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Natural and Nature-Based Features (NNBF) are promoted as alternatives to structural flood protection measures. Progress has been made in understanding the physics and engineering of these systems; however, engineering, ecological, and social barriers to implementation remain. This paper identifies these barriers using the results of a literature review and summary of expert opinion; contrasts the state of the practice of NNBF with traditional structures; and details the main engineering challenges to NNBF implementation, including the uncertainty in current calculation techniques and lack of engineering design guidelines. We suggest that emergent vegetation systems can be designed with the current body of information, and an example framework is proposed for assessing these systems for their wave attenuation performance. The framework is discussed in the context of risk, and future research priorities are presented.
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INTRODUCTION
Over the last few decades, ecosystems have been promoted as viable alternatives to conventional (structural or gray) coastal protection structures (Arkema et al., 2013; Silver et al., 2019). Several studies have demonstrated the protective and restorative values of wetlands, reefs, seagrass beds, and/or vegetated dunes (Scyphers et al., 2011; Anderson and Smith, 2014; Ozeren et al., 2014; Taylor et al., 2015; Guannel et al., 2016; Narayan et al., 2016; Chang et al., 2019; Lei and Nepf, 2019; Maza et al., 2019; Tomiczek et al., 2020a, 2020b, 2022; Elko et al., 2021; Kelty et al., 2022). These types of solutions for shoreline protection are termed “Natural and Nature-Based Features (NNBF),” and are landscape features that are used to provide engineering functions, while producing additional economic, environmental, and/or social benefits. There are many definitions, but the common element among all of these definitions is the focus on conserving, restoring, and engineering natural systems for the benefit of people and the ecosystems they inhabit (Bridges et al., 2021). NNBF for flood and erosion protection include natural features such as emergent vegetation, beaches and dunes, reefs, or islands, and nature-based features (i.e., engineered ecosystems that mimic characteristics of natural features) such as constructed wetlands, nourished beaches, and artificial reefs (Bridges et al., 2015). These systems have also been referred to as “Nature-Based Solutions (NbS),” “Natural Infrastructure,” or “Green Infrastructure,” among other terms (Bridges et al., 2021). NNBF solutions are attractive because they have the potential to provide ecological, social, and economic benefits in addition to shoreline protection services (Barbier et al., 2011; Arkema et al., 2015; Ruckelshaus et al., 2016), and are often viewed as a “win-win” approach to coastal engineering (Hochard et al., 2019; Menéndez et al., 2020; Cunha et al., 2021; Feagin et al., 2021). As a result, several major initiatives by U.S. government agencies (Bridges et al., 2015, 2021; Webb et al., 2019), non-profit groups (Sarasota Bay Estuary Program, 2018; Narayan et al., 2019), and international organizations (PIANC, 2018; Browder et al., 2019; UNDRR, 2020; Castellari et al., 2021; Science for Environment Policy, 2021), have focused on leveraging NNBF as resilient adaptation alternatives for shoreline protection.
One type of natural habitat widely discussed by practitioners and in the literature is emergent vegetation, which includes mangroves (e.g., Rhizophora sp., Avicennia sp., Laguncularia racemosa) and marsh vegetation such as grasses, rushes, or reeds (e.g., Spartina sp., Juncus sp., Phragmites sp.). Among other benefits, these intertidal ecosystems have been noted for their wave and storm surge attenuation capabilities (Mazda et al., 1997; McIvor et al., 2012; Zhang et al., 2012; Montgomery et al., 2019; Chen et al., 2021), carbon sequestration (Alongi, 2008; Sanderman et al., 2018), habitat services for native fauna (Odum et al., 1982; USFWS, 1999), and cultural and recreational values (Uddin et al., 2013; Spalding and Parrett, 2019). However, the quantification and prediction of engineering performance (e.g., wave height attenuation) of emergent vegetation to inform design lags behind the quantification of hydraulic responses for conventional engineering systems. Indeed, practicing engineers may be hesitant to design NNBF due to the lack of design standards and differences with the traditional design process for gray infrastructure. The coastal engineering practice, as well as civil engineering in general, is guided by established manuals of practice, design standards, and guidance documents (e.g., USACE, 2002; FEMA, 2011; ASCE, 2014, 2022; Bridges et al., 2021). Although recent efforts have made strides in developing general guidelines for NNBF at international, national, state, and local levels (e.g., Miller et al., 2015; World Bank, 2017; Webb et al., 2019; Bridges et al., 2021), current guidance documents do not provide the NNBF equivalent of the comprehensive calculation methodologies common in traditional engineering design manuals (Bridges et al., 2021). Moreover, compared with conventional systems, NNBF have unique concerns, because their performance may be affected by biological factors and physical events. For example, although scientists have found evidence of engineering benefits provided by emergent vegetation under specific circumstances (e.g., McIvor et al., 2012), few conclusions are applicable for storm conditions (Pinsky et al., 2013), and only recently has research been focused on storm performance (e.g., Vuik et al., 2016; Kelty et al., 2022). Therefore, it is important that guidance on coastal protection benefits be provided, clearly identifying the range of applicability of expected benefits.
