. This had the effect of increasing the mechanical strength of the branches, as well as the resistance to compression and, in part, frost resistance [42]. In the case of branches 3 and 2 (shrub 1), the deflections were more than 40 cm and already at low loads of 30–65 g. These branches were characterised by a small diameter of 4.94 and 8.68 mm at the thickest point, respectively, and with practically no lignification. These were young, annual shoots.



The branches of shrubs 1 and 2 loaded at a height of 100 cm from the surface were characterised by small diameters ranging from about 2.5 to 5.2 mm at their thinnest point to about 12 mm at their thickest point. They therefore flexed significantly already at weights that did not exceed 100 g (Figure 10). Only the branches of shrub No. 3, even with a load of 500 g, were deflected to a maximum of 25 cm. The results obtained may also be influenced by the shrub species. Shrub 1 is an example of brittle willow (Salix fragilis), shrub 2 is basket willow (Salix viminalis L.) and shrub 3 is white willow (Salix alba).



The branches loaded at a height of 150 cm from the surface (Figure 11) had the smallest diameters ranging from 2.94 at the narrowest point to 11.5 mm at the thickest point; only branch No. 14 at the thickest point was 13.2 mm (average 5.5 mm) during the vegetation and the non-vegetation period. At this height in the plant, there is mainly meristem (growth cone)—which is made up of small cells with a significant rate of division. There is little or no lignification. As a result of these divisions, the shoot grows in length and there is only a small primary increment in thickness. Therefore, significant deflection values were recorded of up to 95 cm, even with a relatively low load of around 100 g (Figure 11). The branches with the highest deflection (Nos. 6, 13, 15) were relatively young shoots with diameters of 8.3, 11.6 and 9.0 mm, respectively. The older branch, for example 17, had up to four times less deflection even at five times the load, despite a diameter of about 8 mm.



The deflection arrow values during the conducted experiments were significantly lower in the non-vegetation period for shrub No. 1, comparing the analogously applied load, and it took a higher load to achieve similar deflection arrow values in the winter compared to the growing season. In the winter season, the values were lower, from several cm to as much as 20 cm. The greatest differences were recorded on the thinnest branches, with an average diameter of less than 4 mm. For branches with an average diameter of 5–6 mm, smaller deflection arrows of about 13–16 mm were observed in the non-vegetation season. For larger diameters, the differences in deflection arrows were even smaller and did not exceed 7.5 mm.



In the case of shrubs 2 and 3, the situation is no longer so clear-cut. The differences in the values of the deflection arrow for individual branches loaded with the same values are already much smaller. They oscillate between 0.5 and 2 cm, and in most cases do not exceed about 6 cm. The exceptions are branches 13 and 15 for shrub No. 2, for which changes above 20 cm were recorded (smaller arrows in the winter season).




3.3. Modulus of Elasticity


Based on the measured values of deflection, the modulus of elasticity for individual branches was determined from Equation (17). Table 5 shows, for example, the modulus of elasticity of branch No. 1 in a shrub loaded at the height of 50 cm from the ground level. The averaged values of the modulus of elasticity for the analysed shrubes are summarised in Table 6, Table 7 and Table 8. Analysing the results obtained for all the branches of shrub 1, it is possible to observe (for most branches) an increase in the average modulus of elasticity in the winter period, even more than twice that in the cases of branches 1 and 4. For the remaining branches, the increase in modulus of elasticity ranged from 30 to about 75%. The exception is branch 8, where a slight decrease in the modulus of elasticity was recorded. Shrub 1, brittle willow (Salix fragilis), showed the greatest variation in the mean value of elastic modulus for almost all of the branches (Table 6).



For shrubs No. 2 and No. 3 belonging to the species of the Basket Willow (Salix viminalis) and the White Willow (Salix alba), respectively, for the majority of branches no clear effect of the study period on the stiffness of their branches is observed. Small decreases in the average modulus of elasticity in the non-vegetation period are recorded, ranging from a few to about 10%. The exceptions here are branches 13 and 15 of shrub No. 2, similar to the case of the deflection arrow. Under non-vegetative conditions, the value of the average modulus of elasticity for these shrubs decreased slightly compared to the vegetative period. Some shoots showed higher stiffness under non-vegetation conditions, but for most this value was lower or without significant changes (Table 7 and Table 8).



The determined elastic modulus Ē for all analysed branches ranged from 660 to 9384 MPa, Ē = 2784 MPa, SD = 2002 MPa.





