

[image: image1]
Importance of Protection Service Against Erosion and Storm Events Provided by Coastal Ecosystems Under Climate Change Scenarios












	
	ORIGINAL RESEARCH
published: 12 October 2021
doi: 10.3389/fmars.2021.726145






[image: image2]

Importance of Protection Service Against Erosion and Storm Events Provided by Coastal Ecosystems Under Climate Change Scenarios

Jacinto Cunha1,2*, Fábio Santos Cardona3,4, Ana Bio1 and Sandra Ramos1


1CIIMAR/CIMAR–Interdisciplinary Centre of Marine and Environmental Research, University of Porto, Matosinhos, Portugal

2CITAB–Centre for the Research and Technology of Agro-Environmental and Biological Sciences, University of Trás-os-Montes and Alto Douro, Vila Real, Portugal

3ENA–Energy and Environment Agency of Arrábida, Setúbal, Portugal

4MARE–Marine and Environmental Sciences Centre, Lisbon, Portugal

Edited by:
Jose Henrique Muelbert, Universidade Federal do Rio Grande, Brazil

Reviewed by:
William Gerald Ambrose Jr., Coastal Carolina University, United States
 Filipe Galiforni Silva, Christian-Albrechts-University of Kiel, Germany

*Correspondence: Jacinto Cunha, jcunha@ciimar.up.pt

Specialty section: This article was submitted to Global Change and the Future Ocean, a section of the journal Frontiers in Marine Science

Received: 16 June 2021
 Accepted: 02 September 2021
 Published: 12 October 2021

Citation: Cunha J, Cardona FS, Bio A and Ramos S (2021) Importance of Protection Service Against Erosion and Storm Events Provided by Coastal Ecosystems Under Climate Change Scenarios. Front. Mar. Sci. 8:726145. doi: 10.3389/fmars.2021.726145



Increasing sea level rise (SLR), and frequency and intensity of storms, paired with degrading ecosystems, are exposing coastal areas to higher risks of damage by storm events. Coastal natural habitats, such as dunes or saltmarshes, can reduce exposure of coastlines to these events and help to reduce the impacts and the potential damage to coastal property. The goal of our study was to evaluate the current vulnerability of the Portuguese northern coast to erosion and flooding caused by extreme events and to assess the contribution of natural habitats in reducing both vulnerability and property damages considering SLR scenarios. The Integrated Valuation of Environmental Services and Trade-offs (InVEST) Coastal Vulnerability model was used to produce an Exposure Index (EI) for the northern Portuguese coastline, for the current situation, and for future International Panel for Climate Change (IPCC) scenarios Representative Concentration Pathway (RCP) 2.6, RCP4.5, and RCP8.5, considering the presence and absence of coastal habitats. Results showed an increase in exposure with rising sea levels and expansion of high vulnerability areas. Coastal habitats contributed to a 28% reduction of high exposed segments for the Current scenario, corresponding to a potential reduction of coastal property damage of 105 M€ during extreme events. For the SLR scenarios, coastal habitats could potentially reduce the amount of property damage by 190 M€ in 2050 and 285 M€ in 2100, considering RCP8.5 projections. This study highlighted the importance of natural habitats in protecting vulnerable coastlines and reducing the potential damages to properties from flooding. Such results can be incorporated in management plans and support decision-making toward implementing an ecosystem-based approach to increase the resilience of coastal communities to cope with future environmental changes.
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INTRODUCTION

Coastal flooding and coastal erosion are currently a worldwide problem (Zedler and Kercher, 2005; Zhu et al., 2010; Hinkel et al., 2014; Kumar and Taylor, 2015; Neumann et al., 2015). The intensive use of coastal areas for anthropogenic activities (living, leisure, or economic activities) poses important pressure on coastal ecosystems, which are already some of the most threatened ecosystems in the world (Barbier et al., 2011). With mean sea level projected to increase by 0.62–1.11 m by 2100, according to the projections by the International Panel for Climate Change (IPCC, 2014), additional pressure will be introduced to coastal regions, increasing their biophysical alterations and erosion potential, increasing their vulnerability (IPCC, 2014; Barragán and de Andrés, 2015).