Even with recent advancements in knowledge about utilizing emergent vegetation for coastal risk mitigation in hydraulics or engineering models, barriers to implementation remain (e.g., Close et al., 2017; Cherry et al., 2018). These barriers exist throughout the implementation process as identified by Bridges et al. (2021), with challenges noted for technical design, socioeconomic considerations, financing, permitting, construction, and maintenance (Close et al., 2017; Cherry et al., 2018; Zuniga-Teran et al., 2020; King et al., 2021). A broad set of conditions needs to be addressed to facilitate and promote the appropriate use of NNBF for coastal protection, which requires not only coastal engineers, but also experts in other disciplines in engineering, ecology, and social science.
To improve our abilities to predict the engineering performance of NNBF, there is a need to 1) develop technical recommendations on how to incorporate NNBF as part of coastal hazard mitigation solutions; 2) quantify wave attenuation performance; and 3) establish prescriptive standards for design, construction, and monitoring of projects to create, restore, or enhance NNBF systems.
This paper addresses the various issues raised above by summarizing the state of the practice and providing practical guidance for the design of NNBF, based on recent advances in the quantification of wave attenuation by emergent vegetation. We also describe the engineering, ecological, and social conditions that influence the use of these systems for coastal protection. Based on these considerations, we propose a conceptual engineering framework for evaluating existing natural systems or designing new NNBF or hybrid systems, and make recommendations in the engineering, ecological, and social dimensions to facilitate and promote the appropriate use of these systems.
STATE OF THE PRACTICE
Expert opinion
To gain a deeper insight into the use of emergent vegetation in engineering design, implementation, and construction, we asked practitioners in different fields working with NNBF projects to comment on the state of the practice by answering the following questions:
1) In your experience, what is the current level of understanding regarding the performance of emergent vegetation in coastal protection applications? Is available information applied adequately for analysis of alternatives and for design?
2) What additional progress from a scientific, engineering, or design standpoint is needed to encourage adequate consideration and better implementation of these types of nature-based solutions?
3) What steps from a policy or regulatory standpoint could be taken to encourage adequate consideration and better implementation of these solutions?
4) Please share any other thoughts/comments/concerns about the present status and future needs regarding the use of nature-based solutions (especially emergent vegetation) for coastal hazards mitigation and climate adaptation.
A total of 32 professionals responded, representing academia (6), consulting (9), government (13), and nonprofit organizations (4), resulting in a variety of perspectives and experience on emergent vegetation projects. The responses primarily inform on the existing knowledge in the field and progress needed for NNBF strategies to be more widely adopted. Responses were organized according to two broad themes: 1) current knowledge and 2) future needs, and within these themes, responses were separated into engineering, ecology, and social categories.
While many respondents recognize that there is ample information supporting NNBF performance, designers are unable to apply it in a quantitative way needed for design (19/32). Two consultants and one government professional note that the information requires expertise to understand, making it difficult to access (3/32). Furthermore, experience from case studies is highly location-specific and unable to be extrapolated (5/32). Rather than designed solutions, many NNBF projects are structured as vulnerability studies (1/32). Physical space is also a concern, as there may not be enough space for emergent vegetation in urban environments or on steep and narrow banks (2/32). From a socioeconomic perspective, respondents identify the current regulatory framework as inadequate for NNBF, with many suggesting changes to policies and permitting (21/32). Stakeholders may advocate against or be reluctant to implement NNBF projects due to loss of space and view, attraction of mosquitos, and maintenance considerations (5/32). There are concerns about a perception among some stakeholders that vegetation can always be used as a solution, even though many situations call for another strategy or multi-tiered solution (2/32). Responses from academia, government, and consulting describe a disconnect between the engineering, architecture, and environmental disciplines, with some noting that engineers tend to ignore NNBF solutions, while architects and environmental professionals tend to overestimate the protection that vegetation can provide and do not understand the need for quantitative design guidelines for engineers (4/32).
Responses identify future engineering needs; a summary of broad categories is shown in Figure 1. The most frequently cited need is the further development of engineering design standards (19/32), an observation that agrees with previous studies (Cherry et al., 2018; Zuniga-Teran et al., 2020). Some responses describe specific criteria that would be needed in engineering design guidelines: 1) coastal geomorphology considerations, including sediment; 2) nearshore conditions, such as bathymetry, tidal range, and wave conditions; 3) vegetation considerations, such as species, age, number of plants, density, height, and width of patch, and under what environmental conditions and in what locations they would be able to thrive; 4) contrasting design considerations for gray, green, and hybrid systems; 5) maintenance requirements, including best management practices; 6) performance over the design life, including recovery time between storms and changes in protection as vegetation ages; and 7) survivability, especially in the face of climate and environmental changes such as water quality, salinity, diseases, and extreme weather events. These criteria should be predictive and could consider navigation.