4. Discussion


To determine the effect of weather conditions on changes in branch stiffness, data were compared from two periods: vegetation and non-vegetation. Under vegetation conditions, the mean values of the modulus of elasticity ranged from approximately 2200 MPa to approximately 2700 MPa. The highest mean modulus of elasticity of 2674 MPa was recorded for the shrub 2 Salix viminalis, the lowest 2233 MPa for the shrub 1 Salix fragilis. Shrub 2 and 3 were also characterised by the highest variation of mean modulus, as the standard deviation of the modulus of elasticity was at the level of 1700 MPa. The results presented from the elastic modulus tests (Table 6, Table 7 and Table 8) indicate a high natural variability of the mechanical parameters even within the same plant. In the non-vegetation period, the highest elastic modulus was recorded for shrub 1, recording a 1.5-fold increase compared to the growing period. Similar results were obtained by Beismann et al., [43], who measured the elastic modulus of branches of four willow species: Salix alba, Salix Rubens, Salix fragilis, and Salix appendiculata under laboratory conditions. The results of their study are also characterised by high variability, reaching a max. of 4000 MPa. The analyses carried out showed that the maximum standard deviation of the modulus of elasticity, in the non-vegetation period, was as high as 3300 MPa for shrub 1.



In a study conducted by Tymiński et al. [31,44] on branches of, among others, purple willow (Salix purpurea) under laboratory conditions, the measured elastic modulus of fresh branches ranged between 4000–4500 MPa, while for dry branches an average modulus value of approximately 7300–8900 MPa was obtained.



Stone, et al. [3] conducted a study of the behaviour of woody vegetation to changing hydraulic flow conditions under natural conditions. Their analyses were used to predict tree bending at water velocities (0.5, 1.0, 1.5, 2.0 and 2.5 m·s−1) likely to occur during floods. The bending simulations revealed considerable variability, taking into account the geometrical parameters of the plants as well as their individual biomechanical characteristics resulting from specific species. An averaged modulus of elasticity of 3323 MPa was obtained for a willow with an average height (from 12 plants) of 5.6 m.



Tan et al. [45] in their study also determined the rigidity modulus using Equation (17), and it ranged from 110 to 16,560 MPa. The purpose of the experiment was to determine the effect of plant rigidity on the wave dissipation and turbulence process. For this purpose, the researchers used four groups of rods with different stiffness that simulated natural vegetation. Tan et.al observed that the change in turbulence intensity in different groups of rods depends on the rigidity, and the higher the rigidity of the rod, the higher the turbulence intensity.



Luhar et al. [46] demonstrated in their laboratory study using seagrass (Zostera marina) that a simple model that balances the effect of hydrodynamic drag with restoring forces (due to vegetation stiffness and buoyancy) can be successfully used to model deflection and drag for both artificial and natural aquatic vegetation. The study confirmed that the analysed fully submerged elastic vegetation has a modulus of elasticity in the range between 400 and 2400 MPa.



Modelling studies using seagrass were also carried out by Nakayama et al. [47], who evaluated the bidirectional effects of plant-flow interaction under laboratory conditions. To capture multiphase phenomena, an approach was used in which submerged vegetation is described by the discrete element method and is combined with a flow dynamics model to resolve stresses from streams and waves.



The influence of hydrological conditions on the bending stiffness of floodplain vegetation represented by trees (poplars) was also addressed by Niez, et al. [48], who investigated over a period of five months whether periodic and controlled deflections affect the mechanical properties of plants growing under windy conditions. The analysis was extended to vegetation development (i.e., change in geometric dimensions) under well-watered conditions and hydrological stress. The results indicate a strong influence of tigmomorphogenesis on growth processes, even underwater deficit conditions. Plants (vertical) did not develop properly due to mechanical stimulation and hydrological stress. In contrast, radial growth was enhanced by the periodic bending of shoots, leading to ovalization of the cross-section. This ovalization, regardless of hydrological conditions, was responsible for an increase of 16% in radial biomass and an increase in tree bending stiffness of up to 212%.



The stiffness of individual submerged vegetation species under laboratory conditions was also studied by Wu and Yang [49]. They obtained a mathematical model that describes the relative stiffness for bending submerged vegetation. In addition, they observed that the relative bending stiffness of submerged vegetation, which was placed in the central part of the channel, decreases with the hydraulic changes of the flow (Reynolds and Froude numbers) and increases with the increase of the cross-sectional aspect ratio. For different water table levels, Wu and Yang [49] obtained stiffness limits from which they determined whether the submerged vegetation could be considered fully elastic or fully rigid.




