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The impact of storms on coastal dunes and beaches and the effects they induce in topography and plant communities are natural processes that contribute to maintaining natural coastal dynamics. However, because coasts are often densely populated, these phenomena are perceived as major threats to human property. To protect human assets sustainably, nature-based defenses have emerged as an option. Coastal dunes act as natural buffers that mitigate the extent of erosion and inland flooding, and their resistance depends on the biogeomorphological feedback between the plants and the dunes. This study aimed to evaluate the effect of one winter storm on beach and dune topography and the plant communities, and to explore the effect of plants in mitigating erosion on beaches with different geomorphological features. The effects on plant communities were evaluated by comparing diversity and plant cover before and after the storm. Later, the role of plants in conferring dune resistance against erosion was examined by measuring erosion on the exposed face of the dunes considering plant cover and plant richness. The results did not show significant differences in plant diversity and plant cover between pre-and post-storm conditions, but turnover of species was recorded. The dune building species were not affected but inland species disappeared. Erosion was reduced when the dunes were higher and, furthermore, plant cover was negatively correlated with erosion on these dunes. The results showed a reduced impact of the storm on the plant communities, which is important as it facilitates the recovery of dunes by the dune-building species and protects them in a subsequent storm. The novelty of this study is that: (a) it demonstrates the species-specific role of plants in mitigating dune erosion in field conditions; (b) it shows the interaction between plant-related features and geomorphological variables in promoting dune resistance to erosion, and (c) it explores the immediate effect of a winter storm on the plant community and dune-building species.
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INTRODUCTION

Tropical cyclones and winter storms are major drivers in shaping coastal geomorphology through energetic waves, storm surges, set-up, and strong winds which may induce dramatic changes (Coch, 1994; Castelle et al., 2015; Masselink et al., 2016). On wave-dominated sandy coasts, these natural, episodic phenomena are frequently associated with considerable erosion on the beach and dunes (Vellinga, 1982; Carter, 2013; Davidson et al., 2020). After a storm episode, the beach face is lowered and cut back, and a vertical scarp is often seen, due to the loss of sand volume on the dry beach (Hesp, 2002; Carter, 2013; Castelle et al., 2015). However, this sand will return and accumulate on the beach and dunes when calm conditions prevail if the sediment budget is not affected by natural or human processes, and the beach-surfzone has no net sediment deficit (Carter, 2013; Davidson-Arnott et al., 2018). In brief, the coastal response, including the volume of sand that will be eroded during a storm, depends on storm-related features, the cluster of storms (Karunarathna et al., 2014), the synchronicity of environmental variables (e.g., tide, wind direction; Guisado-Pintado and Jackson, 2018, 2019), and factors such as dune height (Pries et al., 2008), the slope of the beach and dunes (Vellinga, 1982), the mechanical characteristics of the bed material (e.g., type of sediment, diameter, and sand density; Overton et al., 1994), the sand volume stored on the beach and dunes (Sigren et al., 2018), the compaction of the foredune (Nishi and Kraus, 1997), the presence of a berm and sand bars (Figlus et al., 2011), the length of foredune ridge (Houser, 2013), and the width of the beach and dunes (Saye et al., 2005; Pries et al., 2008; Davidson et al., 2020).

Besides the geomorphological features of the coast, the impact of storms is also relevant for plant communities and coastal risk management. Plant communities are commonly disturbed by the environmental conditions associated with storms, such as heavy precipitation, flooding, high salinity concentrations, accretion, and erosion (Wolner et al., 2013; Brantley et al., 2014; Cheplick, 2016). The effects of storms on plant communities depend on the spatial and temporal scale of the storm, its magnitude, storm clustering, and the species-specific responses of the plants growing in the different dune habitats (foredunes, interdunes, and back dunes; Judd and Sides, 1983; Gornish and Miller, 2010; Miller et al., 2010; Miller, 2015). Some of these effects include a reduction in plant species richness and diversity (Judd and Sides, 1983; Miller et al., 2010; Cheplick, 2016), species turnover (Synder and Boss, 2002; Miller et al., 2010), changes in species dominance, and their distribution in the dune habitats (Gornish and Miller, 2010), and changes in plant cover or abundance (Cheplick, 2016).

Moreover, because of the biogeomorphological feedback between dunes and plants, the geomorphological responses of the beaches and dunes during storm (but also during dune development and the recovery of the dune) depend on the response of the plant communities and the species-specific response (Stallins and Parker, 2003; Stallins, 2005; Wolner et al., 2013; Brantley et al., 2014). The close interaction between dune plants and coastal dunes occurs because plants entrap, collect, and stabilize sediment, and thus shape dune topography (Moreno-Casasola, 1986; Hesp, 1991, 2002; Hesp et al., 2019). By acting as sediment traps, plants accumulate sand, accelerate accretion, build dunes, withhold sand, and help mitigate erosion. Dune geomorphology depends on factors such as plant zonation (Doing, 1985; Maun and Perumal, 1999; Durán and Moore, 2013), plant density and height (Hesp, 2002; Hesp et al., 2019), and plant architecture (Zarnetske et al., 2012; Charbonneau et al., 2016, 2021). Consequently, different dune types shaped by distinct species could differ in their resistance to erosion (Charbonneau et al., 2021). In addition to burial by sand, plants on the backshore and incipient dunes are also tolerant to salinity (Maun, 1998), so they are likely to survive and recover after the impact of storms, which bring sand movement and flooding with salt water. The resistance and tolerance of plants to storm conditions is of relevance because if dune-building species are harmed, the recovery of the dunes (growth and development) could be arrested and bring about changes in dune morphology. In consequence, storm protection might decrease and the recovery of dunes after the storm could be arrested. Inland vulnerability after subsequent storms may thus increase.

In terms of coastal risk management, when storms are likely to damage human infrastructure and result in the loss of human lives, the above-mentioned biogeomorphological system generated through the dynamic interaction between plants and dunes, becomes highly relevant. This is especially true for coastal green infrastructure solutions whose premise is to protect exposed human interests from ocean hazards, and potentially from sea-level rise, by working with natural processes (Temmerman et al., 2013; Spalding et al., 2014; Chávez et al., 2021). Coastal dunes are often the first natural terrestrial defense against storm impact. Dunes help to reduce the landward extent of erosion, overwashing, the impact of waves (swash, collision, overwash, and inundation; Sallenger, 2000), and the degree of damage to property, by dissipating wave energy, and reducing/preventing floods (Sigren et al., 2018). The protective role of the dunes lies in their natural ability to adjust to the natural disturbances in the littoral (including storm impacts) by changing their morphological configuration (their relative position and form) migrating landward or seaward in response to wind, waves, and sea-level rise (Davidson-Arnott, 2005; Saye et al., 2005).