[image: Figure 1]FIGURE 1 | Frequency of categories of future engineering needs for emergent vegetation implementation cited by experts in survey responses (N=32).
Additional engineering challenges remain beyond the development of comprehensive engineering design guidelines. For example, a broader consensus is required on how to incorporate emergent vegetation into varied methodologies of calculating wave runup and total water level (1/32). Government respondents identify a need for monitoring criteria to show success, such as 1) metrics for reporting vegetation density, areal extent, and root structure of plants; and 2) guidelines for duration and spatial resolution of the monitoring program (4/32). There is also a need for additional pilot projects in all types of locations that measure efficacy and detail designs (9/32). Similarly, research should include field experiments especially in locations where NNBF projects may be implemented, such as tropical environments, and develop a greater understanding of the applicability of solutions from one location to another (5/32). This response echoes the need to understand transferability of NNBF results between locations (Close et al., 2017). Future research should also characterize the performance of emergent vegetation under extreme events, higher tidal ranges, and future relative sea level rise scenarios (7/32), and provide a better quantification of erosive processes (2/32). Finally, respondents found that experiments are needed to further quantify and prove efficacy, including the translation of results from flume experiments to field parameters (6/32).
Many responses mention the necessity of ecological research advances for successful implementation of NNBF (6/32), including studies that assess connectivity, comprise a wide range of habitat types and environmental conditions, monitor interaction with substrate and changes over the project’s life cycle, and characterize the impacts of invasive species. In order to obtain the best performance of a restored or hybrid system, projects should imitate the ecology of nearby natural systems (4/32). This observation is consistent with the findings of Waryszak et al. (2021), who determined that the designers of most successful hybrid projects have a strong knowledge of site hydrological and ecological history. Furthermore, vegetation may be optimized based on the carbon cycle (3/32). Materials scientists and engineers can be brought into interdisciplinary teams for design (1/32). The engineering and ecology responses are highly related, with species considerations, performance over design life, maturation, and survivability requiring ecological expertise. One future research topic is converting existing ecological parameters, such as basal area, to engineering parameters, such as projected area (1/32). NNBF designs may also create unintended consequences (1/32).
We also asked subject matter experts about sociopolitical barriers to NNBF implementation (Figure 2). The most cited recommendations center on policies (21/32), including 1) prioritizing green solutions over traditional (structural) alternatives; 2) allowing NNBF projects to count for other environmental credits such as for stormwater; 3) requiring vegetation experts or plans to be included in projects; 4) encouraging redundancy in planning; 5) considering longer life cycles of up to 100 years; and 6) developing regulations specifically for hybrid systems. Of these policy responses, multiple suggest permitting modernization (5/32), which is also identified in the literature (Cherry et al., 2018). Suggestions include fast-tracking NNBF permits and modifying USACE Nationwide Permits to prioritize NNBF over gray infrastructure. Permitting modernization would focus on the removal of artificial barriers to NNBF project approval, allowing NNBF to be given equal consideration with traditional solutions. One potential area of conflict within policy arises from habitat regulations, as one government professional and two consultants note the need for flexibility with habitat conversion regulations (3/32), while an academic and nonprofit representative state the need for policies to protect existing emergent vegetation from degradation (2/32).
[image: Figure 2]FIGURE 2 | Frequency of categories of future socioeconomic and policy needs for emergent vegetation implementation cited by experts in survey responses (N=32).
In addition to policies, responses describe other social considerations that would catalyze future progress in NNBF implementation. Incentives should be created to encourage NNBF projects, including additional dedicated sources of funding (8/32). Additionally, cost-benefit analyses are in need of improvement, and should consider the full lifecycle cost of the project (12/32). These observations agree with recent studies that have identified challenges in quantifying costs, benefits, and co-benefits of NNBF (Close et al., 2017; Cherry et al., 2018; Zuniga-Teran et al., 2020). Collaboration across multiple government agencies is needed for effective projects (3/32), a recommendation which supports findings from previous workshops (Cherry et al., 2018; Zuniga-Teran et al., 2020). Community engagement is cited as an important component to creating a successful project (1/32), a finding also highlighted in the literature (Zuniga-Teran et al., 2020; Waryszak et al., 2021). Responses note the need for broader coastal management, such as 1) considering regional planning and retreat, perhaps utilizing a different term than the politicized “retreat”; 2) having government agencies acquire vegetated lands; and 3) developing tools specifically for coastal management (4/32). Education and updated materials for the public, project applicants, regulators, maintenance workers, students, and engineers are needed (9/32).