5. Conclusions


Vegetation dynamics can vary greatly along a river where water flow, gradient and grain size are essentially constant. Bertoldi et al. [18] in their study found morphological changes in almost 60% of the active corridor area which were associated with a reduction in the area covered by vegetation in the most highly vegetated subsections from over 30% to about 23%. The authors also found that faster tree growth not only directly promotes biomass development and an increase in the area covered by vegetation, but when sampling trees 2.5–3.5 m tall, they observed that fast-growing trees have more flexible trunks than slower-growing trees of the same height, which may provide the former with a greater ability to flex during flooding and thus resist uprooting and rapidly regenerate after flood flows. The researchers confirmed that in the sectors where vegetation growth was fastest and the area of vegetation was greatest, the early period of vegetation expansion was accompanied by an increase in the number of vegetation-covered areas, but once the area of vegetation exceeded 10%, these areas began to merge and decrease in number. This contrasts with the upstream and downstream sectors, where tree growth rates are lower, vegetation cover is lower, and the area and number of vegetation-covered areas continued to increase during the early period of vegetation expansion. Subareas containing higher vegetation also showed higher mean vegetation density (Spearman rank correlation = 0.753, p < 0.001). All these correlations illustrate that the studied section provides large contrasts in tree cover, height and density [19]. Tree increments were about 30–40 cm/year.



Smaller plants, mainly individuals of the Salix species, on surfaces exposed to more frequent and damaging stress during floods find it more difficult to recover between floods [20], while more protected sites on floodplains provide better conditions for plants to germinate and grow. The behaviour of vegetation was determined by the timing of wave passage, the age and flexibility (vitality) of vegetation, the morphological shape of the valley and the intensity of flooding. Džubáková et al. [20] found that vegetation in a river environment with a highly variable surface area differed in the direction of predicted changes and their spatial distribution in the range 0.7–35.8%.



Errico et al. [22] indicate that under fully vegetated channel conditions, flow resistance showed a decreasing trend with increasing flows, indicating that the presence of spontaneous vegetation increased channel roughness by a factor of four compared to the scenario without vegetation. For the scenario with a partially vegetated channel, flow resistance was lower because a larger portion of the channel cross-section was cleared by partial cutting. The roughness coefficients were approximately 50% higher than the roughness values of the scenario for the channel without vegetation. The fully cleared scenario had the lowest Manning coefficients for all discharges, with values comparable to those proposed in the literature for regular channels with a natural bed. An important observation during the field study conducted by [22] was the behaviour of the vegetation elements during bending. It was found that the reconfiguration and bending of plants caused by flow action on stems and leaves leads to a significant reduction in flow resistance. Consequently, the bending of flexible plant elements significantly affects the Manning’s n roughness, which decreases with increasing VR (V is the flow velocity, R is the hydraulic radius) and tends to a constant value when the water depth is equal to or greater than five times the height of the bent vegetation. Moreover, the area occupied by plants decreased with increasing flow rate. This can be explained by a partial reconfiguration of the leaves, which began to bend as water velocity and depth increased.



Changes in diameters and deflection values of selected branches of three shrubs (Salix fragilis, Salix viminalis L. and Salix alba) loaded at three heights (50, 100 and 150 cm) in different growth periods (vegetation and post-vegetation) were analysed under field conditions. The elasticity modulus E of the branches was also estimated based on the performed measurements. The mean modulus of elasticity for Salix fragilis (shrub 1) was 2233 and 3313 MPa for the vegetation and non-vegetation seasons, respectively, which corresponds to an increase in stiffness of about 1.5 times in the non-vegetation season relative to branch stiffness in the growing season. For shrub 2, the mean modulus of elasticity practically did not change with the change in period and was 2674 and 2817 MPa for the vegetation and non-vegetation seasons, respectively. For shrub 3, there was a slight 3% decrease in the mean modulus of elasticity from 2413 and 2111 MPa for the vegetation and non-vegetation conditions, respectively. However, it is important to note the high variability in both diameters and elastic moduli within the same shrub. This is evidenced by the coefficients of variation, which is very high in the case of change in mean diameter between measurement periods, which is, of course, understandable due to the growth of shrubs, but also by quite high coefficients of variation in elastic modulus, reaching up to almost 50% within a given measurement series.



