[image: image1]The Unique Ability of Fine Roots to Reduce Vegetated Coastal Dune Erosion During Wave Collision

		ORIGINAL RESEARCH
published: 12 July 2022
doi: 10.3389/fbuil.2022.904837


[image: image2]
The Unique Ability of Fine Roots to Reduce Vegetated Coastal Dune Erosion During Wave Collision
Jens Figlus1*, Jacob M. Sigren2, Rusty A. Feagin3 and Anna R. Armitage2
1Department of Ocean Engineering, Texas A&M University, Galveston, TX, United States
2Department of Marine Biology, Texas A&M University at Galveston, Galveston, TX, United States
3Department of Ecology and Conservation Biology, Texas A&M University, College Station, TX, United States
Edited by:
Rodolfo Silva, National Autonomous University of Mexico, Mexico
Reviewed by:
Itxaso Odériz, Environmental Hydraulics Institute (IHCantabria), Spain
M. Luisa Martinez, Instituto de Ecología (INECOL), Mexico
* Correspondence: Jens Figlus, figlusj@tamu.edu
Specialty section: This article was submitted to Coastal and Offshore Engineering, a section of the journal Frontiers in Built Environment
Received: 25 March 2022
Accepted: 22 June 2022
Published: 12 July 2022
Citation: Figlus J, Sigren JM, Feagin RA and Armitage AR (2022) The Unique Ability of Fine Roots to Reduce Vegetated Coastal Dune Erosion During Wave Collision. Front. Built Environ. 8:904837. doi: 10.3389/fbuil.2022.904837