Coastal erosion is a complex problem, with many underlying and dynamic factors that vary at temporal and spatial scales (van Rijn, 2011; Rangel-Buitrago et al., 2015; Paprotny et al., 2021). Factors like waves and tides, currents, winds, or storm surges have an active role in the erosion dynamics of coastal regions (Vousdoukas et al., 2020). Anthropogenic factors also influence the erosion processes, for example, built infrastructures like groins modify the patterns of waves and currents, leading to changes in the sediment transport that introduce erosion at the down drift of these structures (Marinho et al., 2019). This erosion is also exacerbated by an observed reduction in sediment inputs to beaches, caused by the reduced sediment flux to the sea, consequence, for example, from the trapping sediments in dams or from riverbed stabilization infrastructures (Bird, 1996; Syvitski et al., 2005; Williams et al., 2018).

All these drives put pressure on coastal ecosystems, jeopardizing not only their socioeconomic value but also the numerous Ecosystem Goods and Services (EGS) they provide (Barbier, 2019). Habitat for species, carbon sequestration, or protection against storms, and floods are examples of EGS provided by these ecosystems (Hassan et al., 2005; Costanza et al., 2008; Duarte et al., 2013; Spalding et al., 2014; Vuik et al., 2016; Teagle et al., 2017). Coastal ecosystems, such as salt marshes or vegetated dunes, mitigate the severity of waves and storm surges in many coastal regions, lowering the exposure of coastal areas to flooding (Arkema et al., 2013; Beck et al., 2018; Menéndez et al., 2020). This protection is achieved not only by direct dissipation of surge and wind energy but also by their ability to retain sediments, which improves accretion rates and the formation of dunes (Duarte et al., 2013; Jackson and Nordstrom, 2018). For example, vegetated coastal dunes may act as a buffer during energetic events, reducing flow velocity (Gómez-Pina et al., 2002; Everard et al., 2010; Ruggiero et al., 2018; Fernández-Montblanc et al., 2020). Even submerged vegetation, such as seagrasses or macroalgae, can help to reduce wave energy reaching the coastline, thus additionally reducing the impacts and potential erosion of storms and storm surges (Feagin et al., 2015, 2019).

Even though it is known that coastal habitats can reduce local effects of sea level rise (SLR), only a few studies include the contribution of the different coastal natural habitats when assessing coastal vulnerability to SLR Arkema et al. (2013); Cabral et al. (2017), and even less have quantified their value (Costanza et al., 2008; Barbier, 2013; Sutton-Grier et al., 2015). Nonetheless, a rising number of studies on the importance of the different coastal ecosystems for storm protection have been published, such as mangrove forests, salt marshes, or intertidal flats (Arkema et al., 2013; Horstman et al., 2014; Vuik et al., 2016). This research has been fundamental to support the growing application of more nature-based solutions for protecting the coastline (Gracia et al., 2018; Pranzini, 2018). The application of nature-based solutions as an alternative to or used alongside more traditional approaches, like the construction of hard defensive structures, requires well-crafted development/management plans. Stakeholders need not only information about suitable locations for the implementation of these measures stating if these measures are better suited or even applicable, but also local future scenarios to evaluate the efficiency of these conservation actions. Moreover, there is still a need for tools that managers could easily use and apply for management decisions to improve the resilience of coastal communities that also include the provision of final EGS benefits from coastal habitats and help them to cope with climate change and the projected future SLR.

In this context, our study aimed to assess for the first time the protective role of natural coastal ecosystems in reducing the vulnerability exposure of the northern Portuguese coastal area under current and future SLR, and economically evaluate the potential prevented damages to coastal property. Specifically, the objectives of this study were to: (i) estimate the current level of vulnerability of the coastline in the presence and absence of natural coastal ecosystems, namely, beaches, dunes, shrubs and herbaceous vegetation, and saltmarshes; (ii) predict the changes in the vulnerability considering four projected future SLR scenarios; and (iii) quantify how much economic damage can the natural ecosystems prevent in the residential properties. This study focused on the northern coast of Portugal that is facing erosion problems and has been subjected to several mitigation initiatives over the years (Marinho et al., 2019). However, these solutions show low efficiency, raising the need for redirecting coastal management toward nature-based solutions to help mitigate the impacts of coastal erosion. With this study, we provide managers with user-friendly and simple local output maps that can scientifically guide environmental managers and decision-makers toward the need to protect natural coastal ecosystems and avoid important economic losses.