The research presented herein is in line with and an extension of laboratory studies conducted by other researchers. The results obtained in this paper correspond to previously cited results. However, different from the cited works based primarily on laboratory measurements, the present results are based on studies conducted in situ on natural shrubby vegetation. The study was conducted in three different vegetation periods, which made it possible to estimate changes in plant flexibility and diameter changes in relation to plant growth.
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Figure 1. Illustrative map with locations of individual shrubs. 
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Figure 2. View of shrub 1 during the vegetation conditions ((left photo)—14 July 2020) and the non-vegetation conditions ((right photo)—13 December 2020). 






Figure 2. View of shrub 1 during the vegetation conditions ((left photo)—14 July 2020) and the non-vegetation conditions ((right photo)—13 December 2020).



[image: Water 14 01274 g002]







[image: Water 14 01274 g003 550] 





Figure 3. View of shrub 2 during the vegetation conditions ((left photo)—14 July 2020) and the non-vegetation conditions ((right photo)—13 December 2020). 






Figure 3. View of shrub 2 during the vegetation conditions ((left photo)—14 July 2020) and the non-vegetation conditions ((right photo)—13 December 2020).



[image: Water 14 01274 g003]







[image: Water 14 01274 g004 550] 





Figure 4. View of shrub 3 during the vegetation conditions ((left photo)—14 July 2020) and the non-vegetation conditions ((right photo)—13 December 2020). 
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Figure 5. Calculation scheme of (a) small stem/branch truncated cone deflection loaded by hydrodynamic pressure (b) large stem/branch truncated cone or cylinder deflection loaded by concentrated force (c) large stem/branch truncated cone deflection loaded by hydrodynamic pressure (author’s figure based on [31], explanations in text). 
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Figure 6. Diagram of the shrub with deflection measurement levels indicated. 
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Figure 7. Branch on shrub No. 3 during measurement of deflection arrow. 
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Figure 8. Histograms of No. 3 bush diameters. Measurements were taken at heights of (a) 10 cm, (b) 50 cm, (c) 100 cm, and (d) 150 cm above the ground. 
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Figure 9. Figures of deflection arrows of selected branches of shrubs 1, 2, and 3, loaded at 50 cm above ground level (where Gx—branch number; Kx—shrub number). 
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Figure 10. Figures of deflection arrows of selected branches of shrubs 1, 2, and 3, loaded at 100 cm above ground level (where Gx—branch number; Kx—shrub number). 
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Figure 11. Figures of deflection arrows of selected branches of shrubs 1, 2, and 3, loaded at 150 cm above ground level (where Gx—branch number; Kx—shrub number). 
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Table 1. Summary of the results of the series of measurements of the branches diameters of shrub No. 1.
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Height above Ground Level (cm)

	
Season

	
Average Diameter (mm)

	
Standard Deviation σ (mm)

	
Coefficient of Variation µ (%)






	
10

	
under vegetation conditions 2020

	
14.69

	
10.90

	
74.2




	
under non-vegetation2020

	
14.06

	
10.05

	
71.5




	
under vegetation conditions 2021

	
15.89

	
11.01

	
69.3




	
50

	
under vegetation conditions 2020

	
8.20

	
5.41

	
66.0




	
under non-vegetation2020

	
9.35

	
4.96

	
53.0




	
under vegetation conditions 2021

	
8.56

	
3.48

	
40.6




	
100

	
under vegetation conditions 2020

	
7.51

	
4.09

	
54.4




	
under non-vegetation 2020

	
6.79

	
4.44

	
65.3




	
under vegetation conditions 2021

	
7.45

	
2.63

	
35.3




	
150

	
under vegetation conditions 2020

	
5.50

	
3.43

	
62.4




	
under non-vegetation 2020

	
5.10

	
2.85

	
55.9




	
under vegetation conditions 2021

	
5.64

	
1.83

	
32.5
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Table 2. Summary of the results of the series of measurements of the branch diameters of shrub No. 2.
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Height above Ground Level (cm)

	
Season

	
Average Diameter (mm)

	
Standard Deviation σ (mm)

	
Coefficient of Variation µ (%)






	
10

	
under vegetation conditions 2020

	
27.61

	
15.87

	
57.47




	
under non-vegetation 2020

	
20.42

	
15.75

	
77.11




	
50

	
under vegetation conditions 2020

	
13.85

	
5.75

	
41.5




	
under non-vegetation 2020

	
12.50

	
5.95

	
47.6




	
100

	
under vegetation conditions 2020

	
8.91

	
3.74

	
41.9




	
under non-vegetation 2020

	
10.24

	
5.83

	
56.9




	
150

	
under vegetation conditions 2020

	
7.55

	
4.42

	
58.5




	
under non-vegetation 2020

	
7.54

	
4.19

	
55.5
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Table 3. Summary of the results of the series of measurements of the branches diameters of shrub No. 3.
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Height above Ground Level (cm)