In addition to the role of plants in promoting the development of these natural barriers, they can also help reduce beach and dune erosion during storms. Laboratory studies have shown that erosion on vegetated dunes is reduced or slowed down, in comparison with dunes without vegetation (Kobayashi et al., 2013; Silva et al., 2016; Figlus et al., 2017; Bryant et al., 2019). It has also been demonstrated that their roots contribute to strengthening the cohesiveness of the sand (Sigren et al., 2014; De Battisti and Griffin, 2020), while the above-ground plant parts slow wave uprush, and reduce wave overtopping and overwashing (Silva et al., 2016; Figlus et al., 2017; Feagin et al., 2019), displace the wave breaking point seawards and deaccelerate the undertow close to the shoreline (Mendoza et al., 2017). Furthermore, Charbonneau et al. (2017) demonstrated that the reduction of erosion is species-specific. These findings are supported by Maximiliano-Cordova et al. (2019), while Odériz et al. (2020) determined that the spatial location of the plants on the dune affects the erosion patterns, as well as the mass, density, and depth of the roots (Davidson et al., 2020). To our knowledge, only three studies performed in field conditions have tested the effect of plants in conferring dune resistance to wave-induced erosion. Lindell et al. (2017) observed that when plants were removed, wave erosion was greater than that on dunes where the vegetation remained, while Charbonneau et al. (2017) and Biel et al. (2017) documented species-specific dune resistance. Nevertheless, there is a large information gap concerning field conditions which demonstrate how protection offered by plants could depend on the plant- and geomorphological-related features that vary between beaches.

In brief, the impact of even a single storm event is a complex process because it may affect the topography and morphology of the beach and dunes as well as the plant community developing in this environment. In addition, in field conditions, as revealed in findings from laboratory experiments, plants can have a negative impact on erosion and play a protective role. Based on the above, this study aims to: (I) analyze how beach and dune profiles were affected by one winter storm; (II) analyze the impact of this storm on the plant communities established on the beach, the backshore and dunes; (III) examine how pre-existing morphological conditions of the beach-dune complex affect erosion; and (IV) explore whether plant cover and plant species richness help mitigate beach erosion in different dune and beach geomorphologies. Our working hypotheses were: (a) Plant cover and diversity decrease because of the impact of the storm, which also induces changes in species composition and dominance of the dune-building species. (b) Pre-existing beach and dune geomorphological conditions determine storm-induced erosion. Beaches with higher dunes are less likely to be eroded and overwashed than those that are flatter. (c) Plants help mitigate beach and dune erosion, which is expected to decrease with increasing plant cover and species richness. Ultimately, our premise was that the interaction between plants and geoforms modifies beach and dune response to the impact of storms.



MATERIALS AND METHODS


Study Sites

Three beaches located in the central region of the Gulf of Mexico, on the coast of Veracruz (Mexico), were studied: Riachuelos, Navarro, and La Mancha (Figure 1). The climate is warm and sub-humid (Martínez et al., 2014) with mean yearly temperatures ranging from 22 to 25°C, and total annual precipitation fluctuating between 1,200 and 1,650 mm (Infante-Mata et al., 2011). The rainy season is from August to September, coinciding with the season of tropical cyclones (Martínez et al., 2014). Winter storms, known locally as “nortes,” occur from November to February and can generate storm surges exceeding 1.5 m and extreme winds of 80 to 100 km/h (Ramírez and Reséndiz, 2002). Both of these phenomena produce energetic waves (Psuty et al., 2009) and can consequently induce dramatic changes in the topography of the beach and dunes.
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FIGURE 1. Location of the study sites in the state of Veracruz, Mexico. Images based on satellite images from Google Earth.


The three beaches are fed by sand from at least one of the two most important rivers on the central coast of Veracruz. Riachuelos receives sediment from the Tecolutla River while Navarro and La Mancha receive sediments from the Tecolutla and Filobobos rivers. In addition, sediment from adjacent lagoons such as “El Llano” and “La Mancha” is supplied to the beach-dune system of La Mancha. On the central coast of Veracruz, the along-shore sediment is transported from north to south, and its distribution on the coast depends on waves and currents. Aeolian transport is also important, contributing to the alongshore sediment supply, especially in embayed coasts, such as La Mancha (Psuty et al., 2009). Therefore, well-developed dune systems are likely to be found in the study area.

The three beaches are different in terms of their geomorphological features, as well as the dominant vegetation growing on the beach and coastal dunes (Table 1). Incipient dunes generated by the creeping vine species Ipomoea pes-caprae and the succulent Sesuvium portulacastrum are formed on the beach at Riachuelos and La Mancha, with established foredunes behind them. At both sites, the incipient dunes are developed behind the high tide line and do not form a continuous ridge parallel to the coast. At Navarro, there is a well-formed continuous foredune ridge formed by the grass Panicum amarum and no incipient dunes are found here. Instead, a second well-formed foredune is developed behind the first one. These geomorphological differences are associated with the dominant plant species growing at each location (in addition to other biophysical variables). They are relevant in determining the response of the beach and dunes to the impact of storms. For instance, a continuous dune ridge is expected to be more resistant to the impact of waves than isolated dunes, which are more susceptible to scarping and erosion (Claudino-Sales et al., 2008). Therefore, the effects of the storm on beach and dune topography, the plant communities, and the effect of the plants in creating dune resistance versus erosion, were explored on different beaches, with different geomorphologies and plant dominance. For simplicity, from here on, although different, both types of dunes are referred to as “dunes.”


TABLE 1. Main geomorphological attributes of the beaches studied (* geomorphological features estimated from field surveys performed before the storm).

[image: Table 1]


Storm Conditions

This study focuses on the impacts of a single winter storm event which took place in 2019. Winter storms are milder than tropical cyclones and therefore less destructive. As winter storms occur shortly after the rainy season, the vegetation is fully developed, plant cover is likely to be at a maximum, and plants can more effectively protect the backshore and dunes from erosion. In turn, tropical cyclones occur during the summer, when the vegetation is recovering from the spring-time drought, so they are likely to be less effective in providing protection.