MATERIALS AND METHODS


Study Area

This study focused on the northern coast of Portugal between the Minho and the Douro rivers (Figure 1). This Atlantic Ocean facing coastal area is mainly characterized by sandy beaches, with and without rocky outcrops, and by rocky beaches, with back dunes that are degraded at some locations (Pinto, 2004; Marinho et al., 2019). The coastline has been suffering from erosion with some sectors showing several meters of retreat per year (Santos et al., 2017), resulting from the high-energy wave regime and sediment depletion (Marinho et al., 2019). Portugal is one of the countries most affected by coastal erosion worldwide (Hinkel et al., 2014). Around 26% of the Portuguese coast is occupied by constructions, either urban, cultural, or industrial infrastructures, and 14% is protected by artificial structures (APA, 2016). However, these structures, which mitigate sediment loss locally, have ultimately led to additional down drift erosion and the need for regular artificial sand nourishments over the years (Marinho et al., 2019).


[image: Figure 1]
FIGURE 1. Location of the study area on the northern coast of Portugal.




Coastal Vulnerability Model

The Coastal Vulnerability Model of the Integrated Valuation of Environmental Services and Trade-offs, InVEST (Sharp et al., 2020), is an established Ecosystem Service (ES) model that has already been used and applied successfully in several studies (Guerry et al., 2012; Arkema et al., 2013; Langridge et al., 2014; Chung et al., 2015). This model can produce a qualitative vulnerability index for points along the coast, representing the relative exposure of the different areas to erosion and inundation during storm events based on different model inputs (Sharp et al., 2020). The model uses several variables, selected based on the most important features that could affect coastline exposure to extreme events. It includes also relevant habitat and environmental stressors information, which can be used to establish different scenarios of habitat distribution and coastal geomorphology changes. This enables managers and stakeholders to easily identify coastal areas that are at greater risk of exposure to extreme events, which can be used to inform future development scenarios and management practices.

The model uses different sources of information, namely, geomorphology of the coastal front, relief, habitat information, wind and wave data, surge potential, and SLR projections to compute a coastal Exposure Index (EI) based on the ranking of each of the inputs. Inputs are qualitatively ranked from very low exposure (rank = 1) to very high exposure (rank = 5), based on methods proposed by Gornitz (1990), and Hammar-Klose and Thieler (2001). The EI is computed as a geometric mean of all the inputs, based on following the formula:
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where Ri represents the ranking of the ith input to calculate the EI at each point along the coastline (Sharp et al., 2020). The model was run at a 100-m resolution, which was enough to highlight small-scale variations in the coastal front of the study area. The relative exposure outputs of all the models of the various scenarios were represented in the following scale: Very Low (≤1), Low [(1–2)], Moderate [(2–3)], High [(3–4)], and Very High (≥4).



Data

The necessary data to run the model were gathered from pre-existent free datasets and specifically acquired local spatial data. InVEST models come with auxiliary-free global datasets that the user can apply to run the different models if no other/better data is available. Thus, we used the available data from the InVEST model to gather unavailable data for our study area, namely, the limits of the continental shelf, and the wind and wave values representing storm conditions from the Wavewatch III data. Local conditions of habitats and coastline information had to be collected for the study area. For the shoreline geomorphology vulnerability classification, we used the methodology by Gornitz (1990) and Hammar-Klose and Thieler (2001), proposed in the model documentation. This consists of characterizing the beachline front, based on substrate and other relevant features, such as the presence of estuaries or coastal protection infrastructures. Five classes were found in the area and ranked on a [1:5] scale: sand beaches, cobble beaches, rocky shores, seawalls, and estuaries. Spatial habitat distribution was gathered from multiple sources, and five main types of habitats were classified, namely, high dunes, low dunes and beaches, salt marshes, forests, and shrubs, and herbaceous vegetation. The classification of high (≥5 m) and low dunes and beaches (<5 m) was based on a high-resolution Digital Elevation Model of the study area, obtained from aerial photographs, with 15-cm resolution at ground level. Vegetation classification was based on visual assessment of orthophotos of the region and an extensive sampling survey of vegetation along the entire coastal area. The different habitat areas were digitalized in a Geographic Information System (GIS) environment, and each was assigned an exposure rank from 1 to 5, based on the scale proposed by the InVEST authors (Sharp et al., 2020). The protection distance of each habitat was evaluated based on the distance up to which each habitat can protect the coastline, determined through numerous measures along with the study site for each specific habitat (Supplementary Table 1). All the data used and their sources are provided in the Supplementary Material (Supplementary Table 2).