Vegetated coastal sand dunes can be vital components of flood risk reduction schemes due to their ability to act as an erosive buffer during storm surge and wave attack. However, the effects of plant morphotypes on the wave-induced erosion process are hard to quantify, in part due to the complexity of the coupled hydrodynamic, morphodynamic, and biological processes involved. In this study the effects of four vegetation types on the dune erosion process under wave action was investigated in a wave flume experiment. Sand dune profiles containing real plant arrangements at different growth stages were exposed to irregular waves at water levels producing a collision regime to simulate storm impact. Stepwise multivariate statistical analysis was carried out to determine the relationship of above- and below-ground plant variables to the physical response. Plant variables included, among others, fine root biomass, coarse root biomass, above-ground surface area, stem rotational stiffness, and mycorrhizal colonization. Morphologic variables, among others, included eroded sediment volume, cross-shore area centroid shift, and scarp retreat rate. Results showed that vegetation was able to reduce erosion during a collision regime by up to 37%. Although this reduction was found to be related to both above- and belowground plant structures and their effect on hydrodynamic processes, it was primarily accounted for by the presence of fine root biomass. Fine roots increased the shear strength of the sediment and thus lowered erosional volumes and scarp retreat rates. For each additional 100 mg/L of fine roots (dry) added to the sediment, the erosional volume was reduced by 6.6% and the scarp retreat rate was slowed by 4.6%. Coarse roots and plant-mediated mycorrhizal colonization did not significantly alter these outcomes, nor did the apparent enhancement of wave reflection caused by the fine roots. In summary, fine roots provided a unique ability to bind sediment leading to reduced dune erosion.
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INTRODUCTION
Coastal sand dunes form a protective buffer for many coastal communities around the world, protecting infrastructure and homes from damaging storm surges and waves. The economic storm protection benefits of dunes are substantial (e.g., Sigren et al., 2016; Sigren, 2017), warranting investment in restoring and maintaining these coastal ecosystems. This is in line with most published work on wave erosion of vegetated dunes suggesting reduced erosion due to the presence of plants (e.g., Silva et al., 2016; Feagin et al., 2019; Maximiliano-Cordova et al., 2019 and 2021). However, questions remain on whether dune vegetation is meaningful to dune storm protection beyond promoting long term accretional processes (i.e., building up dune size over time) (Feagin et al., 2015) since the potential for enhanced scouring due to accelerated flow around plant stems or uprooting of entire plants exists. Small-scale flume studies have indicated the potential for dune vegetation to reduce wave-induced erosion (e.g., Sigren et al., 2014; Silva et al., 2016), lending support to the idea that dune vegetation could play an active role in erosion resistance during storm surges. However, only few studies have addressed the specific biophysical mechanisms and interactions between vegetation, sediment, and water that drive this erosion resistance and storm protection. Mendoza et al. (2017) for example, studied implications of the dune plant Ipomoea pes-caprae at various densities and under various hydrodynamic forcing conditions on dune morphology evolution in a sediment wave flume, showing that the vegetation slowed the erosion process by adding small, localized perturbations to the flow. Both above- and belowground vegetation aspects likely play a role, enhancing complexity of the problem. The objective of this paper is to analyze and assess the specific interactions between vegetation, sediment, and hydrodynamics in a controlled flume setting to form statistical models for the role of vegetation in dune erosion resistance. Quantifiable information on effects of vegetation parameters on physical processes associated with dune erosion could help optimize the practice of dune restoration and the management of vegetated dune systems.
The above- and belowground components of vegetation affect hydrodynamics and sediment properties in multiple transitional and coastal ecosystems (e.g., marshes, mangroves, seagrass and kelp beds, riparian banks), reducing erosion in the process (Thampanya et al., 2006; Gedan et al., 2011; Coops et al., 1996). Though coastal dunes in some ways differ from these other ecosystems (e.g., different shore geometries/morphology, sediment characteristics, swash and surf zone/wave breaking dynamics), the interactions observed in other ecosystems can provide context for the kinds of interactions that may occur between dune vegetation and sediment/water during direct wave impact. Aboveground interactions are hydrodynamic in nature, occurring between moving water and plant stems and leaves. In marshes, aboveground plant structures reduce tidal flow and turbulent velocities (Leonard and Luther, 1995). Such reductions in velocities lower the overall amount of energy in the water column that is available to entrain and move sediments, tending to promote the settling of sediments and reduce erosion. Other energy dissipation by plant structures has been observed in coastal ecosystems in the form of wave energy dissipation (e.g., Ysebaert et al., 2011; Yang et al., 2012). The amount of energy dissipation that occurs depends on the type of vegetation and the rigidity and surface area/density of the aboveground plant structures (Augustin et al., 2009; Bouma et al., 2010). Similar hydrodynamic interactions may occur between aboveground dune plant structures, water flow, and waves during elevated water levels where wave breaking and runup affect the dune face.
Belowground, plant roots and their associated microbial communities bind sediments and strengthen sediment structure. Soil binding and aggregation influences the general erodability of sediment and can take place over decades in dune sediment (Forster and Nicholson, 1981). The process involves bacterial and fungal decomposition, secretion of adhesive compounds, and entanglement of sediment particles by root hairs and fungal hyphae (Miller & Jastrow, 1990). The ratio of surface area and mass is reduced in water-stable conglomerates, conceivably causing behavior under hydrodynamic stresses comparable with larger particles. The described soil binding would therefore increase the dune sediment’s “effective grain size” and resistance to movement via water-borne forces. Potentially, higher amounts of mycorrhizal activity and roots present in a soil could increase this binding of sediment and erosion resistance.
De Baets et al. (2008) and Fan & Su (2008) point out the increased shear strength for sediments interspersed with roots from vegetation. In dunes, certain surge and wave collision scenarios (Sallenger, 2000) cause a dune scarp (cliff) to form as waves erode the base of the dune (Roelvink et al., 2009). Gravity acts on the overhanging sand of the dune scarp, inducing cantilever action and shear stress across the dune sediment and potentially causes slumping. Genet et al. (2007) pointed out that the tensile strength of roots can help delay the slumping process through the provided increased resistance to shear stress. It is hypothesized that, to a certain extent, as root density increases, so does the resistance of vegetated dunes to erosion.
These above- and belowground processes provide a conceptual framework for how dune vegetation could influence erosion but depend on observations made about plants in other ecosystems. To fill this knowledge gap concerning coastal dunes, the overall objective of the research in this paper was to determine the importance of dune vegetation in erosion resistance and to explore which aspects of vegetation (e.g., surface area and rigidity of plant stems, root biomass, mycorrhizal activity) are linked to various physical processes in the coastal zone (e.g., turbulence, swash velocity, wave reflection, shear stress reinforcement, sediment binding, erosion, dune scarp retreat). Controlled flume experiments were conducted varying both above- and belowground vegetation parameters to accomplish the objective. Four specific dune plant morphotypes at different growth stages were embedded into the dune face of a model sand dune and subjected to elevated water levels and irregular waves to simulate the dune collision impact regime. This approach allowed the physical interactions between waves, the dune substrate, and vegetation to be statistically modeled (multivariate regression). Understanding these biophysical linkages could inform dune restoration and management practices and allow for the optimization of protective aspects of vegetation for the use in Engineering with Nature™ projects. Furthermore, optimized vegetation strategies may be a valuable tool to combat climate change threats to coastal areas, such as increased erosion resulting from future elevated water levels and more intense or frequent storms.
METHODOLOGY