NNBF in the context of traditional structures
To elucidate the challenges of incorporating emergent vegetation systems in coastal infrastructure design, it is helpful to compare requirements for NNBF with practices for conventional infrastructure. In traditional civil engineering design, a coastal protection structure is sized and justified by performance objectives, such as flood risk management, erosion control, and/or wave and current mitigation under both extreme design events and normal operational conditions (e.g., USACE, 2002). In the design process, a clear understanding emerges on how the structure accomplishes its purpose, how success is measured, and the length of time the structure can maintain its desired performance. The structure’s performance is predictive, that is, based on a set of widely accepted, controllable assumptions and uncontrollable hazards. The structure’s performance and failure limits can also be determined, such as the storm surge height that can overwhelm the structure, wave types that can damage the structure, or storm conditions and durations that can generate significant erosion.
Established design methods exist for one form of NNBF: beach nourishment (e.g., USACE, 2002; Elko et al., 2021). Engineers select a grain size to be compatible with the existing geomorphological processes of the native beach, and calculate the volume of sand that can provide an acceptable dynamic response under a set of design parameters. Additional design decisions may include adding vegetation and widening the beach in front of a dune. However, since the “structure” (i.e., beach profile) dynamically adjusts through time to environmental conditions, performance factors are harder to control, predict, and improve, and nourished beaches are usually adaptively managed through monitoring, maintenance, or renourishment works.
The design considerations are more complicated for types of NNBF that consist of living systems, such as wetlands or reefs. From a large body of evidence based on field observations, physical modeling, and numerical modeling, engineers have been able to characterize key variables for specific ecosystems that control wave, water level, and erosion mitigation. After decades of observations, it emerges that different NNBF provide different types of coastal protection benefits. Table 1 builds off previous work (e.g., Cunniff and Schwartz, 2015; Bridges et al., 2021) to summarize current knowledge on protection mechanisms, performance, and services of NNBF. In this paper, we focus on emergent vegetation systems (salt marshes and mangroves).
TABLE 1 | Protection provided by common NNBF typologies.
[image: Table 1]Emergent vegetation can provide protection to inland areas by affecting nearshore hydrodynamics and attenuating wave heights (e.g., NAS, 1977; McIvor et al., 2012), nearshore currents (e.g., Guannel et al., 2015), and storm surge heights (e.g., Zhang et al., 2012). As a result, emergent vegetation may reduce the risk of erosion (Coops et al., 1996) and flooding (e.g., Narayan et al., 2017, 2019; Dong et al., 2020), as well as wave forces and resulting damage to coastal structures (Kyprioti et al., 2021; Mitchell, 2021) and ecosystems, both in response to chronic (La et al., 2015; Thuy et al., 2017; Tomiczek et al., 2022) and acute hazards (Narayan et al., 2019; Tomiczek et al., 2020a; Menéndez et al., 2020). Additionally, emergent vegetation can dynamically respond to increases in sea level by trapping sediment and moving landward, unless it is squeezed by development or rapid rates of submergence (Borchert et al., 2018; Saintilan et al., 2020). It is important to note that all protection services are relative and may be significantly reduced depending on various factors.
Despite this large body of evidence, evaluating the performance of NNBF is more complicated than for conventional systems. The protection services delivered by vegetation arise due to the drag force they exert on nearshore waters, and are a function of the morphology of emergent vegetation and the hydrodynamic forcing offshore (e.g., NAS, 1977; Dalrymple et al., 1984). Guannel et al. (2015) showed how the choice of a drag coefficient is sensitive to wave model formulation, and Kelty et al. (2022) were among the few to test such models under storm conditions. Additionally, contrary to conventional systems, the performance of NNBF is determined by ecological factors, which engineers cannot fully control, and can positively or negatively impact the performance of the system. For example, the ability of natural systems and their constituent species to grow, increase in density, and survive can be influenced by local or global processes like local climate, sea level rise, ocean acidification and warming, water quality, sedimentation rates, or the spread of diseases (Ross and Adam, 2013; Salimi et al., 2021). These factors, which are often influenced by humans (IPCC, 2013), impact the physical characteristics of natural systems (e.g., stem density and diameter) and hence their ability to moderate coastal hazards.
While traditional structural components may have controllable design parameters (e.g., rock weight for a rubble mound breakwater), emergent vegetation systems have design parameters that change both spatially (e.g., natural variability in trunk or prop root diameters, prop root distribution, and stem densities) and temporally (e.g., vegetation may grow and forest density may increase or recede over a system’s life cycle (e.g., Maza et al., 2021)). Moreover, while traditional projects can be built, maintained, and repaired immediately according to set specifications, NNBF need time to grow into the morphology that provides the desired protection benefits. For NNBF projects, engineers have less control of the performance of the system and contend with a higher level of uncertainty than for traditional coastal protection structures; a range of design parameters must be evaluated for NNBF systems.
2.3 Characterizing the performance of NNBF
To compute traditional design metrics in the presence of NNBF–overtopping, runup, wave force on inland structures, or cross-shore erosion–engineers incorporate vegetation modules in wave or nearshore circulation models, and couple these outputs with other established performance metrics models. For example, forces on structures behind emergent vegetation can be calculated using formulas such as Goda (2010) by accurately accounting for wave height attenuation due to vegetation (Mitchell, 2021).