Scenarios

For the evaluation of the potential SLR impacts on coastal vulnerability, different scenarios were built:

i)    One “Current” scenario is based on current habitat extent and sea-level conditions.

ii)   Three scenarios based on IPCC Representative Concentration Pathway (RCP; IPCC, 2014) future mean SLR projections for the year 2050, namely, RCP2.6 (0.22 m), RCP4.5 (0.23 m), and RCP8.5 (0.27 m), and current extent of natural habitats.

iii) Three scenarios based on IPCC RCP future mean SLR projections for the year 2100, namely, RCP2.6 (0.44 m), RCP4.5 (0.55 m), and RCP8.5 (0.84 m), and current extent of natural habitats.

The seven scenarios described above were also evaluated without the presence of habitats, in a total of 14 different scenarios, to assess the protective role of the natural coastal ecosystems. By comparing the EI predicted with and without habitats, it was possible to quantify the protective role of coastal ecosystems under the Current scenario and also under future climate change scenarios.



Evaluating Avoided Damage to Coastal Residential Properties

To quantify the importance of EGS of coastal protection and their potential to prevent damage to properties from extreme events and erosion, we evaluated the coastal properties at risk in each of the scenarios. The value of each residential property was derived from an estimation of the residential value for buildings, considering the “median value of sales per m2 of private households (in €) by geographical location for the year 2017” of the Portuguese National Institute of Statistics (INE) as an indicator. This value was determined for two coastal risk zones prone to overflooding and overtopping for the years 2050 and 2100, respectively. The risk zones were evaluated under the current Coastal Management Program (APA, 2018), and the property value of each residence was evaluated as described in Cardona et al. (2020). The coastline was then divided into 100-m sections, corresponding to each point of the vulnerability model. Given the positive relationship between areas classified as High/Very High EI and the amount of property damage caused by coastal climate events (Cabral et al., 2017), only the segments classified as High or Very High EI were filtered out and considered for property damage valuation, as these points were at a higher risk of property damage. For these segments, the affected residences were selected, and their value was summed for each scenario.



Data Analysis

To determine if there were statistically significant differences between the EI across the different scenarios, a two-way ANOVA was performed, with Scenario and presence of Habitat as independent factors. The distribution and homoscedasticity assumptions of the data were analyzed by histograms and the Hartley Fmax test, respectively (Hartley, 1950). Because significantly different results in EI were found between Scenarios [F(6, 14,643) = 446.7, p < 0.05], and between the presence and absence of habitats [F(1, 14,643) = 2117.1, p < 0.05), a post-hoc Tukey Honest Significant Difference (HSD) analysis was performed to assess which groups were different (Supplementary Table 3). All tests used a significance level of p < 0.05.




RESULTS


Scenarios With Habitats
 
Current Scenario

Results showed that in the Current scenario, 71% of the coastline understudy was classified as having a Moderate risk of erosion and flooding. Areas classified as Low risk occupy 21.2% of the coastline, while those with High EI correspond to 7.7%. No areas were classified as Very Low or Very High risk by the model (Table 1). The Esposende municipality and the northern region of the Póvoa de Varzim municipality were the coastal segments with the highest EI values in the entire coastline (Figure 2).


Table 1. Percentage distribution of Exposure Index values across the different RCP scenarios, and with and without habitats scenarios, across the NW of Portugal.
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[image: Figure 2]
FIGURE 2. Exposure Index values under the Current with habitats (right) and no habitats (left) scenarios, across the northern coast of Portugal.




2050 SLR Scenarios

According to the model, climate change has a marked effect on the EI, which increased significantly with the severity of the RCP scenarios and with time. The classes most affected are the Low and High EI, with the Low EI class prevalence reduced to about a quarter and the High class increased 5-fold, for RCP8.5 by 2050, in comparison to the Current situation (Table 1; Figure 3). Except for RCP2.6, the Moderate class showed a decreasing area with increasing sea levels, with many currently Low EI class sections becoming Moderate and Moderate EI class sections becoming High.