The overarching approach taken for this experiment was to generate variation in plant characteristics that may be relevant to dune swash hydrodynamics, sediment properties, and erosion and to test those variable plant characteristics in a simulated storm surge and wave attack while measuring physical response variables. This variation in plant characteristics was generated by testing four different species of dune plants at three different growth intervals (time allotted for the plants to grow in a greenhouse). Five plant metrics were measured through these tests: above-ground plant surface area, plant stem rotational stiffness/rigidity, fine root biomass, coarse root biomass, and mycorrhizal colonization. Six physical response metrics were also measured: near-bed swash flow velocity, turbulent kinetic energy (TKE), wave reflection (proxy for wave energy dissipation), sediment shear strength, sediment aggregation/effective grain size, and morphodynamic evolution of the vegetated dune profile. The influence of plant metrics on physical response variables was statistically evaluated using multivariate regression analysis. Several confounding variables were also analyzed and are thoroughly detailed in the Appendix.
Plant Growth and Setup
Four different species of plants, each a unique morphotype (tall grasses, shrubs, vines, and short grasses–each representative of plants that live throughout the US Gulf Coast), were tested in different flume trials (Figure 1). Panicum amarum (P. amarum) represented the morphotype of tall dune grasses (Figure 1A). This plant features relatively rigid stems and can grow in excess of 1 m in vertical extent. However, most of the plant did not interact with waves because it was taller than the maximum water depth of the swash zone of the wave flume. This species also has a dense, adventitious root system featuring large rhizomes (>1 cm in diameter). Dune forbs/shrubs were represented by Rayjacksonia phyllocephala (R. phyllocephala). For flume testing seedlings between 5 and 10 cm in height were transplanted, but it is common for this plant to grow up to 50 cm in height in nature. This species has a woody stem and tap root with few fine roots (Figure 1B). The species Sesuvium portulacastrum (S. portulacastrum) represents the morphotype of spreading dune vines in this experiment (Figure 1C). This species forms a dense matrix of structures close to the ground (typically not higher than 5 cm) but is flexible compared to the other species. S. portulacastrum grows primary roots from nodes on stolons. Moderately dense networks of fine roots radiate from these larger primary roots. The last represented morphotype was Sporobolus virginicus (S. virginicus). This dune plant is characterized as a short grass with relatively low stem rigidity and a dense network of adventitious fine roots (Figure 1D). Its typical growth height ranges from 5 to 15 cm.
[image: Figure 1]FIGURE 1 | Photos (top panels) and schematics (bottom panels) of plants used in sediment wave flume experiment. Four species/morphotypes of plants were used for this experiment: A tall grass (A: P. amarum), a small forb (B: R. phyllocephala), a spreading vine (C: S. portulacastrum), and a short grass (D: S. virginicus). Photos depict initial dune profile conditions for vegetated trials using 3-week-old transplants. Schematics highlight differences in above- and below-ground structure of the four different plant morphotypes.
In addition to the variations in plant morphotype, transplant age at the time of flume testing was varied as a measure of the length of time a plant has had to grow and develop. The procedure to grow and transplant the vegetation into the sand dune of the wave flume is described next. Cylindrical plastic pots, 16 cm in both diameter and height, were filled with the same sediment that was used to form the dune in the wave flume. Over the spring and summer months, cuttings from each plant species were watered and fertilized in an identical fashion in a nearby greenhouse to allow for the development of above- and belowground plant features. After set growth periods of 3, 6, and 9 weeks the entire content of the respective pots was transplanted into the dune for testing. This was accomplished by removing an identical cylindrical volume of sediment from an initial bare dune in the flume and replacing it with the content of a pot. The sediment surface was then smoothed by hand to provide a seamless dune surface. Once transplanted, the contents from the pots (15 per trial) formed a staggered grid of five rows and three columns (see Figure 1). A total of 15 wave flume trials were conducted, three controls trials without plants and 12 trials with plants (4 species × 3 growth intervals).
Sediment Wave Flume Setup
All tests were conducted in a 15 m long × 1.3 m deep × 0.6 m wide wave flume (Figure 2). Sediment within the flume consisted of sand from a Texas sand pit with a median grain diameter of 152 microns. The sediment’s grain size distribution resembles that of native material along upper Texas coast beaches (see Sections 2.4, 2.5 for more details) and was determined using sieve analysis. The seaward facing dune slope was 1/2 ([image: image]) and the beach slope was 1/25 ([image: image]). A plywood ramp of 2.45 m cross-shore length connected the sand profile to the base elevation of the flume. The initial dune was trapezoidal with a 120 cm base width, a 30 cm crest width, and a height of 20 cm. The initial dune and beach morphology were maintained constant for all trials using cross-shore acrylic templates positioned along the inside walls of the wave flume. This template allowed initial sediment elevations to be consistent at the start of each trial, though some slight variation between initial dune morphologies did occur. The initial dune morphology was parameterized so it could be modeled as a confounding variable in multivariate statistical analysis. Nine capacitance wave gauges (WG) measured the free surface elevation of water within the flume and were positioned at select cross-shore locations throughout the flume (Figure 2 and Table 1). WG1 was used as the cross-shore coordinate origin and was located 1.9 m from the wave paddle in a water depth of h = 103 cm. The wave gauge data were used to calculate wave statistics (wave height, wave period, spectral energy density) and are described in more detail in subsequent sections. Additionally, a side-looking Nortek Vectrino Plus (a type of acoustic Doppler velocimeter or ADV) was placed near the dune base within the swash zone. This instrument recorded water velocities at 200 Hz and these data were used to calculate TKE and average swash velocity (additional details also in subsequent sections). Each trial consisted of 12 irregular wave runs, each wave run lasting 210 s to accommodate enough individual waves to complete the statistical analysis but at the same time provide the opportunity for frequent profile scans in between wave runs. Three control trials (C1, C2, C3) with the same initial bare dune and 12 vegetated trials (four species at three respective maturity levels) were conducted. No replicate tests of the vegetated trials were performed. This was a deliberate decision primarily due to logistical constraints related to available greenhouse space and time. The decision was made to focus on various plant morphotypes and transplant age rather than replicates under the given constraints. Before each trial, still water level elevation was maintained for about 1 h to allow for comparable sediment moisture conditions to establish throughout the dune interior before starting the waves. Additionally, the dune surface was sprayed with water before each trial using a spray bottle to attain comparable sediment moisture conditions but also to mimic more realistically the dune surface conditions during storms. An irregular, JONSWAP wave spectrum with a 6.7 cm significant wave height and a peak period of 0.53 s formed the basis for each run for which identical incident wave time series were used. A summary of all experiment parameters is provided in Table 1.
[image: Figure 2]FIGURE 2 | Schematic of sediment wave flume setup including the area of vegetation plantings.
TABLE 1 | Summary of wave flume experiment parameters.
[image: Table 1]Plant Measurements
Data on above- and belowground vegetation parameters were obtained for each plant that had been part of the wave flume experiment. Once each trial had been completed, all included plants were carefully removed from the flume followed by a thorough wash to remove any attached sediment. Further processing involved separation into aboveground and belowground components and determination of dry biomass. The total aboveground vegetation surface area (stems and leaves) interacting with wave up- and downrush on the dune face was quantified via spectral image analysis. Based on measured water depth time series on the dune face, only the lowest 5 cm of the aboveground plant structure were deemed to contribute to flow-vegetation interactions in this experiment. Stems and leaves from five of the used plants in each trial were photographed against a white background with length scale markings. Care was taken to make sure no plant structures were stacked on top of one another. Images were then spectrally analyzed in ArcMap where any non-white pixel was considered plant area. Total plant surface area was then calculated by converting the sum of all vegetation pixels up to 5 cm in plant height to an actual surface area value. Both average surface area per plant as well as total surface area per wave flume trial were determined. Belowground plant parameters were divided into two categories and included fine roots with a diameter less than 1 mm and coarse roots with a diameter larger than 1 mm.