We studied the effects of winter storm Number 12, which arrived at the Gulf of Mexico on November 12th, 2019. Even though 11 winter storms had previously occurred in the Gulf of Mexico, this was the first of the season to affect the coast of Veracruz. According to the reanalysis of ERA5 (Copernicus Climate Change Service (C3S), 2017), the storm had sustained winds of up to 15.5 m/s, significant waves heights of up to 4.5 m, with a mean wave period of 9 s, and induced 27.95 mm of precipitation. The winds had a predominant Northwest direction, and were mainly moderate in velocity (Figure 2A). The prevailing waves arrived from the north and were high (Figure 2B). It is important to mention that the lack of bathymetry for the three beaches means that the description of the wave propagation during the storm could not be more accurate.
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FIGURE 2. (A) Wind velocity and (B) significant wave height roses associated to the Winter Storm Number 12 (November 12–15, 2019).




Fieldwork

The topography and vegetation of the beach and dunes were monitored before and after the impact of a single winter storm, in September and November 2019, respectively. At each study site, three transects were established, perpendicular to the coastline (Figure 1). The length of the transects varied depending on the width of the beach, the number of dune ridges, and the limit of private properties at the back of the beach. The transects in Riachuelos and Navarro were set from the toe of the second dune ridge toward the ocean, while in La Mancha they were set from the toe of the stabilized foredune toward the ocean (Figure 3A). On each transect, three control points were marked to facilitate their relocation in the post-storm monitoring. The first marker was placed at the beginning of the dune-ocean transect and was considered as the zero reference point (x = 0 and y = 0 coordinates). The second marker was placed in the middle of the transects and the third in the swash zone of the beach. All three points were georeferenced with a GPS (Garmin GPSMAP®64) and the first and the second points were also marked with aluminum stakes.
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FIGURE 3. (A) Beach and dune profile showing the direction in which the profiles were measured from the foredune to the swash zone. (B) A self-made instrument to measure changes in height (y) between two points separated by a known distance (x). Each time that the user advances, in one-m segments (or 0.5 m segments), changes in height can be measured. Because of the direction in which the profiles were measured (from the dunes to the beach), positive slopes were mainly associated with protected faces of the dune (C), and negative slopes with the exposed face (D). (E) Picture showing one of the plots where vegetation was sampled.



Monitoring of Topography (Beach and Dune Profile)

The pre- and post-storm beach and dune profiles were measured along the three transects set on each beach, from the dune toward the ocean (Figure 3A), beginning at a previously set point of a known height (our x = 0 and y = 0 coordinates), with two inclinometers made in the laboratory (Figure 3B; Emery, 1961; Krause, 2004). The instruments measured changes in topography between two points set at distances of either 0.5 or 1 m, depending on the topography (Figures 3B–D).

The zero-level of the sand surface used as the x = 0 and y = 0 (height and distance) reference point to measure changes in topography was set based on a 1 m aluminum stake which was marked every 1 cm, with positive and negative numbers, from the zero-line drawn in the middle of the stake. The stake was buried in the sand so that the zero-line coincided with the level of the sand. Following the storm, the topography was measured again, erosion and accretion were registered, and the reference point was adjusted so that the changes in topography could be assessed similar to Davidson-Arnott and Law (1996).



Vegetation Monitoring

Plots (2 × 2 m) were established at two meter intervals to monitor the vegetation along each transect (Figure 3E). The first plot was at the x = 0, y = 0 coordinates used to measure the topography, and subsequent plots were placed at two-meter intervals with the last plot being located at the seaward-most limit of vegetation on the backshore. The corners of each plot were georeferenced and three plots per transect were marked with aluminum stakes to locate them precisely in the post-storm monitoring.

The number of plots monitored per beach and per transect varied, depending on the beach width and the distribution of plants on the foredunes and backshore. Before the storm, 52 plots were monitored at Riachuelos, 24 at Navarro and, 47 at La Mancha. After the storm 54, 24, and 40 plots were monitored, respectively. In each plot, every vascular plant species was identified and the percentage of plant cover per species, the total percentage of plant cover, and the percentage of bare sand were estimated visually (Martínez et al., 2001, 2019). For each plot, the visual percent cover estimations were performed by the same person to avoid bias. When species were unknown, three samples were collected for identification in the herbarium at the Institute of Ecology (XAL), in Xalapa, Veracruz.




Data Analyses


Topography

The beach profiles measured, as explained above, were processed and analyzed with ArcMap 10.5. The x, y coordinates from each transect were projected as points, transformed into lines, and then into a single polygon, by joining the lines with a straight, horizontal line drawn from the first to the last point. This line was set at a constant height and serves as the baseline of the polygon. Then, the “union” tool of ArcMap was used to overlap the pre-and post-storm profiles. After the overlap, new polygons were created for each pair of profiles, producing new polygons showing accretion, erosion, and no changes in the topography. The area of the new polygons was calculated with the “calculate geometry” tool of ArcMap and then the volume of sand eroded or accreted was calculated for (i) each entire profile, (ii) the frontal dune, backshore, and beach of each profile (measured from the base of the lee slope of the dune to the lowest seaward elevation surveyed) and, (iii) each two-meter segment where the plot to monitor vegetation had been placed.

Beach volume was calculated based on the area of the polygon and by assuming that changes measured in the profile were the same in the adjacent 0.25 m on each side of the transect (0.5 m in total). Thus, changes in the volume were calculated as Eq. 1.
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where V = volume, Ab = base area (polygon area) and, h = height (0.5 m). For the three areas where the volume was calculated, net erosion was estimated by subtracting the total accretion from the total erosion. In the case of the erosion on the entire profile and erosion on the frontal dune and beach, an analysis of variance was performed to see whether the amount of erosion varied between the beaches. The analysis was run in R Studio (R version 3.6.1 “Action of the Toes”; R core Team, 2019).

In addition, for each profile, the maximum height (m) of the first incipient, or foredune, was calculated as the vertical distance from the sea level to the crest of the dune, and with the x, y coordinates, the following variables were calculated: width of the backshore (m), slope of the backshore and the stoss slope of the dune. The slopes were calculated as the slope of the line (Eq. 2) and then they were expressed as angle (θ) in sexagesimal degrees (Eq. 3).
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where x1 and y1 represent the coordinates of the first point of the profile (the beginning) and x2 and y2 represent the coordinates of the second point (the end) of the segment.
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It is important to clarify that since the profiles were measured from the dunes toward the ocean, positive values refer to the lee face of the foredunes (the higher the positive number, the steeper the slope on the lee face of the dunes) and negative slopes were measured on the stoss face of the dune (the greater the negative numbers, the steeper the slope in the exposed faces of the embryo dunes). However, for the statistical analysis in which the slopes were considered, the absolute values of the slopes were used. Finally, values close to 0 indicate a gentle or flat slope.