[image: Figure 3]
FIGURE 3. Exposure Index values for the Current scenario and under the different RCP scenarios for 2050 for the northern coast of Portugal, with the presence of coastal habitats. RCP, Representative Concentration Pathway.


The changes were all significant, with an increase in EI comparing the 2050 RCP2.6 scenario with the Current scenario, comparing the scenario RCP4.5 with the Current scenario and the 2050 RCP2.6 scenario and comparing the worst-case RCP8.5 scenario with the previous scenarios (Supplementary Table 3).



2100 SLR Scenarios

The pattern for the 2100 scenarios was similar but even more accentuated than for the 2050 scenarios, with the Low EI class diminishing to 10% of the Current area and the High EI class increasing 7-fold (Table 1; Figure 4). The Moderate class incidence has overall a decreasing trend with increasing sea levels. There are areas classified as Very High EI for the RCP4.5 and RCP8.5, a class that did not exist for the Current and 2050 scenarios.


[image: Figure 4]
FIGURE 4. Exposure Index values for the Current scenario and under the different RCP scenarios for 2100 for the northern coast of Portugal, with the presence of coastal habitats. RCP, Representative Concentration Pathway.


The EI along the entire coastline increased significantly comparing the 2100 RCP2.6 scenario with the Current scenario, comparing the RCP4.5 scenario with the Current scenario and with the 2100 RCP2.6 scenario, and comparing the RCP8.5 scenario with the Current and 2100 RCP2.6 scenarios. However, the predicted EI for RCP8.5 was not significantly higher than that for scenario 2100 RCP4.5 (Supplementary Table 3).




Scenarios Without Habitats
 
Current Scenario

Considering the Current scenario without habitats, there was a significant increase in the EI value when compared to the Current scenario with habitats (Supplementary Table 3). In this scenario, the High-risk area is almost 5-fold than that of the Current scenario with habitats. This is accompanied by a marked decrease in the Low and Moderate EI classes. In this scenario, almost the whole coastal stretch between Viana do Castelo and Matosinhos municipalities was classified as having a High EI (Figure 2). There is a small area with Very High-risk EI.



2050 SLR Scenarios

Analogously to the model outputs for scenarios with habitats, climate change showed a marked effect on the EI, which increased significantly with the severity of the RCP scenarios and with time (Supplementary Table 3). However, without habitats, the predicted risk was already high for the Current scenario and SLR effects became less accentuated. The Low EI class prevalence reduced to about a fifth and the Moderate class lost a third of its area, for RCP8.5 by 2050, in comparison to the Current situation (Table 1; Figure 5). The High and, particularly, the Very High-risk classes increased in the area.


[image: Figure 5]
FIGURE 5. Exposure Index values for the Current scenario and under the different RCP scenarios for 2050 for the northern coast of Portugal, without the contribution of coastal habitats. RCP, Representative Concentration Pathway.


The overall EI across the entire coastline was significantly higher comparing the RCP2.6 scenario with the Current scenario and the 2050 RCP2.6 scenario with habitats, comparing the RCP4.5 scenario with the previous scenarios without habitats and with the RCP4.5 scenario with habitats, and comparing the RCP8.5 scenario with the previous scenarios without habitats and with the RCP8.5 with habitats scenario (Supplementary Table 3).



2100 SLR Scenarios

Without habitats, the 2100 scenarios showed nearly no Low risk, decreasing Moderate risk, stable High risk (occupying about half of the area), and markedly increasing Very High-risk areas. By 2100, three-quarters of the coastline are classified as High or Very High EI, considering the worst-case scenario RCP8.5 (Table 1; Figure 6).


[image: Figure 6]
FIGURE 6. Exposure Index values for the Current scenario and under the different RCP scenarios for 2100 for the northern coast of Portugal, without the contribution of coastal habitats. RCP, Representative Concentration Pathway.