Rotational stiffness (RS) of plant stems was determined via a cantilever beam setup by measuring the angle of deflection ([image: image]) resulting from applying a force (F) at a distance (D) from the fixed anchor point (1):
[image: image]
Where:
RS = Rotational stiffness
F = Magnitude of the force applied to the plant stem
D = Distance of the applied force from the anchor of the plant stem
[image: image] = Angle of deflection caused by applied force
Five different stems for each plant species were used to determine the respective average RS. The level of mycorrhiza presence on roots was quantified using Trypan Blue to stain the fine roots of each plant species following Morton & Amarasinghe (2006). By examining the roots under a microscope (magnification factor 200) in 1-cm length increments, the percentage of root length showing signs of mycorrhiza was recorded. Each 1-cm increment of roots displaying either hyphae, spore structures, arbuscule, or vacuole was taken to have active mycorrhiza.
Hydrodynamics
The swash zone water velocity was collected for every wave run and trial at 200 Hz sampling frequency with a Nortek Vectrino Plus acoustic Doppler velocimeter (ADV) in “side-looker” configuration. The ADV relies on Doppler shifts in reflected acoustic bursts to determine the velocity of particles moving in water. When exposed to air, the ADV records only noise. Therefore, bubbles in the water column or backwash occurrences that exposed the ADV would cause erroneous readings. Both sources of error were filtered out. Because the ADV sensor head was placed in the swash zone, good data were logged intermittently during full sensor submergence. Based off each ADV dataset’s collocated wave gauge data, velocity data were removed when the local water free surface elevation was less than 0.5 cm below the still water level. As reference, the center of the ADV head was roughly 1 cm above the initial sediment bed and the tips of the top-most receiver prongs were roughly at the surface of the water (Figure 3). The 0.5 cm below still-water mark was the minimum level at which the ADV sensor head could record data. This technique filtered out the noise generated by air exposure for the ADV data so that turbulence and velocity calculations could be made. It should be noted that even though the center of the ADV sensor head was on average around 1 cm above the sediment bed over the course of all trials and wave runs, the sediment bed would shift slightly at this location (+/− 1 cm). For this reason, the distance from the sediment bed to the ADV sensor-head was used as a confounding variable for multivariate modeling of swash velocity and turbulent kinetic energy.
[image: Figure 3]FIGURE 3 | Schematic side view of ADV sensor head placement relative to the initial sediment bed (left panel). Cumulative grain size distribution of the sediment used to build the dunes in the sediment wave flume (right panel). D50 is the median grain size, Cu is the coefficient of uniformity, and Cc is the coefficient of curvature.
Turbulent velocity fluctuations [image: image] were computed by subtracting the mean flow velocity from the measured velocity signal for each dimension, respectively. The mean flow velocity was calculated as a running average over 21 adjacent points (i.e., a 0.1 s window) in the 200-Hz data set. The cross-shore and alongshore location of the velocity measurements remained the same for each trial (only the vertical position was adjusted to maintain similar distance to the bed at the beginning of each trial): The sensor head was positioned along the center axis of the flume just landward of the first row of plants approximately at the transition point between erosion and accretion of the dune profile. Various filtering mechanisms (i.e., acceleration, amplitude return, correlation, and signal-to-noise ratio filters) were applied to the raw velocity data to remove outliers that could occur due to the presence of bubbles, for example.
Turbulent kinetic energy (TKE) was calculated using the post-processed data of each wave run (2) where time-averaging is denoted by overbars. The absolute value of the mean flow velocity in the cross-shore direction was taken to be representative of the velocity magnitude of both the uprush and downrush during swash motion.
[image: image]
where:
TKE = Mean turbulent kinetic.
[image: image] = Turbulent velocity fluctuations in the cross-shore, alongshore, and vertical direction, respectively.
Nine capacitance wave gauges collected data for every wave run in every trial at 20 Hz and were used to calculate the wave reflection coefficient and other wave parameters. Wave reflection coefficients were obtained from the records of the three wave gauges furthest offshore (WG1 – WG3, see Figure 2) following the technique by Mansard and Funke (1980). Wave reflection coefficients were calculated for every 400-s window of wave action.
[image: image]
where R is the wave reflection coefficient, and Hr and Hi are the reflected and incident wave height, respectively.
Sediment Properties
Data were collected for two sediment properties: sediment shear strength and sediment aggregation. As these two properties could not be sampled from the wave flume before or after a trial without interrupting the trial or being disrupted by wave action, samples were taken from a harvested pot representative of each plant trial (control samples were simply collected from the flume sediment without plants present). Shear strength was measured by applying shear forcing across a 6 cm long, 7 cm diameter core using a horizontal soil shear apparatus. Cores were sheared at a speed of approximately 1 mm per second over a distance of 2.5 cm. Shear curves were created by video analysis of an attached force gauge display. Both peak shear and cumulative shear (the area under the shear curve) were calculated from the recorded data. In addition, the fine and coarse root biomass from each core was measured. Sediment aggregation was measured from a small sample (∼50 g) of sediment obtained from the same harvested plant that was run through a sieve tower submerged in water and placed on an INNOVA 2100 platform shaker at 80 RPM for 20 min. The advantage of using a water submerged tower was that unaltered sediment could be used (not dried, frozen, or ground up). Unaltered sediment is assumed to have binding properties (adhesive compounds, mycorrhizal entanglements, etc.) intact. The resulting grain size distribution represents the sediment’s effective grain size during a water-based forcing event. The sieve sizes of 63, 125, 180, and 250 microns were used and provided high resolution for this sediment’s grain size distribution.
Dune and Beach Morphology Measurements
Three-dimensional dune and beach morphology changes were measured using a combination of a laser line scanner (Acuity AP820-1000) mounted on a movable cart and a laser range finder (Acuity AR 2000). The elevation of the evolving morphology was scanned six times per trial, including the initial scan and subsequent scans following wave runs 1, 2, 4, 8, and 12 (or 3.5, 7, 14, 28, 42 min, respectively). Scans consisted of a 50-cm alongshore swath along the center transect (5 cm were excluded on each side to minimize interference with the walls of the wave flume) at 1-cm cross-shore increments. Plant structures measured by the laser were consistently removed from all profile scans. After filtering out plant elevations, the three-dimensional sediment surfaces were averaged at each cross-shore increment to yield representative 2D cross-shore profiles for calculation of the eroded volume of sediment from the dune area. For every final and initial profile comparison, there is a point near the base of the initial dune which marks the transition between erosion and accretion areas. All erosion that occurred landward of this point was summed and multiplied by the width of the flume.
Statistical Analysis
The correlation between plant characteristics and physical response variables was determined via stepwise multivariate regression analysis. However, due to the large number of variables, a dredge algorithm (Barton, 2015) was used to narrow the list of predictor variables from the large pool. This algorithm is a type of automated model selection that creates all possible models (every combination of predictive/independent variables) and produces a ranking of the best possible fit models (based off R2). Stepwise forwards and backwards modeling techniques along with collinearity assessments (Variable Inflation Factors - VIFS) were then used on the dredge-optimized models to create a coherent model with only significant (α < 0.05) predictive variables. This statistical analysis also accounted for confounding variables which could influence physical response variables. These confounding variables arose due to differential patterns of erosion and sediment redistribution as a trial proceeded and due to slight user-based variation in the initial setup of dune/beach morphology and wave conditions. The Appendix includes additional details on the specific confounding variables that were analyzed in conjunction with the plant metrics.