Assessing the Effect of the Winter Storm on the Plant Community

The effect of the winter storm on the plant community was determined based on changes in plant cover, plant diversity, and species dominance. For each sampled plot, and at each observation date, the percentage of species cover was converted into m2 (Martínez et al., 2001, 2019) as Eq. 4.

[image: image]

Then, plant cover per species (m2), total plant cover (m2), and species richness were used to evaluate: (i) the changes in plant cover, (ii) plant diversity, and (iii) the Relative Importance Value (RIV).


Plant cover

Two paired sample t-tests were performed (i) to look for differences in overall plant cover between pre- and post-storm conditions at each site by considering all the plots located on the dunes and backshore, and (ii) to explore the changes in seaward vegetation established on the dunes closest to the ocean (incipient dunes for Riachuelos and La Mancha and foredunes for Navarro). To achieve this, first, we added total plant cover per transect so that for each beach, we had three plant cover values before the storm and three after the storm, which were compared with a t-test for each site. Then, we focused the analyses on the three vegetated plots located closest to the ocean (per transect) and followed the same procedure that was used for the complete transects. The tests were run in R studio (R version 3.6.1 “Action of the Toes”; R core Team, 2019).



Alpha-diversity

Alpha diversity was evaluated using the concept of “effective numbers of species” (Jost, 2006; Eq. 5), a method that is equivalent to Hill’s number (Hill, 1973). This method has mathematical properties that accurately capture the diversity concept, the replication principle is met and the magnitude of the differences in diversity between two communities can be interpreted adequately (Jost, 2006; Cultid-Medina and Escobar, 2016).
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Where:

qD is the diversity of the community according to the chosen diversity index (Jost, 2006). It depends on the proportional abundance per species (Pi) and the exponent q (Jost, 2006; Cultid-Medina and Escobar, 2016). The exponent and superscript q is called the “order of diversity” and indicates the sensitivity to common and rare species (sensitivity to species abundance). For the study, the q values used were: 0 (°D) which is the species richness, 1 (1D) which is the common species (Shannon diversity), and 2 (2D) which is the number of dominant species (Simpson diversity; Jost, 2006).

The values of the three orders of diversity were measured before and after the storm and were compared. Because the methods established by Jost (2006) and Hill (1973) were used, the comparison is only possible if the sample coverage is the same in the two communities (Chao and Jost, 2012). Therefore, it is necessary to know the sample coverage, which is a measure indicating the proportion of the statistical population represented by the species sampled (Eq. 6; Chao and Jost, 2012). Thus, before estimating and comparing diversity, sample coverage ([image: image]m) was calculated.
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Where f1 and f2 are the numbers of singletons and doubletons, respectively, and n is the abundance of the sample. The values of sample coverage range from 0 (minimal completeness) to 100 (maximum completeness). When the completeness value is close to 100, and it is similar to the species assemblages to be compared, then diversity values (qD) can be compared directly (Chao and Jost, 2012; Cultid-Medina and Escobar, 2016). Finally, comparisons between the different orders of diversity (0, 1, and 2) were performed, considering the overlap between the confidence intervals (CI) at 95% (Cumming et al., 2007). Data analyses were performed with the iNEXT library (Hsieh et al., 2016) in R studio (R version 3.6.1 “Action of the Toes”; R core Team, 2019).



Beta-diversity

For each site, beta-diversity (variations in species composition) was evaluated as the total dissimilarity between two species assemblages at two-time steps (the pre-and post-storm; Baselga, 2010). The total dissimilarity was computed as the Jaccard Index (βjac; Eq. 7). Additionally, its two partition components, species turnover (βjtu; Eq. 8), and nestedness (βjne; Eq. 9) were considered (Baselga, 2010, 2012; Baselga and Orme, 2012).

Jaccard dissimilarity (Eq. 7):
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Turnover component of Jaccard dissimilarity (Eq. 8):
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Nestedness-resultant component of Jaccard dissimilarity (Eq. 9):

[image: image]

where:

a is the number of shared species in both sites (in this study, on both dates), b is the number of species present on the first date but not on the second, and c is the number of species present on the second date but not on the first (Jaccard, 1912; Baselga, 2012). The index ranges from 0 (null dissimilarity) to 1 (complete dissimilarity; Baselga, 2012). The analysis was run with the betapart library (Baselga and Orme, 2012) in R studio (R version 3.6.1 “Action of the Toes”; R core Team, 2019).



Relative importance value

Relative importance value was calculated per site by adding relative frequency (the number of plots where each species was observed, divided by the total number of plots) and relative cover (the total cover per species, divided by the total plant cover). The result was divided by 2 to obtain a value ranging from 0 (very scarce) to 1 (very abundant), which facilitates comparisons between species and sites or dates (Brower and Zar, 1977).




Pre-Existing Conditions and Beach-Dune Erosion After the Winter Storm

First, we explored the effect of pre-existing morphological conditions on beach and dune erosion by incorporating the geomorphological parameters measured in the field, and calculated from the field surveys, into a Principal Component Analysis (PCA). With this, we explored the relative contribution of each variable to the geomorphological variability between the three beaches. We also looked for possible correlated variables. From this prior analysis we intended to select the most relevant variables, to statistically assess the variables most related with erosion. Furthermore, to show that the most relevant variable can vary greatly on the beaches, an analysis of variance was performed to compare the beaches studied. Once the variables were selected, we ran a Generalized Linear Mixed-Effects Model (GLME) to evaluate the net erosion on the entire beach profile, as a function of the most relevant geomorphological variables. In this model, the variable site (beach identity) was used as a random component.

Second, to see whether plants mitigated erosion, linear regression analyses were performed using the information from the vegetated plots located closest to the ocean. This decision was made because it has been demonstrated that plant cover is positively correlated with the distance from the beach. Then, to avoid errors of comparison, plots that were directly impacted by storm surges and waves, and had reduced vegetation cover, were not compared with the plots further inland that had higher vegetation cover. Thus, at Riachuelos and La Mancha, three plots per transect were considered, whereas at Navarro only two plots per transect were analyzed because the beach is narrower. The plots selected were all on the stoss slope of the dunes and backshore.