The overall EI across the entire coastline was significantly higher comparing the RCP2.6 scenario with the previous Current scenario and with the 2100 RCP2.6 scenario with habitats. EI was also significantly higher comparing the RCP4.5 scenario with the Current scenario without habitats and the same RCP4.5 scenario but with habitats, but not significantly higher compared to the 2100 RCP8.5 without habitats. The RCP8.5 scenario showed significantly higher EI values than those for the Current scenario without habitats and for the same 2100 RCP8.5 scenario but with habitats, but not significantly higher values than those for the previous 2100 RCP4.5 scenario without habitats (Supplementary Table 3).

Overall, these results showed that the presence of natural coastal habitats significantly decreased the EI in the coastal area in all the scenarios evaluated. Particularly, in reducing the overall percentage of areas classified as High or Very High EI in future SLR scenarios. In the Current scenario, the presence of habitats was responsible for a reduction of 28% in the areas classified as High or Very High EI. Comparing the model results of SLR scenarios, with and without habitats, a reduction of 9.7% in areas classified as High EI, and of 13.6% in areas classified with Very High EI was observed, when comparing the model results for scenario2050 RCP8.5 with and without habitats. For the year 2100 RCP8.5 scenarios, the existence of habitats reduced the occurrence of areas classified by the model as High by 4% and as Very High by 23.52%.




Residential Property Damage Prevention

The results showed that the amount of potential damage to residential property caused by extreme events increased with increasing severity of the environmental changes modeled, in areas with High or Very High EI values. Under the Current scenario with habitats, the potential residential property damage from one extreme event could reach nearly 9 million Euros (M€) (Figure 7). On the other hand, considering the absence of habitats, the value of residential property damage could reach approximately 115 M€, representing a potential residential property damage cost prevention difference of 105 M€ through EGS.


[image: Figure 7]
FIGURE 7. Total potential residential property damage value (2017 value in millions of Euros–M€) in areas with High and Very High Exposure Index values under each RCP and habitat scenarios for the years 2050 and 2100 in the northern coast of Portugal. RCP, Representative Concentration Pathway.


For the year 2050, values showed that, with habitats present, the potential damage for residential property in one extreme event could rise to 31.4 M€ in the scenario RCP 2.6, 50 M€ in the scenario RCP4.5, and to 173 M€ in the scenario RCP8.5 scenario. Without the protection of the natural habitats, the values of residential property damages rise to 327 M€ in the scenario RCP2.6, 346 M€ in the scenario RCP4.5, and 366 M€ in scenario RCP8.5 (Figure 7).

For the year 2100, the potential value of residential property damage considering the scenarios with habitats were 680 M€ in the scenario RCP2.6, 852 M€ in the scenario RCP4.5, and 897 M€ in the scenario RCP8.5. In the absence of habitats, these values could rise to 1,104 M€ in the scenario RCP2.6, to 1,145 M€ in the scenario RCP4.5, and 1,182 M€ in the scenario RCP8.5.

Overall, these results showed that considering the worst SLR scenario (RCP8.5), the current ES of coastal protection against extreme events offered by the existing natural habitats could reduce the potential damage to residential property by 192 M€ for the year 2050 and 285 M€ for the year 2100.




DISCUSSION

This study provides an evaluation and quantification in terms of prevented damage to properties of how coastal ecosystems, such as sand beaches and dunes, can protect coastal communities in Current and future scenarios of SLR and extreme events. The significant differences found in the EI between the Current and future scenarios, with and without habitats, showed the importance of these ecosystems in decreasing the exposure of coastal shores to extreme events and erosion phenomena. The presence of sand beaches and dunes notably decreased the EI throughout the northern coastal area of Portugal and lowered the potential damage from erosive and flooding events to residential property, particularly considering future SLR scenarios. Considering the projections of SLR, results showed that even with the presence of protective coastal habitats, some areas are still under a high risk of vulnerability, putting further pressure on managers and decision-makers. This stresses the importance of conservation and, most importantly, the implementation of recovery plans for coastal ecosystems. These ecosystems have not only the potential to increase coastal protection and resilience to storm events and flooding, and thus lower economic losses for local communities from extreme weather events, but also to increase the delivery of other ESs provided by these coastal ecosystems. Important services, such as carbon sequestration in saltmarshes, kelp forests and coastal dunes, provision of habitat for species and increased biodiversity, or recreation and well-being, can also be improved with the restoration of these ecosystems (Everard et al., 2010; Barbier et al., 2011; Van der Biest et al., 2017).