Table 2 provides an overview of existing wave and hydrodynamic models available for emergent vegetation (see also Suzuki et al., 2019; Piercy et al., 2021). This table shows the wealth of numerical models that are now available, including Reynolds Averaged Navier Stokes (RANS) models, which resolve the highest level of physics, phase-averaged models, which summarize the wave conditions as wave spectra, and 1-Dimensional (1D) models, which use representative values of wave height and period. Details of vegetation implementation in each model are described in the references listed in the respective row of Table 2. Other models exist beyond those listed in Table 2, such as the Boussinesq-type model FUNWAVE (Blackmar et al., 2014), and the 1D phase-averaged wave and nearshore current model CSHORE, which can incorporate stem flexibility (Ding et al., 2022). Progress in computer modeling has allowed for a better understanding and quantification of the effects of vegetation on nearshore hydrodynamics.
TABLE 2 | Commonly used computational and analytical models for determining wave height attenuation through emergent vegetation.
[image: Table 2]Most of the models in Table 2 incorporate the effects of vegetation using Morison-type equations, which require information on the system’s morphological and hydrodynamic parameters. The accuracy of these parameters will determine the quality of the results (i.e., relying on drag coefficients from reduced scale laboratory studies may result in inaccurate amounts of wave attenuation). By necessity, models make simplifications or idealizations to the system to allow the model to run; however, the more physics that a model simplifies, the more uncertain the outputs. For example, many models neglect flexibility, an important parameter for marshes (e.g., van Veelen et al., 2020; Ding et al., 2022). Models also vary in their ability to layer different characteristics of vegetation elements in the water column, an important characteristic of mangroves such as Rhisophora sp. (e.g., Suzuki et al., 2019; Kelty et al., 2022), and to represent other fluid mechanics properties such as porosity (important in denser forests (Suzuki et al., 2019)), turbulence, and wave nonlinearity (Maza et al., 2015). Many models also do not reproduce wave transformation and water level changes in intertidal zones (Guannel et al., 2015; van Rooijen et al., 2016).
Importantly, although recent studies have validated some numerical models under certain storm and field conditions (e.g., Vuik et al., 2016; Baron-Hyppolite et al., 2019; Garzon et al., 2019), to the authors’ knowledge, the models are only validated under limited conditions, that is, against reduced-scale laboratory studies that do not consider storm conditions (see “Validation and Verification” in Table 2 and associated references). In fact, only one full-scale laboratory study has been carried out for storm wave attenuation of mangroves (Kelty et al., 2022). This study shows that, for the tested conditions, to have wave height attenuation of order 25%, an 18-m-wide forest needs to have a high density and still water elevation lower than the root system. Conversely, low density, high still water elevations with respect to the root system, and narrow fringes provide wave height attenuation on the order of 5% or less. While more research is needed to generalize these results, the data support the assertion that mangroves can provide storm wave attenuation, but not under every incident condition.
Beyond modeling the hydrodynamics, the ecological performance of NNBF systems must be characterized. During storms, trees bend and break, reducing the capacity of the forest to attenuate waves compared with the ideal conditions modeled in the design phase. Storms may also create conditions such as ponding, leading to delayed mortality of vegetation (e.g., Craighead and Gilbert, 1962; Lagomasino et al., 2021). Even if the emergent vegetation is successful at its purpose of protecting the built environment during a storm, the delayed mortality will cause the decomposing forest to break down and not provide the same level of service during the next storm. Likewise, damages to the built environment may occur even without a failure of the emergent vegetation itself. It is therefore important to distinguish between “engineering” failure (i.e., failure to provide the required hydraulic response) and “ecological” failure (i.e., inability to withstand the environmental conditions during a storm or owing to longer-term changes) in the design of NNBF; current approaches do not incorporate the latter.
As shown above, advances in computational methods allow for the improved quantification of emergent vegetation’s engineering performance. For example, based on information from results such as those by Kelty et al. (2022) and Maza et al. (2019), engineers may assess either 1) the cross-shore distance required to achieve a desired wave height reduction for a design condition, or 2) hybrid alternatives (e.g., structural measures) that can provide a second line of defense to provide the remaining required wave height attenuation. Engineers may also be able to assess expected wave height reduction, lowering design requirements on inland structural measures or near-coast structures. However, these models have limitations (Table 2), and designers should consider the impact these limitations have on the ability to design systems to meet performance requirements. Professional practice dictates that engineers have a primary responsibility to “protect the health, safety, and welfare of the public” (ASCE, 2022b). In traditional design, engineers rely on engineering design standards to produce design parameters that have a low, commonly accepted probability of failure, allowing engineers to have a high level of confidence that their designs will protect the public. Such standards do not exist for emergent vegetation, and questions about the uncertainty of the results, such as those raised above, linger. Therefore, it is difficult for engineers to have a high level of confidence in NNBF designs, and engineering design standards for NNBF are needed (Figure 1).