Some predicted variables were modeled by the number of trials (n = 15) while others were modeled by the number of wave runs (n = 180). This sample size discrepancy is because dune morphological change variables and sediment data (shear strength, aggregation, eroded volume) only had one data point per trial (based off differences between beginning and end profile of each respective run). Alternatively, hydrodynamic data (TKE, swash velocity, wave reflection) were collected for each wave run and though there were repeated vegetation conditions for some wave runs, these hydrodynamic data were independent of each other. For example, measured TKE for any given wave run depends on profile, wave, and vegetation characteristics of that wave run and was modeled as such. It is possible in this type of analysis, however, that a certain variable (vegetation as well as confounding variable) does not show up as a significant predictor for a specific outcome simply because the tested range was not adequate. Additionally, if two plant variables were collinear, the modeling techniques used in this analysis cannot detect the independent importance of each plant variable with respect to a predicted variable.
RESULTS
Wave Flume Observations
As waves approached the shoreline, they shoaled and eventually broke between 40 (for the smallest waves) and 80 cm (for the largest waves) from the toe of the dune. The surf zone transitioned into the swash zone with swash runup passing through the first row of vegetation before reaching the location of the ADV sensor head. Vegetation structures had a visible effect on water flow, forming wakes behind stems indicating turbulence generation and energy dissipation. The average swash zone cross-shore velocity component [image: image] at the ADV was reduced from 0.272 m/s for the three control trials (C1 – C3) to an average of 0.238 m/s over all vegetated trials. Figure 4 shows the cross-shore swash velocity component [image: image] as well as the TKE obtained from (2) in color matrix form for each wave run and all experiment trials. Swash velocity decreased in all vegetated trials compared to the control trials without vegetation. This is likely caused by increased friction and drag provided by the above-ground plant structure and felt by the flow passing through the vegetation. However, for most of the vegetated trials the velocity increased with increasing plant growth duration. This indicates that while overall vegetation reduces flow velocities at the measurement location, the increased level of flow obstruction in trials with more mature vegetation can lead to localized small relative increases in velocity due to flow acceleration around the plant obstacles. The only exception were the vegetated trials with S. virginicus (SV1 – 3) where, on average, velocity decreased with increased plant maturity level. This can be explained by the relatively low rotational stiffness of this plant morphotype where added above-ground biomass via leaves may increase overall friction levels, but the lack of rigid stems may lead to negligible plant area reduction perpendicular to the flow (i.e., leaves sway back and forth aligning themselves with the flow direction rather than acting as a rigid object forcing flow acceleration around it). TKE at the ADV measurement location varied from 0.01 J/kg to 0.03 J/kg across all trials where the higher values always occurred during the initial wave run of each trial. For the control trials, TKE reduced to about 0.02 J/kg as profiles adjusted to the wave forcing conditions while all vegetated trials showed further reduction even down to the lowest values of 0.01 J/kg by the end of PA3, RP3, SP2, and SP3 (Figure 4). This showed that the more matured vegetation enhanced dissipation due to added above-ground surface structure. Reflection coefficients, R, were 0.27 on average for all control trials, compared to 0.23 on average across all vegetated trials indicating enhanced wave energy dissipation in the vegetated trials. Scour occurred in the sediment bed in front of and along the sides of the vegetation stems. Vegetation structures moved with the swash flow, with the magnitude of the swaying motion seemingly proportional to the rigidity of the plant structures. P. amarum motion was minimal while S. portulacastrum undulated greatly with each passing uprush and downrush. For all tests, the initial wave run exhibited the most severe morphodynamic changes, as the profile started to adjust toward an equilibrium based on the incoming wave energy. During the first wave run of each trial, the runup limit exceeded the first three rows of vegetation and nearly reached the crest of the dune. By design, only the collision regime was tested, so trials were stopped before the dune crest was breached to avoid any overwash. As erosion occurred in the swash zone, roots were exposed along a 20 cm cross-shore segment of shoreline. Roots, when exposed to waves, also had a visible impact on the motion of water in the swash zone that was similar to the above-ground plant structures.
[image: Figure 4]FIGURE 4 | ADV-measured cross-shore swash velocity component [image: image] (left panels) and computed TKE (right panels) using Eq. 2 for each wave run and every experiment trial. The top row of panels includes the respective color key maps linking colors to specific parameter value ranges. The bottom row of panels shows the actual data as color matrices. Each column represents a separate trial as indicated by the trial ID (Table 1). Each row represents a single wave run (210 s) from top (1) to bottom (12). The frequency of occurrence of specific value bins is indicated by the histograms overlaid on top of the respective color key maps.
As waves began washing up onto the dune during the first wave run, dune sediment became wet and was pulled offshore into the swash zone by the return flow (downrush). By the end of the first wave run, rapid erosion of the seaward dune face had taken place forming a pronounced vertical scarp. Typically, this dune scarp started between the third and fourth rows of vegetation with a vertical extent between 5 and 6 cm. During the second wave run, the erosion dynamic shifted due to the adjusted profile featuring a growing offshore bar that aided in wave energy dissipation further away from the vegetation line. Thus, smaller waves from the JONSWAP spectrum began having less impact, barely running up to the base of the scarp. Larger waves, however, still interacted with the vegetation and substrate and collided with the base of the dune scarp continuing to erode sediment. This dynamic created a scarp overhang which would eventually slump into the swash zone as the base was undermined by attacking waves. The occurrence of intermittent slumping therefore appeared to be a dominant driver of erosion. When the overhang remained intact, minimal amounts of sediment were carried offshore from the dune. When the overhang collapsed, sediment slumped into attacking waves and the active swash zone. This sediment was then moved offshore by wave action and the previous dynamic of scarp overhang and base erosion commenced.
For trials without plants, two or three major slumping events would take place over the duration of the whole series of wave runs. For plant trials, often no or only one major slumping event occurred. As slumping occurred during plant trials, large cracks formed on the dune crest and plant roots were observed to span these cracks, providing a source of attachment of the slumping sediment to the rest of the dune. Plant trial slumping events would generally be prolonged and less violent than those observed in control trials. The eroded dune volume (E) and the scarp retreat (S) since the start of the respective experiment trial are listed in Table 2. Trial IDs correspond to those explained in Table 1. For the three bare dune control trials (C1-3) the average values are given. Time in minutes indicates the duration after the start of each trial at which profile scans were conducted.
TABLE 2 | Eroded dune volume and scarp retreat.
[image: Table 2]Variability of Vegetation Aspects
The 5-spoke star plots in Figure 5 are a tool to visualize variations of a select set of five vegetation parameters across the different plant species and growth durations. The five parameters included are the fine (FR) and coarse (CR) root mass, respectively, percent of roots with mycorrhiza colonization (MC), the plant surface area (SA) in contact with the flow, and the rotational stiffness (RS) of plant stems starting at the top of the star and proceeding in a counterclockwise direction. Parameter values relative to all other trials are indicated on the respective spokes of the star plots where the maximum value observed is shown at the point along the spoke farthest away from the center of the star. Connecting all the values to form a shaded 5-point area allows for easy comparison of dominant vegetation characteristics among various trials and to baseline control tests without vegetation.
[image: Figure 5]FIGURE 5 | Evolution of beach and dune profiles for all wave runs. Panel letters (A–O) indicate each of the 15 individual experiment trials with specific trial ID given in the lower right corner of each panel as detailed in Table 1. Profiles are plotted at set times t in minutes as indicated in the legend with the initial profile depicted as a solid gray line and the final profile as a solid black line. Star plots summarizing beach/dune morphological change (three spokes) and plant (five spokes) data between initial and final run for each trial are also shown in each panel with individual spoke parameters explained in the legend at the bottom.