The following variables were evaluated for each beach with the linear regressions: plant cover, plant richness, and the overlap cover index. This index was estimated, as the plant cover is only the cover visible in a 2D aerial view. When dunes (in this case the plots) are covered by one or more species that do not overlap, plant cover is a good proxy to study its effects on mitigating erosion. In this case, the maximum plant cover value is ≤4 m2, because this is the maximum area of each plot. However, when two or more species coexist and overlap in a plot, plant cover is stratified, since the plant cover of taller species could be on top of the plant cover of shorter species. The total plant cover of all species found in a plot could be more than 4 m2 because of the juxtaposition of species. When this occurs, the cover could be highly relevant in reducing the erosion induced by waves. Therefore, a value for this stratification (overlap) was calculated (Eq. 10) to test its possible effects in reducing erosion.
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Where:

Total plant cover = the addition of plant cover per species in the plot.

Overlap = the addition of plant cover and bare sand (if it was present) minus the total area of the plot (4 m2).

Two is a constant number, used only to magnify the resulting values.

The analyses were run in R Studio (R version 3.6.1 “Action of the Toes”; R core Team, 2019), the PCA was run with the “rda” library of the “Vegan” package (Oksanen et al., 2019), and the GLME was run with the “glmer” function of the “lme4” package (Bates et al., 2015). Finally, the analysis of variance and the linear regressions were performed with the “lm” function.





RESULTS


Erosion Induced by a Single Winter Storm Event

The impact of the storm varied between the sites. Based on field observations after the storm and analyses of the beach and dune profiles, washover penetration was documented at Riachuelos and La Mancha, where the dominant regime of wave impact, based on Sallenger (2000), was swash and overwash, but only over the incipient dunes. However, in La Mancha, there was lateral variation in the storm impacts, and collision regime was also observed. At Navarro, there was no evidence of washover penetration, and only the collision regime was observed on the foredunes (Figures 4–6).
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FIGURE 4. The surf-zone and dunes of Riachuelos. (A) Dune, beach, and surf-zone features. (B) The incipient dunes and species before the storm. (C) The incipient dune during the storm, showing the wave-induced erosion.
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FIGURE 5. The surf-zone and foredunes of Navarro. (A) Dune, beach, and surf-zone features. (B) The foredunes and species before the storm. (C) The foredunes during the storm, showing the wave-induced erosion.
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FIGURE 6. The surf-zone and dunes of La Mancha. (A) Dune, beach, and surf-zone features. (B) The incipient dunes and species before the storm. (C) The incipient dunes during the storm, showing the wave-induced erosion.


Erosion was the dominant process taking place during the storm along each transect. No net accretion (income of sand to the system) was documented (Figure 7), and the accretion was only of the sand stored on the dunes, repositioned along the transects. Only in La Mancha, profile 1, was accretion observed on the backshore, whereas on the other beaches accretion took place on the back of the dunes. At Riachuelos erosion occurred not only on the stoss slope of the foredunes and backshore, but also on the back of the dunes (Figure 7). At Navarro, erosion mainly occurred on the stoss slope of the foredune, and slight accretion was observed on the back of the foredunes (Figure 7). At La Mancha, erosion took place on the backshore, and incipient dunes (Figure 7).
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FIGURE 7. Pre-and post-storm profiles on Riachuelos, Navarro, and La Mancha. Note that scale in axes y and x is not the same for all the beaches because of the differences in length and height of the beach and dune systems.


In terms of the total net erosion (the sum of the erosion taking place on all three transects for each beach), Riachuelos had the highest value, followed by La Mancha, and then Navarro. Nonetheless, the analysis of variance (P ≤ 0.05) did not show any statistical differences for the erosion taking place on the three beaches (F value = 0.44; P = 0.66; Figure 8A). The same trend was seen for the net erosion taking place on the dunes closest to the ocean (F value = 0.16; P = 0.84; Figure 8B).
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FIGURE 8. Erosion at the study sites: (A) mean erosion on the three transects; (B) mean erosion on the frontal dunes (from the lee slope to the windward slope) and the lowest seaward point surveyed.




Response of the Plant Community to the Impact of the Winter Storm


Plant Cover

There was no clear impact of the storm on the vegetation. Plant cover increased in Riachuelos and Navarro, but decreased in La Mancha, although these differences were not statistically significant (Table 2). The same trends were observed on the seaward plots (Table 2).


TABLE 2. Mean plant cover, p-value, and t-test value for all the plots on the three beaches, and in the frontal plots.

[image: Table 2]


Alpha Diversity

A total of 32 species were recorded on all the beaches in the two sampling periods, with 28 species occurring in both periods. There were variations between the sites: 18 species were recorded in Riachuelos, 15 in Navarro, and 24 in La Mancha. On the three beaches, the sample coverage (evaluated as part of the diversity analysis to make the comparisons between the two sampling periods) was ≥96%. Thus, diversity comparisons of each order of diversity were done directly, and no extrapolation or interpolation methods were necessary (Chao and Jost, 2012). In Riachuelos, we observed a slight increase in the three orders of diversity. Species richness (0D) increased from 16 to 18 before and after the storm, respectively. The number of common species (1D) increased from 10 to 11 and the dominant species (2D) from 8 to 9. The species that appeared after the storm, prompting the increase in species richness were the inland grass Cenchrus echinatus and forb Cyperus rotundus. In contrast, no changes were observed in Navarro (Figure 9A). Before and after the storm, species richness was 14, the number of common species was 10, and the dominant species 9. Finally, in La Mancha, the three orders of diversity decreased after the storm. Species richness (0D) was the order with the greatest change, since it decreased from 21 to 17; while the common and dominant species varied from 12 to 11 and from 9 to 8, respectively. The inland species Bidens pilosa, Commelina erecta, Euphorbia dioica, and the beach plant Oenothera drummondii are the four species that disappeared after the storm. Despite the slight changes observed in Riachuelos and Navarro, the analyses performed with the 95% CI did not reveal significant differences for any order of diversity (°D, 1D, and 2D) in any of the beaches studied (Figure 9A), which means that in terms of alpha diversity, the plant communities were not significantly affected by the winter storm.
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FIGURE 9. (A) Plant diversity on the three beaches before (Bs) and after the storm (As). Species richness (0D), the number of common species (1D), and the dominant species (2D) in the community were evaluated. Error bars correspond to the 95% CI. (B) Relative Importance Value (RIV) on the three beaches before (Bs) and after the storm (As). Only the five most dominant species on each beach are shown. Letters next to the point denote the name of the species: Sv (Sporobolus virginicus), Cp (Croton punctatus), Cr (Canavalia rosea), Od (Oenothera drummondii), Pl (Palafoxia lindenii), Pa (Panicum marum), Ii (Ipomoea imperati), Ce (Cenchrus echinatus), Bp (Bidens pilosa), Fc (Fimbristylis cymosa), Ip (Ipomoea pes-caprae), and Tp (Trachypogon plumosus).