As a step toward design standards, we propose a framework to evaluate NNBF in such a way that engineers can ensure that lives and properties are protected, while simultaneously accounting for the engineering performance of natural systems following engineering design principles.
EVALUATION AND DESIGN FRAMEWORK
Even though there are many uncertainties that remain in the quantification of the physical behavior of emergent vegetation under hydrodynamic loads and their long-term performance in the face of uncontrollable ecological variables, the existing body of knowledge can be used for practical purposes (Figure 3). Since wave impact forces can generate significant damage to near-coast infrastructure (Robertson et al., 2007; FEMA, 2011; Duncan et al., 2021), this framework focuses on providing a methodology to quantify wave attenuation performance. The proposed framework can be used for the assessment of existing wetlands and for the design of new features. It should be integrated in a comprehensive process that includes other engineering evaluations (e.g., overtopping) as well as ecological (Piercy et al., 2021) and social dimensions (King et al., 2021), as suggested in Figure 4.
[image: Figure 3]FIGURE 3 | Framework for characterizing the wave attenuation performance of an emergent vegetation system.
[image: Figure 4]FIGURE 4 | Expanded framework for NNBF describing objectives, variables affecting system performance, models for assessing performance, and engineering, ecological, social, and unintended outcomes.
The proposed analytical approach for the design of new emergent vegetation systems considers five key points (Figure 3). Step 1 involves calculating a baseline performance of the system without the contribution of vegetation (e.g., USACE, 2002). The quantification of this baseline is recommended because engineering design standards do not yet prescribe a method of calculating wave attenuation for emergent vegetation, and newly planted NNBF may perform as if no vegetation is present. The system including NNBF will therefore be overdesigned, as vegetation is expected to moderate forcing parameters over its lifetime.
The second step comprises of determining relevant physical parameters that will allow for the quantification of wave attenuation performance, for example, by measuring forest morphological parameters in the field (Figure 4). Stem density and height can be measured through traditional ecological methods (Cintrón and Schaeffer-Novelli, 1984). A variety of methods have been developed to characterize projected area (see Yoshikai et al., 2021 for an overview), including empirical models (e.g., Ohira et al., 2013; Mori et al., 2022), 3D laser scanning (e.g., Chang et al., 2019; Kelty et al., 2022), photogrammetry (e.g., Zhang et al., 2015; Maza et al., 2019), and remote sensing (Figueroa-Alfaro et al., 2022). Eventually, field measurement of engineering morphological parameters could be integrated with ecological field work. For new plantings, the framework recommends measuring the physical parameters of a benchmark nearby forest. This is analogous to the standard ecological design of NNBF, which includes the thorough understanding of ecological variables (e.g., terrain elevation, water elevation ranges, vegetation species composition) of a nearby wetland community (UNEP-Nairobi Convention/USAID/WIOMSA, 2020). The reference forest’s capability of representing a future condition of the proposed wetland should be validated through an ecological evaluation. The field measurement collection process can be simplified by considering a set of scenarios that are relevant to the study goals. For example, to quantify the economic benefit of an existing, healthy mangrove forest, a scenario with a degraded forest may be used for comparison. The framework conservatively neglects the forest canopy when designing for storm conditions, assuming all leaves are gone and small branches have broken. For engineering purposes, the minimum attenuation performance is more important than average conditions, and should be the aim of measurements. For the drag coefficient, estimates vary widely (Pinsky et al., 2013) as relationships for coefficients based on the Reynolds number (Re) derived from small-scale flume studies do not match with recent full-scale studies (Kelty et al., 2022), owing to kinematic scaling differences between the Froude and Reynolds numbers under Froude similitude (Heller, 2011). Recent prototype-scale physical models have suggested equations for the drag coefficient as a function of Re, with the coefficient approaching 0.6 for large values (Kelty et al., 2022).
Because the actual wetland vegetation morphology cannot be fully predicted and future storm conditions have increasing uncertainty (IPCC, 2013), the third step defines various scenarios of vegetation morphology, storm parameters (e.g., storm surge, wave heights) and sea levels. Emergent vegetation consists of, by definition, living systems that grow and adapt to changing environmental conditions at various time scales; the physical structure of the wetland at the design storm’s time of impact is likely to be different from the conditions at the time of design, and is uncertain and uncontrollable to a certain extent. In addition, storm conditions may cause emergent vegetation to fail during the event (e.g., Doyle, 1995), meaning it no longer has its protective capabilities (Table 1). This uncertainty can be accounted for by quantifying the performance of alternative (but similar) ecosystems, assessing possible growth rates, stressors, and more. This understanding should inform the adoption of a set of representative conditions for calculation (scenarios), and analysis of performance results for a given design storm under each scenario. Additionally, this step should be used to assess the resilience of NNBF to climate change stressors and to explore potential adaptation scenarios. At a minimum, alternative design storm parameters (e.g., different return periods) and the influence of sea level rise on storms should be evaluated (Biondi and Guannel, 2018). It may also be appropriate to qualitatively consider a broader range of other potential conditions, but a quantitative calculation may only be required for a limited number of selected scenarios, depending on the design goals.