The star plots reveal contrasts in plant parameters between vegetation types, but also changes based on growth duration. For example, a substantial increase in fine roots (FR), coarse roots (CR), and rotational stiffness (RS) was observed for P. amarum as growth duration increased from 3 (PA1) to 6 (PA2) and eventually 9 (PA3) weeks, while at the same time mycorrhizal colonization (MC) and plant surface area (SA) remained low (Figure 5). This behavior can be explained in part by specific plant morphotype growth. P. amarum grows relatively tall with individual stems increasing in rigidity over time while maintaining a relatively low stem density (number of stems per unit area). Since most of the stem and leaf growth occurs above the elevation where flow interactions are expected, the aboveground changes in P. amarum over time do not significantly affect SA. Both the amount of fine (FR) and coarse (CR) roots of this plant, however, seem to have flourished with increasing growth duration to maximum levels across all tested plant morphotypes. In contrast, the dune forb R. phyllocephala did not show significant amounts of change in any of the vegetation parameters over the allotted growth time in this experiment, leading to continued small star plot area for all tests. Fine roots (FR), coarse roots (CR), surface area (SA), as well as stem rotational stiffness (RS) increased less than 5% of the respective maximum value for each parameter. A relatively moderate increase in fine roots (FR) and coarse roots (CR) in combination with the largest increase in surface area (SA) while maintaining low rotational stiffness (RS) was observed for S. portulacastrum. These observations make sense as this plant remains low to the ground as it spreads out over time (i.e., increased surface area in contact with the flow) without necessarily increasing its stem rigidity. The plant type S. virginicus did also not increase its rotational stiffness (RS) significantly over time but displayed a relatively large value for coarse roots (CR) by the 9-week mark (13.2 g/L for SV3) with only moderate increase in fine root (FR) and plant surface area (SA) values. Mycorrhiza presence remained relatively low for all tested morphotypes and growth durations, varying only between zero and 34.6% with a mean value of 5.4%. In general, the gray area formed by the 5-spoke star plots allows grouping of trial runs into three broad categories: Control trials without any vegetation present (C1, C2, C3), trials with relatively low vegetation influence (PA1, RP1, RP2, RP3, SP1, SV1, SV2), and trials with high vegetation influence (PA2, PA3, SP2, SP3, SV3).
The erosion response of the beach-dune system to hydrodynamic forcing is captured by the 3-spoke star plots shown in Figure 5. Parameters displayed include the eroded volume (E), the dune scarp retreat (S), and the cross-shore shift in profile area centroid (CS). A larger black triangle area indicates a more substantial erosion response with individual parameter values relative to all trials shown along the respective parameter spoke of the star. The highest values for erosion response parameters were measured in the bare dune control trials without any vegetation. Average values across all three control trials for E, S, and CS were 18379.4 cm3, 64.8 cm, and 11.9 cm, respectively. The trials listed above with measurable but still relatively low vegetation influence produced average erosion response values for E, S, and CS of 17588.5 cm3, 57.9 cm, and 10.7 cm, respectively, a notable reduction across the board. The trials considered to have high vegetation influence further decreased the overall erosion response. For these trials, the average values for parameters E, S, and CS were 13610.1 cm3, 51.3 cm, and 6.6 cm, respectively.
Multivariate statistical modeling of these vegetation variables with regards to erosion and other physical processes will add specificity to these generalizations and are detailed in the next sections. It should be noted that several of the plant variables were collinear with one another. Fine and coarse root biomass were strongly and positively correlated to one another. Both fine and coarse root biomass were also strongly and positively correlated to rotational stiffness. Lastly, mycorrhizal colonization showed a moderate correlation to plant surface area.
Statistical Model Outcomes
Data were collected over 15 flume trials on plant characteristics (plant surface area, rotational stiffness, fine root biomass, coarse root biomass, and mycorrhizal colonization) as well as physical response variables (average swash velocity, TKE, wave reflection coefficient, shear strength, sediment aggregation, erosion, profile centroid shift, and dune scarp retreat rate). To evaluate whether vegetation aspects affected physical properties during the experiments, multivariate regression analyses were conducted for all predictive and response variables (Table 3). Minus signs mark negative relationships and plus signs note positive relationships (asterisks show the level of significance of the relationship based on statistical p-values; N/A indicates “not applicable”; N/S indicates “not significant”).
TABLE 3 | Summary of all multivariate models.
[image: Table 3]Three hydrodynamic parameters were modeled during the flume trials: TKE (Supplementary Appendix Table SA1), average swash velocity (cross-shore direction, absolute value, Supplementary Appendix Table SA2), and wave reflection (Supplementary Appendix Table SA3). The aboveground plant surface area of stems and leaves were negatively and significantly related to swash velocity, TKE, and wave reflection coefficient. In other words, wave runs with more abundant aboveground structures had reduced flow velocities and turbulence in the swash zone. Plant structures also caused less wave energy to be reflected (a more dissipative shoreline). Rotational stiffness also had a similar negative relationship with mean flow velocity and swash zone TKE. Additional statistical model specifications for these models, including the influence of confounding variables, can be found in the Appendix (Supplementary Appendix Tables SA1–SA3).
Data were collected on two sediment properties: shear strength and effective grain size (aggregation). For shear testing, both peak shear (Supplementary Appendix Table SA4) and cumulative shear, i.e., the area under a shear curve (Supplementary Appendix Table SA5), were evaluated for relationships with root properties within tested cores. Fine root biomass was positively and significantly related to peak shear and cumulative shear and displayed a stronger relationship than coarse root biomass or total root biomass. Figure 6 shows a comparison of sediment shear curves between a core taken from S. virginicus at 9 weeks (SV3, the plant/growth increment with the highest cumulative shear as well as the highest fine root density) and a control core from trial C3. The two shear curves have similar peaks (the core with plant roots being slightly higher) but the core with plant material resisted a continuously high shear stress throughout the full length of the shear test, basically providing a more ductile failure mode. In contrast, the control core essentially crumbled when shear stress built up, failing rather rapidly. No significant trend was found between sediment aggregation (effective grain size) and mycorrhizal colonization or fine root biomass. Additional information on sediment shear models can be found in the Appendix (Supplementary Appendix Tables SA4–SA5).
[image: Figure 6]FIGURE 6 | Comparison between shear curves produced from a core of control trial C3 and SV3 (S. virginicus at 9 weeks maturity).
The three erosion response parameters (E, S, and CS) all had similar relationships with respect to plant characteristics. Specifically, FR (fine root biomass) and SA (aboveground plant surface area) showed a significant negative correlation with eroded sediment volume (E) in that trials with high parameter values of FR and SA led to significant erosion reduction. For each additional 100 mg/L of fine roots (dry), erosion volume was reduced by roughly 1.2k cm3 or about 6.6% of the average erosion volume that occurred during the control trials. Erosion volume was reduced by roughly 380 cm3 (∼2.1% of the average erosion volume that occurred during the control trials) for each cm2 of plant surface area per alongshore centimeter of shoreline (Supplementary Appendix Table SA6).
Similarly, the erosion response parameter S (scarp retreat distance) showed a significant negative correlation with FR and SA. For each additional 100 mg/L of fine roots (dry), scarp retreat was reduced by roughly 3 cm or about 4.6% of the average retreat that occurred in the control trials. Scarp retreat was reduced by roughly 1.1 cm (∼1.7% of the average scarp retreat that occurred during the control trials) for each cm2 of plant surface area per alongshore centimeter of shoreline (Supplementary Appendix Table SA7). Consistent with the other measures of erosion, offshore centroid shift (CS) was also significantly and negatively correlated with FR and SA (Supplementary Appendix Table SA7). In trials with more fine roots, stems, or leaves, the offshore shift of sediment was reduced. For each additional 100 mg/L of fine roots (dry), offshore centroid shift was reduced by roughly 1.1 cm or about 9.6% of the average centroid shift that occurred in the control trials. Cross-shore centroid shift was reduced by roughly 0.2 cm (∼1.8% of the average off-shore centroid shift that occurred during the control trials) for each cm2 of plant surface area per alongshore centimeter of shoreline. Additional details on all three erosion models are given in the Appendix (Supplementary Appendix Tables SA6–SA7).
DISCUSSION
Conceptualizing Statistical Models