There were, however, slight differences in the RIV between pre- and post-storm conditions. On the three beaches, the grass Sporobolus virginicus was the dominant species before the storm. However, after it, this species became the third and second most dominant species in Riachuelos and Navarro, respectively, being replaced by Croton punctatus and P. amarum, respectively, (Figure 9B). In La Mancha, S. virginicus continued to be the most dominant species and its dominance slightly increased after the storm. Of the three beaches, La Mancha had the fewest changes in species ranking (Figure 9B). Concerning the species with geomorphological relevance being considered dune-building plants, in Riachuelos, we observed that some had lower RIV (Ipomoea pes-caprae and S. virginicus) after the storm, while others (Palafoxia lindenii) remained unchanged. In contrast with Riachuelos, in Navarro Ipomoea pes-caprae and S. portulacastrum remained unchanged and the RIV of P. lindenii decreased. Furthermore, on this beach, the dune building and sand stabilizer grass, P. amarum, was the most dominant species after the storm, replacing S. virginicus. In La Mancha, as was previously mentioned, no major changes were observed and the two important dune building species (S. virginicus and P. lindenii) remained the most dominant. Finally, and coinciding with our observations at Riachuelos, in La Mancha the importance value of Ipomoe pes-caprae also fell.



Beta Diversity

The Jaccard index was used to show changes in species composition on the three beaches, after the winter storm. The Jaccard dissimilarity (Bjac) in Riachuelos (0.11), Navarro (0.13), and La Mancha (0.41) showed that La Mancha had the greatest dissimilarity values between the pre- and post-storm species assemblages, while Riachuelos and Navarro had lower values, closer to 0 which indicates less dissimilarity. The turnover component (βjtu) in Riachuelos was zero while Navarro (0.13) and La Mancha (0.30) had almost similar values to those for the total dissimilarity. Regarding the nestedness component (βjne), Riachuelos had the same value (0.11) that the total dissimilarity, while Navarro had a zero value and La Mancha 0.11. These results indicate that changes in species assemblages were site-dependent. In Riachuelos, the arrival of two new species was recorded, however, no species disappeared (nestedness), while in Navarro changes were due to species turnover and the number of species did not vary between pre-and post-storm species assemblages. Finally, in La Mancha, dissimilarities due to species turnover and nestedness were observed, however, the first was dominant.

Species turnover before and after the storm varied between sites. In Ricahuelos, the two new species found after the storm were C. echinatus and C. rotundus. In Navarro, Erigeron longipes was present before the event but absent after it, while Palafoxia texana appeared after the storm. In La Mancha, E. longipes, B. pilosa, C. erecta, O. drummondii, Lantana camara and Schizachyrium scoparium were observed before the storm but were absent after it. The species present after the storm, but absent before it, were Parthenium hysterophorus, Macroptilium atropurpureum and C. rotundus.




Pre-Existing Conditions Related to Beach-Dune Erosion and the Role of Plants

The PCA shows differences between the geomorphological features of the beaches studied. Axis 1 and Axis 2 accounted for 70 and 17% of the total data variability, respectively, (Figure 10A). Dune height, the stoss slope of the dune and slope of the backshore appear on the positive extreme of Axis 1. A strong correlation was found between dune height and the slope of the backshore (r2 = 0.85), and dune height and the stoss slope of the dune (r2 = 0.76). Beach width was associated with Axis 2 and no strong correlations were observed with dune height (r2 = –0.35), backshore width (r2 = –0.56), or the stoss slope of the dune (r2 = –0.53).


[image: image]

FIGURE 10. (A) Geomorphological variables included in the Principal Component Analyses. (B) Mean height of the frontal dunes on the three beaches (incipient dunes for Riachuelos and La Mancha, and foredunes at Navarro).


In the biplot, the points that corresponded to Navarro were located on the positive extreme of Axis 1, while the points from Riachuelos and La Mancha were located in the center of the plot and toward the negative extreme of the same axis (Figure 10A). This shows that the beach at Navarro is narrower, and the dunes are higher, with steeper exposed face slopes, compared to Riachuelos and La Mancha. These results coincide with the field observations and the metrics shown in Table 1. Finally, the analysis of variance to compare the dune heights of the beaches (the variable with most contribution and associated correlation with the other geomorphological variables) also shows that they were statistically different for the beaches, with Navarro having the highest dunes and La Mancha the lowest (P = 0.002; Figure 10B).

Based on this information and the correlation analyses, dune height and backshore width were selected as good predictors to evaluate the effect of the geomorphological variables in erosion using the GLME. The results showed a significant effect of dune height (Chisq = 20.51, P < 0.001), backshore width (Chisq = 58.81, P < 0.001) and the interaction of both variables (Chisq = 9.39, P = 0.002). Erosion was greater on the beaches fronted by lower dunes (Figure 11A), and narrower beaches also tended to lose more sediment (Figure 11B). The interaction of both variables indicates that narrower beaches with higher dunes are less prone to erosion, however, in some cases when beach width increased, the erosion was also less.
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FIGURE 11. Erosion as a function of (A) dune height, (B) backshore width, (C) plant cover and (D) bare sand.


Finally, the linear regressions performed to explore the effect of plant cover, plant richness and the overlap cover index in mediating erosion, only showed a significant negative correlation between plant cover and erosion in Navarro (r2 = 0.84, P = 0.009; Figure 11C) and a significant positive correlation between bare sand and erosion (r2 = 0.84, P = 0.009; Figure 11D). On this beach, severe erosion occurred when plant cover was reduced on the exposed face of the dunes.




DISCUSSION

This study is novel because it: (a) demonstrates the species-specific role of plants in mitigating dune erosion in field conditions; (b) shows the interaction between plant-related features and geomorphological variables in mitigating dune erosion, and (c) explores the immediate effect of a winter storm on beach and dune topography, the plant community, and dune-building species. This is relevant because previous work has focused on laboratory experiments and seldom explored the interaction between plant-related features with geomorphological attributes after exposure to a storm.