Step 4 involves using validated tools to quantify wave attenuation based on the physical parameters and scenarios identified in Steps 2 and 3. Multiple tools exist for completing these calculations in Step 4 (Table 2), but it is recommended to use tools that have been validated for prototype-scale laboratory studies or field studies that cover a wide range of initial conditions, such as the Mendez and Losada (2004) equation for the conditions in Kelty et al. (2022). In models, the spatial scale should be sufficient to evaluate a forest between tens and hundreds of meters wide, and the vertical structure of the forest should be reproduced and sensitive to changing water elevations. Once wave attenuation by the emergent vegetation is calculated, other engineering performance parameters of the original design, such as overtopping, wave forces, and runup, can be assessed using appropriate engineering tools. Based on these analyses, a range of performance results under different conditions and assumptions can be identified. These quantitative data should be adequate for the engineer to make appropriate design decisions, weighing uncertainties, costs, performance, and risk. Engineering, ecological, and social benefits can also be evaluated across different types of solutions. With these results, engineering criteria can be used to justify a design of an emergent vegetation system (Step 5).Due to the living nature of emergent vegetation, the morphological parameters of a system will change over time for both new designs and already existing marshes and forests. As the built wetland changes over time (e.g., growth), or responds to acute disturbances (e.g., storm events) or ecological changes (e.g., disease), monitoring of physical morphology can be used to update expected wave attenuation performance. After the project has been implemented, Steps 2 and 4 should be repeated to obtain updated morphological parameters and calculation results, which should be evaluated by the engineer as part of a revisited Step 3. In a created wetland, the analysis should use measurements from the wetland itself, removing uncertainty derived from using parameters of a reference forest. In existing, restored, or created forests, calculation updates can be done in response to observed changes in the forest structure, either due to growth, ecological stress, or storm damage. Given the biological and engineering performance of NNBF, additional actions may be taken over the project lifetime to improve its performance of overall benefits. This can be part of an adaptive management approach, as described in NNBF design guidance (de Looff et al., 2021; Piercy et al., 2021).
DISCUSSION
The framework presented in this paper provides ways for engineers, designers, and stakeholders to include emergent vegetation in coastal infrastructure design in a way that both demonstrates the value of the protection services delivered and creates a pathway for the creation of rigorous design standards in the future. To some extent, the present state of the practice of engineering with nature for emergent vegetation is reminiscent of the development of rubble mound structure methodologies, which began in the 1950s with limited data available and evolved over time to have well-established standards (Hudson, 1958, 1974; USACE, 1977, 1984, 2002). Alternative formulations and coefficients were used by engineers to inform a decision-making process, even with uncertainty of the structural performance.
The proposed framework allows for prudent, conservative approaches to incorporating NNBF in coastal engineering designs. This approach is also appropriate for engineers to be in compliance with ASCE guidance. Currently, to the authors’ knowledge, the only mention of NNBF in existing engineering design standards in the United States is in ASCE 24 (ASCE, 2014). ASCE 24-14 4.3 states that projects “shall not remove or otherwise alter sand dunes and mangrove stands, unless an engineering report documents that the alterations will not increase potential flood damage by reducing the wave and flow dissipation characteristics of the sand dunes or mangrove stands” (ASCE, 2014). Notwithstanding environmental regulations that would typically prevent the removal of mangroves, the burden of proof requires that the engineer prove that alterations would not exacerbate wave impacts. Therefore, from an engineering perspective (i.e., ASCE compliance) no removal of natural features can be justified because research demonstrates that a mangrove stand always provides some level of wave attenuation, and therefore removal will cause some increase in the potential damage. Even under unfavorable circumstances, mangrove protection can increase over time (e.g., growth in height, root density), so present conditions cannot be used to justify that the removal will not increase potential damage.
However, expanding upon the spirit of ASCE 24-14, it is also worth considering how wetlands provide protection under future climate change scenarios. Rising sea level and changes to the frequency, intensity, and speed of storms (Emanuel, 2005; Mendelsohn et al., 2012; Kossin, 2018; Sweet et al., 2022) will affect the performance of mangroves and wetlands as their footprint and composition are required to adapt to changing conditions (Hagen et al., 2013; Lovelock et al., 2015; Woodroffe et al., 2016). These changes will in turn impact the performance of coastal infrastructure (Biondi and Guannel, 2018). While these facts are not yet part of engineering design standards, they should be accounted for by practicing engineers and considered in the definition of scenarios (Figure 3). The wave protection afforded by emergent vegetation should be considered as a part of resilience and adaptation strategies where these systems are a viable alternative from a physical and ecological standpoint.