The presented physical model experiment data indicate that aboveground as well as belowground components of plants contribute to a dune and beach system’s resistance against erosion, as has been seen in similar and related studies. For example, the present study found that the rotational stiffness of plant stems and structures contributed to reductions of turbulence and swash flow velocity, though rotational stiffness could not be statistically tied to erosion reduction. This calming effect in both turbulence and flow velocity has been reported from measurements in hydrological settings including emergent vegetation in wetlands (Leonard and Luther, 1995) and beach macroalgae (Innocenti et al., 2018), and related to differing dune plant structures (Maximiliano-Cordova et al., 2019; Oderiz et al., 2020; Innocenti et al., 2021).
The results of the present study also found that the surface area of aboveground plant structures created a more dissipative shoreline and a less energetic swash zone, and that this was indeed related to less erosion. Feagin et al. (2019) similarly found erosion reduction by aboveground structures that are connected to belowground structures, as found in this study and as in the field, but further explained that the belowground structures alone provided still better protection. Their findings implied that while the aboveground structures do dissipate wave energy and reduce velocities, they also provide a cantilever upon which waves can begin to leverage a plant. This cantilever effect can ultimately uproot a plant, extract sediment, and offset the erosion reduction provided by the energy dissipation effect. While the current study did not similarly partition aboveground versus belowground structures into separate treatments, it points to the importance of belowground structures in a novel way.
In particular, the present study shows that the fine roots of plants are a key determinant of erosion reduction. The results show that for erosion reduction, the fine roots are more important than coarse roots, mycorrhizal colonization, or aboveground plant structures. Moreover, these fine roots provide a unique mechanism that binds the sediment grains together and prevents gravity-driving slumping and collapse. Fine roots uniquely enhance the sediment shear strength.
It should be noted that with regards to statistical modeling, beach and dune morphological variables (such as the location and size of the sandbar, or the distance of the ADV head to the sediment surface) were accounted for during the statistical modeling process, implying that plant surface area played a causal role. In other words, it was not some feedback mechanism between plant surface area and shoreline morphology that modified swash hydrodynamics. Rather, plant surface area reduced swash velocity, TKE, and wave reflection independently of confounding shoreline features (see Appendix for additional details on the interplay between confounding variables and plant variables). This means that even in the absence of changes in morphological parameters, the surface area of the plants contributes to wave energy dissipation.
Ramifications for Dune Management
The effect of vegetation on erosion was substantial under the presented experiment conditions (based off Model A6, see Appendix). Erosion reduction of up to approximately 1/3 (37%) of the erosion experienced by the control trials could be achieved if the aboveground plant surface area of trial SP3 and the biomass of fine roots of trial PA3 were combined. Kobayashi et al. (2013), Sigren et al. (2014), and Silva et al. (2016), among others, have obtained similar values of erosion reduction in physical model studies due to the presence of vegetation (real or surrogate) on the seaward dune face. The temporal aspect of this erosion reduction by vegetation should also enter flood risk management considerations since the time to a complete breach during storm impact is extended. A prolonged dune breach could mean that vegetation will enhance dune storm damage mitigation with regards to homes and infrastructure, though that would depend on the flume results scaling to larger systems (see section 4.3).
Taking the findings from this study a step further, dune management and restoration practices could consider adopting a combination of multiple native plant morphotypes with specific beneficial characteristics to reduce storm damage and erosion and further enhance the observed effects of vegetation. For example, a combination of species targeting extensive fine root system development as well as substantial low-elevation aboveground surface area may maximize desired benefits. Those plant morphotypes that err on the side of root production would be more important in areas where a scarp forms (i.e., the dune ridge and slopes) because of their contribution to sediment shear strength (at least for a wave collision scenario that is similar to the one that was used in this flume experiment).
Limitations of Experiment and Research Outlook
There were some limitations to the approach taken in this experiment. Due to the usage of a small-scale wave flume, the obtained results are not directly transferrable to larger dune systems or longer temporal events. First, if a comparable amount of S. portulacastrum was growing in situ as was used in this experiment’s S. portulacastrum 9 week trial (SP3), it would likely not reduce erosion by the same amount as was observed in the flume (∼26%) during a real-life storm surge. This discrepancy occurs because the wave parameters and shoreline profile were scaled down for the experiment, while the plants were not. However, the general trends that were observed in the flume should take place in situ (i.e., more roots would reduce more erosion). However, the true magnitude of the erosion reducing effects in scaled up dune and beach systems remains undetermined.
Second, the obtained results do not account for the dynamics that may occur during a longer temporal event, such as during a hurricane. At time scales of hours to days, such events progress through multiple regimes of erosion (Sallenger Jr., 2000), often beginning with swash and runup, then transitioning into collision, and finally resulting in overtopping or inundation of the dune. The obtained results solely apply to the dynamics that occur during the wave collision regime.
Third, the vegetated trials did not include replicates to allow for some form of ensemble averaging or determination of variability. While this is certainly a limitation the choice to run experiments on four different plant morphotypes at three different transplant age levels showed significant trends detailed in the conclusions that would likely not change even if replicate trials were conducted. The minimal variability observed across the three control trial replicates further underscores that point.
There were also some statistical limitations to the approach taken in this experiment. For example, if a variable was not a significant determinant of erosion or a physical process, this does not necessarily mean that it was irrelevant for in situ dune systems. Rather, the methodology utilized to model these variables could have tested an inadequate range of variation. For example, sediment aggregation should, in concept, lead to less erosion in sand dunes. If a substantial amount of sediment particles is bound together in a water-stable manner as to shift that sediment’s effective grain size distribution, less erosion would take place. Such sediment binding caused by mycorrhizal fungi has been measured in dune systems (Forster and Nicholson, 1981), but may take place over many years as organic materials build up in soil and mycorrhizal fungi increase in abundance. The time allotted for plant growth in this experiment (3–9 weeks) was probably not a long enough time for these soil structures to develop. Therefore, sediment aggregation could be important in dune erosion, but the range of parameters tested in this experiment failed to yield statistically significant results.
Additionally, the collinear relationship of certain plant parameters means that statistical modeling techniques could not verify each variable’s independent effect on dependent variables. Fine and coarse roots, for example, were collinear during this experiment. Fine root biomass density was found to be a more significant predictor of dune erosion during statistical modeling but both variables could be important to dune erosion resistance. Further testing of a broader range of variable combinations (a non-collinear dataset) would need to be conducted to parse the independent contribution of these two belowground variables.
CONCLUSION
The physical model experiment conducted in a wave flume led to the conclusion that plant-related parameters that change aboveground as well as belowground properties of a vegetated dune can significantly influence dune erosion. Their net effect was to reduce wave-induced erosion volume by up to 37%. The surface area of aboveground plant structures was related to decreases in turbulence and uprush/backwash velocities, helping create a shoreline that was more effective at dissipating incoming wave energy. Fine roots increased the mechanical strength of sediment, making it more resistant to shearing forces and preventing sediment from slumping into incoming waves. In concept, increasing the quantity of fine roots would create a dune system more resistant to erosive forces. Future research on this topic could expand to larger length and temporal scales, with the aim of guiding coastal dune management and restoration techniques.
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PA3