Our results are partially in accordance with our working hypotheses. We expected that: (a) plant cover and diversity would decrease after the impact of the storm and species dominance would change; (b) pre-existing beach and dune geomorphological conditions would determine storm-induced erosion; and (c) plants would help mitigate beach and dune erosion. We found that the winter storm did not have a significant impact on plant cover and diversity, but species composition and dominance varied for pre- and post-storm conditions. Beach and dune erosion did not vary significantly among sites, although it was less intense at Playa Navarro, where the highest dunes were observed. The correlation between erosion and plant cover was significantly negative only in Navarro.


Impacts of the Storm on Beach and Dune Morphology

Coinciding with previous findings, our results show that pre-existing conditions (dune and beach geomorphology before the storm) are relevant in determining the run-up, and the outcome of the storm on the beach and dune topography (Pries et al., 2008). Erosion was lower on the beaches with higher frontal dunes, but higher on narrower beaches (Vellinga, 1982; Saye et al., 2005; Pries et al., 2008; Keijsers et al., 2014). In Navarro, the narrowest beach with the highest dunes, erosion was induced through collision regime, and the resistance to flooding from the storm surge was conferred because the higher foredune ridge prevented inland flooding (Sallenger, 2000). In contrast, in Riachuelos and La Mancha, the lower dunes were more likely to be overwashed and inundated, although the width of the beach helped to reduce the effect of the storm surge (Keijsers et al., 2014) and consequent destruction of the incipient dunes. These results coincide with the previous findings of Houser et al. (2008) who observed that areas with lower dunes are more prone to overwashing, while the well-developed foredunes tend to be eroded on the exposed face.



Impacts of the Winter Storm on the Beach and Dune the Plant Communities

One of the most relevant characteristics of nature-based defense for coastal protection is that natural ecosystems are capable of recovering naturally after disturbances, such as storms. Indeed, storms are natural events that are part of the natural dynamics of the coasts. Although natural, the stress induced by winter storms and tropical cyclones (e.g., hurricanes) on the coast (e.g., inundation, high salinity concentration, overwash, scarping and erosion, and burial) may have positive or negative impacts on plant communities (Rodgers et al., 2009; Miller, 2015). Consequently, we hypothesized that plant cover and alpha diversity would decrease after the impact of the winter storm. Additionally, we also expected to observe changes in species composition and dominance, with the most tolerant species becoming dominant after the storm.

Species richness was not altered by the storm, although species composition did change. Most of the species involved in species turnover were inland species (e.g., B. pilosa and E. dioica), with low incidence, abundance, and plant cover, and which were negatively affected by the storm. In turn, the abundance of dune builder plants increased after the storm. These results coincide with previous findings by Miller et al. (2010), who demonstrated that beach and dune species are highly resistant to storm conditions. These authors also recorded species turnover after a storm, mostly owing to the arrival of grasses and forbs. They noted that (i) major changes in plant cover on the incipient dunes are more related to temperature and drought, rather than to the action of waves, and (ii) species with higher occurrence are more likely to respond positively to storms. In accordance with this, the present study shows that in the three study sites, plant cover of the most dominant dune-building species (for example, Canavalia rosea, C. punctatus, Ipomoea pes-caprae, S. virginicus, and P. lindenii), increased after the storm, probably due to the rain brought by the storm, but also perhaps because of a positive response to burial by sand (Martínez et al., 2002) in the overwash areas where accretion occurred. It is important to mention that the coast of Veracruz faced a severe drought in the year when the study took place. Thus, when the rain from the winter storm reached the coast, it was beneficial, rather than harmful, for the plants (personal field observations).

Furthermore, the fact that the dune building species Ipomoea pes-caprae, P. lindenii, S. virginicus, S. portulacastrum, and P. amarum were little or not affected by the storm is relevant because, besides being effective dune builders (Devall, 1992; Stallins, 2002; Lonard and Judd, 2011; Lonard et al., 2013), these species are known to help mitigate wave-induced dune erosion (Silva et al., 2016; Feagin et al., 2019; Maximiliano-Cordova et al., 2019). This means that these species maintain their protective role by building dunes and by resisting the impact of the storm. However, this also depends on factors such as the sediment budget and the storm incidence.



Pre-Existing Conditions and the Effect of Plants in Mitigating Erosion

Experiments previously performed in wave flume conditions have shown the effectiveness of vegetation in mitigating erosion induced by storm waves (e.g., Kobayashi et al., 2013; Sigren et al., 2014; Silva et al., 2016; De Battisti and Griffin, 2020). However, to date, only the studies conducted by Charbonneau et al. (2017), Lindell et al. (2017), and Biel et al. (2017) have demonstrated the protective role of plants in field conditions. To contribute to this field, the aim and novelty of the present study were to explore the effect of plant-related features (plant cover, overlap cover index, and plant richness), in mitigating erosion in different beaches with varying morphological features, in order to understand under what conditions plants confer dune resistance against erosion. This study shows that plant richness and the overlap cover did not affect erosion, except on one beach, where plant cover was negatively correlated with erosion on the exposed face of the dunes.

The differences in erosion observed at the three study sites and the protective role of vegetation may be associated with beach-dune morphology (Sallenger, 2000; Saye et al., 2005; Pries et al., 2008) as well as the dominant species, because protection may be species- and site-specific (Charbonneau et al., 2017; Maximiliano-Cordova et al., 2019). Our results show that the dominant species varied between beaches. The incipient dunes of La Mancha and Riachuelos were covered by the creeping vine Ipomoea pes-caprae, while the foredunes of Navarro were covered by the tall grass P. amarum. Even though experimental evidence has demonstrated the efficiency of both species in mitigating beach and dune erosion in laboratory conditions (Silva et al., 2016; Figlus et al., 2017; Maximiliano-Cordova et al., 2019), it is possible that in field conditions, the architecture of P. amarum is better at mitigating erosion as its plant cover increases because the dunes that develop around this plant are higher and the plants effectively trap sediment that would otherwise be eroded. Nevertheless, there is a threshold in the protective effect beyond which, erosion will not be mitigated (Odériz et al., 2020).