	
Season

	
Average Diameter (mm)

	
Standard Deviation σ (mm)

	
Coefficient of Variation µ (%)






	
10

	
under vegetation conditions 2020

	
73.58

	
52.51

	
71.4




	
under non-vegetation 2020

	
64.29

	
57.45

	
89.4




	
under vegetation conditions 2021

	
82.864

	
45.18

	
54.5




	
50

	
under vegetation conditions 2020

	
40.30

	
22.65

	
56.2




	
under non-vegetation 20202020

	
37.78

	
31.67

	
83.8




	
under vegetation conditions 2021

	
48.36

	
30.38

	
62.8




	
100

	
under vegetation conditions 2020

	
17.31

	
10.74

	
62.1




	
under non-vegetation 2020

	
22.78

	
16.42

	
72.1




	
under vegetation conditions 2021

	
26.34

	
22.03

	
83.6




	
150

	
under vegetation conditions 2020

	
9.64

	
6.07

	
63.0




	
under non-vegetation 2020

	
12.85

	
11.50

	
89.5




	
under vegetation conditions 2021

	
14.80

	
11.41

	
77.1
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Table 4. Summary of changes in mean diameters of shrubs 1 and 3 between the 2020 and 2021 vegetation seasons.
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Height above Ground Level (cm)

	
Average Diameter Increment (%)




	
Shrub nr 1

	
Shrub nr 3






	
10

	
8

	
13




	
50

	
4

	
20




	
100

	
−1

	
52




	
150

	
2

	
54
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Table 5. Summary of deflection arrow measurements and calculated modulus of elasticity for branch No. 1 of shrub No. 1, for measurements at 50 cm height.
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Branch No. 1 h = 50 cm




	
Under Vegetation Conditions 2020

	
Under Non-Vegetation 2020/2021






	
dp * [mm]

	
5.84

	

	

	
dp [mm]

	
5.04

	

	




	
dk [mm]

	
12.5

	

	

	
dk [mm]

	
13.02

	

	




	
L [cm]

	
120

	

	

	
L [cm]

	
120

	

	




	
Zo [cm]

	
12

	

	

	
Zo [cm]

	
9

	

	




	
G [g]

	
Z [cm]

	
Z′ [cm]

	
E [MPa]

	
G [g]

	
Z [cm]

	
Z′ [cm]

	
E [MPa]




	
15

	
16

	
4

	
3857.81

	
15

	
10

	
1

	
15,822.69




	
30

	
19.5

	
7.5

	
4115.00

	
30

	
11

	
2

	
15,822.69




	
50

	
24.5

	
12.5

	
4115.00

	
50

	
14

	
5

	
10,548.46




	
65

	
27

	
15

	
4457.92

	
65

	
17.5

	
8.5

	
8066.47




	
80

	
30

	
18

	
4572.22

	
80

	
20

	
11

	
7671.61




	

	

	
Ē

	
4223.59

	
95

	
23

	
14

	
7157.88




	

	

	
σ

	
288.89

	
110

	
26

	
17

	
6825.47




	

	

	
µ

	
6.84

	
140

	
31.5

	
22.5

	
6563.49




	

	

	

	

	
170

	
39

	
30

	
5977.46




	

	

	

	

	

	

	
Ē

	
9384




	

	

	

	

	

	

	
σ

	
3873




	

	

	

	

	

	

	
µ

	
41.27








* where G—total weight of the weights; L—length of the branch; dk—thicker (final) diameter of the branch; dp—thinner (initial) diameter of the branch; Zo—position of the unloaded branch as read from the scale; Z—position of the loaded branch as read from the scale (Figure 7); Z′—the value of the deflection arrow Z′ = Z − Zo; E—elasticity modulus determined from relation (17).
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Table 6. Summary of the calculated modulus of elasticity for individual branches of shrub No. 1 under the vegetation and non-vegetation period.






Table 6. Summary of the calculated modulus of elasticity for individual branches of shrub No. 1 under the vegetation and non-vegetation period.