RP1

RP2

RP3

SP1

SP2

SP3

sv1

sv2

sV3

3.5min

12281.3
43.3
11883.4
39.1
10559.1
39.8
10659.1
39.8
12308.9
405
12187.4
401
12621.7
41.2
12187.4
401
9524.4
359
9895.9
373
13190.3
434
12977.6
42.7
10665.3
40.2

7 min

13756.2
485
140413
46.2
10957.1
473
110367
416
132815
437
14162.9
46.6
13950.1
459
132815
437
10293.8
388
10293.8
388
13494.2
444
14497.2
47.7
10851.0
409

14 min

15401.3
54.3
14588.4
48
127612
481
12665.0
47.7
14254.0
46.9
15013.8
49.4
16682.5
51.6
16267.0
50.2
11620.4
43.8
12007.9
45.6
16108.0
53
16563.9
545
111428
42

28 min

17108.1
60.3
16108.0
53
13689.7
516
14087.7
53.1
15469.7
50.9
17080.5
56.2
16773.7
519
16563.9
545
12469.3
47
12575.5
474
18812.9
61.9
17627.6
58
13026.5
491

42 min

18379.4
648
15013.8
494
14565.2
549
14379.5
542
16989.4
559
191472
63
17749.2
58.4
173237
57
12840.8
484
12840.8
484
191472
63
177492
58.4
13424.4
506

The first row of values for each tral is eroded dune volume (cm®) since the beginning of
the respective trial and the second row of values is scarp retreat (cm). C1-3 indicates
averages across the three control trials.
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