The mechanisms involved in the protective role of vegetation are diverse. Previous laboratory experiments have demonstrated that dune plants primarily reduce the velocity of beach erosion by attenuating wave swash and run-up with their stems and leaves (Mendoza et al., 2017; Feagin et al., 2019), but they do not compensate for the sediment deficit of the submerged beach (Silva et al., 2016; Odériz et al., 2020). Feagin et al. (2019) observed that plant roots also attenuated waves and reduced erosion. Furthermore, Mendoza et al. (2017) explored the mechanisms through which plant cover decreased dune erosion. Their findings show that where plants were present, the wave breaking point was displaced seawards, and bed velocities close to the shoreline were lower, associated with a reduction of the wave energy reflected on the beach. Both phenomena help explain the protective role of vegetation on the beach, which provides a slight, but relevant, contribution to the resilience and resistance of the beach profile.

Hydrodynamic changes are species-specific (Bouma et al., 2013), and hence, plant cover and architecture will play a differential role in modifying the impact of waves. For instance, I. pes-caprae mitigates wave impact and provides dune resistance (Silva et al., 2016; Feagin et al., 2019; Maximiliano-Cordova et al., 2019), but when plant cover increases, the results are unpredictable (Silva et al., 2016). In some cases, the maximum plant cover of this species could induce an increase in the coefficients of wave reflection, and as a consequence, induce greater dune erosion (personal observations). Instead, P. amarum mitigates turbulence as plant cover increases (Figlus et al., 2017). In laboratory conditions, it was demonstrated that P. amarum and the similar Ammophila arenaria were more efficient in mitigating erosion than forb species because of differences in their aerial architecture and below-ground biomass (Figlus et al., 2017; De Battisti and Griffin, 2020). These trends probably apply to our results. For example, I. pes-caprae has long branches that extend over the surface of the sand and abundant shallow adventitious roots that grow a few centimeters below the surface (Devall, 1992). In turn, P. amarum is a tall grass with dense and compact roots. The plant architecture and below-ground roots of both help mitigate the impact of storms, and retain sediment, thus reducing erosion.

Finally, the protective role of plants is the result of reciprocal interaction between plants and dunes which converts them into a dynamic bio-shield that determines the extent of the storm-induced effects. Indeed, beach and dune resistance is an accumulative process that depends on the biogeomorphological feedback between the plants and the dunes (Stallins and Parker, 2003; Durán and Moore, 2013; Charbonneau et al., 2021). In brief, our results show that plant cover can help mitigate erosion. However, this protective role is species- and site-dependent; influenced by local geomorphological characteristics.



Caveats of the Study


Spatio-Temporal Dynamics

In temperate coasts, it is possible that the abundance and diversity of plant species vary over time because of seasonal changes during which annual species may be present or absent, and plant cover varies drastically, depending on the weather conditions. Unlike temperate coasts, in the tropics there are almost no noticeable seasonal changes. For instance, annual plants are absent; all species are perennial, and thus, they do not disappear seasonally. This means that without disturbances that cause major disruptions, plants remain present even during the dry season, although their cover may decrease. Also, there is no successional species turnover on the beach and incipient dunes because of the recurrent disturbance events which repeatedly set vegetation trends back to early pioneer stages. Therefore, in our case, a spatio-temporal relationship is likely to occur simultaneously, between the state of the vegetation and geomorphological changes, because plant cover is highest when storms occur (Martínez et al., 2001).



One Single Storm

It is also important to acknowledge the limitations of a study with only one single storm event. It is certainly necessary to explore the cumulative effects of subsequent storms with different intensities, as well as the time elapsed between them, because this affects the possibility of plant recovery after the disturbance events. In addition, long-term studies will contribute to the understanding of the dynamic interaction between plants and geoforms. We also lacked information on the bathymetry of the study sites, and this would have been useful to describe the impact regime of the waves during the storm and the redistribution of the sediment along the surf zone.



Number of Replicates

The significant correlations between different environmental variables (dune height, backshore width, plant cover, and bare sand) and observed erosion were performed with a relatively reduced number of replicates. This was due to the fact that we chose the plots closest to the ocean to test the impact of storm-induced waves on the dunes, with and without vegetation, because the impact of waves decreases inland. Certainly, these results would be strengthened with a greater number of replicates, both within each beach and by adding more beaches. Nevertheless, the general trends are statistically significant and reveal interesting trends in field conditions which coincide with laboratory experiments, as well as the relatively small number of field observations performed previously (Feagin et al., 2019).



Applicability Worldwide

The study was only performed in three sites (three beaches), all located on the Gulf of Mexico. Nevertheless, the results can be extended worldwide, specifically to sandy coasts with vegetated dunes, and which are exposed to storms (winter storms or tropical cyclones; see for example, Costanza et al., 2021; Castelle et al., 2015; Masselink et al., 2016). While sandy beaches are heterogeneous, and dune-building plant species vary between regions. Nevertheless, sediment dynamics and the tolerance of dune building plants to salinity and sand movement is similar between species (Maun, 1998). Therefore, the response of the beach-dune system to the impact of storms is likely to be parallel in coastal regions beyond the Gulf of Mexico. Thus, in tropical and temperate latitudes, the interaction between geomorphological features, plants and storms are likely to share similarities. Nevertheless, further field observations are necessary to confirm this assumption.





CONCLUSION

This study aimed to evaluate the impact of a single winter storm on beach and dune morphology and plant communities, and to explore whether plants help in reducing wave-induced erosion in field conditions. The results show that: (1) erosion and accretion occurred on the three beaches studied, but that the patterns depend on the local geomorphological attributes and pre-existing conditions. Erosion was less intense where dunes were higher, although the beach was narrower (Navarro). On the other hand, wider beaches with more gentle slopes and shorter incipient dunes (Riachuelos and La Mancha) and were more eroded. (2) The impact of the winter storm on the plant communities established on the backshore and dunes was most often observed on typical inland plant species. Dune-building plants were not only tolerant to the storm, but they also increased their plant cover, demonstrating their ability to tolerate harsh storm conditions. (3) The protective role of plant-cover and species richness in mitigating erosion was site-dependent, and was only significant where erosion was less intense, which coincided with higher dunes and a narrower beach. The results from this study show that in field conditions, plants can confer dune resistance. However, this protective role is not linear because it is site- and species-specific, and depends on pre-existing geomorphological conditions and the plant species growing on the beach and dunes. Finally, concerning the applicability of this study, our results help understand the circumstances under which plants contribute to mitigating dune erosion. This is relevant as there is growing global interest in protecting coasts and mitigating erosion by means of ecosystem-based solutions.
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