	

	
Under Vegetation Conditions

	
Non-Vegetation Conditions




	
Branch Number

(-)

	
Ē

(MPa)

	
Standard Deviation σ (MPa)

	
Coefficient of Variation µ (%)

	
Min Ē

(MPa)

	
Max E

(MPa)

	
Ē

(MPa)

	
Standard Deviation σ (MPa)

	
Coefficient of Variation µ (%)

	
Min E

(MPa)

	
Max E

(MPa)






	
1

	
4224

	
289

	
6.84

	
3858

	
4572

	
9384

	
3873

	
41.27

	
5977

	
15,823




	
2

	
2968

	
653

	
22.0

	
2456

	
3703

	
4886

	
789

	
16.1

	
3837

	
5627




	
3

	
1605

	
77

	
4.8

	
1551

	
1659

	
2207

	
138

	
6.3

	
2045

	
2374




	
4

	
4142

	
574

	
13.9

	
3572

	
4719

	
8486

	
1084

	
12.8

	
7292

	
10,354




	
5

	
1673

	
100

	
6.0

	
1486

	
1776

	
2389

	
985

	
41.3

	
1796

	
4755




	
6

	
1181

	
214

	
18.1

	
870

	
1334

	
1632

	
173

	
10.6

	
1420

	
1893




	
7

	
660

	
117

	
17.8

	
509

	
805

	
1166

	
125

	
10.7

	
869

	
1288




	
8

	
1413

	
159

	
11.2

	
1230

	
1515

	
1254

	
182.3

	
14.5

	
1086

	
1448
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Table 7. Summary of calculated modulus of elasticity for individual branches of shrub No. 2 under vegetation and non-vegetation conditions.






Table 7. Summary of calculated modulus of elasticity for individual branches of shrub No. 2 under vegetation and non-vegetation conditions.





	

	
Under Vegetation Conditions

	
Non-Vegetation Conditions




	
Branch Number

(-)

	
Ē

(MPa)

	
Standard Deviation σ (MPa)

	
Coefficient of Variation. µ (%)

	
Min

E

(MPa)

	
Max

E

(MPa)

	
Ē

(MPa)

	
Standard Deviation σ (MPa)

	
Coefficient of Variation µ (%)

	
Min

E

(MPa)

	
Max

E

(MPa)






	
9

	
4493

	
632

	
14.07

	
3773

	
5660

	
4309

	
230

	
5.35

	
3995

	
4717




	
10

	
2338

	
270

	
11.6

	
1875

	
2777

	
1912

	
222

	
11.6

	
1641

	
2462




	
11

	
1091

	
184

	
16.9

	
844

	
1496

	
1072

	
147

	
13.7

	
626

	
1252




	
12

	
2856

	
251

	
8.8

	
2515

	
3146

	
2550

	
271

	
10.6

	
2323

	
2987




	
13

	
1399

	
186

	
13.3

	
1219

	
1697

	
1846

	
657

	
35.6

	
1237

	
2929




	
14

	
5426

	
2552

	
47.0

	
3650

	
12,077

	
5793

	
2341

	
40.4

	
3413

	
10,010




	
15

	
1117

	
85

	
7.6

	
1005

	
1231

	
2238

	
754

	
33.7

	
1316

	
3373
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Table 8. Summary of calculated modulus of elasticity for individual branches of shrub No. 3 under vegetation and non-vegetation conditions.






Table 8. Summary of calculated modulus of elasticity for individual branches of shrub No. 3 under vegetation and non-vegetation conditions.





	

	
Under Vegetation Conditions

	
Non-Vegetation Conditions




	
Branch Number

(-)

	
Ē

(MPa)

	
Standard Deviation σ (MPa)

	
Coefficient of Variation. µ (%)

	
Min

E

(MPa)

	
Max E

(MPa)

	
Ē

(MPa)

	
Standard Deviation σ (MPa)

	
Coefficient of Variation µ (%)

	
Min

E

(MPa)

	
Max E

(MPa)






	
16

	
2604

	
398

	
15.29

	
2104

	
3310

	
2558

	
721.2

	
28.20

	
2052

	
4477




	
17

	
878

	
878

	
12.1

	
676

	
1014

	
825

	
322.0

	
39.0

	
569

	
1627




	
18

	
1339

	
1339

	
7.8

	
1187

	
1582

	
1636

	
399.4

	
24.4

	
1231

	
2535




	
19

	
4830

	
4830

	
39.3

	
3215

	
10,214

	
3424

	
683.7

	
20.0

	
2368

	
4314
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