In addition to providing an opportunity to improve engineering guidance, the proposed framework creates opportunities for convergence among academic and professional disciplines. First, the plants themselves could have unintended consequences (Figure 4). For example, emergent vegetation can modify nearshore currents and sediment transport, which may be detrimental for a particular site (e.g., Allen, 1998), become refuge for mosquitos (e.g., Rey et al., 2012), contribute to trash and debris buildup (Cunniff and Schwartz, 2015), or become projectile debris during an extreme storm event. Edge effects should be characterized at locations where emergent vegetation integrates with other shoreline typologies. These issues can be addressed if considered as part of the design, and the inclusion of researchers, practitioners, and stakeholders during monitoring efforts can help direct future guidance that includes both engineering and ecological dimensions.
Furthermore, implementation of NNBF must consider the sociopolitical context in the locations in which they are deployed, requiring skills beyond pure engineering and environmental sciences. Implementing NNBF projects requires navigating the factors that were cited as barriers to implementation (Figure 2; see also Cherry et al., 2018; Zuniga-Teran et al., 2020) such as convoluted permitting processes, limited funding streams, public perception, and enhanced coordination. Community engagement and appropriate socioeconomic analyses over a project’s life cycle are also cited as critical for successful implementation of projects but are often insufficiently considered (Zuniga-Teran et al., 2020).
One way to garner public support is to properly account for the full value of NNBF. NNBF projects, which often include public access and amenity features (e.g., boardwalks, kayak trails, kayak launches), can have significant economic, recreational, and aesthetic value (Prato and Hey, 2006; Pueyo-Ros et al., 2018), and provide habitat and improved water quality that can support fisheries and biodiversity (Odum et al., 1982; USFWS, 1999; Struve and Falconer, 2001; Wang et al., 2010). Consequently, the full evaluation of the benefits delivered by emergent vegetation used for coastal protection requires a solid understanding of the relationship between the engineering, ecological, and social dimensions at play at a particular site. While coastal protection may be a benefit driving a particular project, all potential benefits should be pursued. These multiple performance objectives must be evaluated during the planning and design process, and subsequently monitored along with engineering performance objectives to assess the system’s overall performance (van Zanten et al., 2021).
FUTURE RESEARCH PRIORITIES
In this paper, we summarized a state of the practice through a review of the literature and elicitation of expert opinion, and proposed a framework that can increase the adoption of NNBF by various stakeholders. We identify three main areas of focus for more widespread implementation of emergent vegetation systems:
1) Validating existing models and characterizing uncertainty in ecological and engineering parameters;
2) Understanding lifecycle performance, including factors that affect survivability and relevant time scales; and
3) Anticipating unintended social, environmental, and engineering consequences.
Engineers require comprehensive validation of the methodology to quantify wave attenuation and develop design standards. This validation would involve blind model studies; presently, most validation studies tune model parameters to fit data. Furthermore, work is needed to determine conservative values for, and uncertainties associated with, input parameters in the wave height attenuation and/or other models for engineering performance output variables. This knowledge would help to characterize the reliability of NNBF systems. Further quantification needs to be determined for forests with a mixed composition of species, hybrid systems, and 3-Dimensional effects.
Future work should also quantify the lifecycle performance and survivability of emergent vegetation with respect to acute stressors and long-term changes. Recovery after a storm should be analyzed to determine what human interventions are needed and over what time scales recovery occurs. Currently, no model in Table 2 incorporates survivability; mangroves are assumed to survive no matter how severe the event and associated environmental conditions. However, damage assessments show that mangrove tree limbs break during extreme events due to wind or debris impact, and can be at risk of delayed mortality due to extreme ponding or other ecological stressors (Tomiczek et al., 2020a; Radabaugh et al., 2020). In the future, process-based ecological models (Charbonneau et al., 2022) could be adapted for emergent vegetation. These models could also be coupled with wave and nearshore hydrodynamic models for better predictions over time (Hagen et al., 2013).
CONCLUSION
This paper presents a review of the state of the art in leveraging emergent vegetation for coastal engineering design through a synthesis of expert opinion and recent literature. It further provides a design framework for emergent vegetation, identifying critical ecological and morphological parameters affecting system evolution and capability, required variables for wave height attenuation calculations, selection criteria for wave numerical models used for evaluating system performance, and scenarios to build up a set of performance outputs that can be evaluated based on project requirements to make design decisions. Following the methodology presented in Figures 3 and 4 is anticipated to yield estimates of wave attenuation to adequately inform the design and assessment of wave attenuation engineering performance of emergent vegetation NNBF.
Future research priorities are outlined to advance scientific knowledge and to reduce the uncertainty associated with the engineering performance of these systems, which can result in the development of design standards for emergent vegetation. While additional work is needed to provide the same level of detail as for conventional engineering systems, engineers must start broadening the implementation of emergent vegetation and other NNBF systems in the near-term future with the existing knowledge in systems engineering performance. Engineering coastal feasibility studies and design should also broaden the definition of performance objectives from solely engineering requirements to include ecological and social objectives. In the face of sea level rise and climate change, a paradigm shift is required in engineering design to embrace risk management methodologies and propose projects within a long-term adaptive management strategy.
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