Current Scenario

The InVEST model was able to identify the coastal areas most vulnerable to storm events and flooding, located predominantly in the region between the Lima and Ave rivers. These results support previous studies and agree with the general knowledge of the region (APA, 2018). The coastal stretch between the estuaries of the rivers Lima and Ave is recognized as one of the most vulnerable coastal stretches in the region (Veloso-Gomes, 2007). Several environmental factors contribute to the high vulnerability of this region, such as low reliefs, habitat fragmentation of dunes at some locations, and higher wind and wave force conditions. Also, in many areas of the region, only small strips of sandy beaches are present, due to sediment depletion, as a result of poor sediment availability and neglected management in the past (Pinto, 2004), that promoted beach thinning and a reduced ability of the beach and dune system to protect the coastal front. This reduces beach and dune capacity to withstand storm events and avoid inundation of coastal strips, and subsequent storm damages. Moreover, this narrowing of sand dunes hampers the natural development of established dune systems, compromising the natural expansion of dune ecosystems, and avoids the formation of young dunes that could serve as a basis for a stronger dune system in the future.

Additionally, the region is a popular location for leisure and tourism, with many urban seafronts and high pressure from anthropogenic uses and economic activities, particularly in the central and southern areas of the study region. The urban development so close to the beachline largely contributes to the high vulnerability of the residential properties to extreme events, as this study showed. In addition, the high numbers of people that use the beaches increase the trampling damage to the dune system, promoting additional stresses to the dune system and the degradation of the dune vegetation, and increasing the risk of further dune erosion. Vegetation plays a key role in the maintenance of the different coastal ecosystems, with their role in the recovery process been demonstrated in studies based on post storm surveys (Ellis and Román-Rivera, 2019). Vegetated dune systems reduce water flow velocity, lessening the impacts of storm surge, and wave forces to coastal fronts. Dune vegetation also traps sediments that aid the formation of incipient dunes, which help with post-storm dune recovery and backshore accretion, being important to control maximum dune size (Thom and Hall, 1991; Hesp, 2002; Durán and Moore, 2013; Fernández-Montblanc et al., 2020; Charbonneau et al., 2021).

In the Current scenario, the presence of habitats contributed to potential property damage savings of around 105 M€ in case of extreme events, primarily in the municipalities of Esposende, Vila do Conde, Póvoa de Varzim, and Matosinhos. It was in these regions that the presence of the habitats was most important in reducing the vulnerability of the coastline and coastal property to extreme events (Figure 2). Nonetheless, we could observe that even considering the maintenance of the current occupation by coastal natural habitats, the area still faces higher vulnerability to extreme events. Areas classified with Low EI occurred mostly in northern and southern segments of the studied coastline (Figure 2). The northern region of the study area, between the rivers Minho and Lima, is mainly characterized by rocky shorelines and higher reliefs, promoting a coastline more resilient and less prone to erosion. This effect was observed in the EI model results, despite the higher wave forces present in this area, which decrease from north to south along the NW Portuguese coast (Silva et al., 2018). The region north of the Lima estuary is less urbanized, mainly covered by agriculture and patches of forest occurring near the coast. In the southern area of the study region, a highly urbanized or industrial shorefront, higher reliefs, and the presence of rocky shores, also explain the lower EI obtained in this region.

The comparison of the results of the study with and without habitats showed that removing habitat extent significantly increased the occurrence of High and Very High EI areas (Figures 2–5, 7), similar to other results evaluating coastal vulnerability (Arkema et al., 2013; Spalding et al., 2014; Cabral et al., 2017). For example, Cabral et al. (2017) found that removing the habitats from the modeled scenarios increased by 34.4% the presence of High or Very High segments in their study of the Mozambique coast. A study by Hopper and Meixler (2016) also found a higher frequency of higher EI values when habitats were not present. In our study, the reduction in 28% of areas classified as High or Very High due to the presence of habitats, such as beaches and sand dunes, found for the Current scenario, illustrates the important role that natural habitats play in reducing the exposure of the coastline to flooding and erosive events. Results also showed that even with the presence of degraded dune systems in some locations and the patchy distribution of dune vegetation, these ecosystems were still able to considerably decrease coastal vulnerability levels.



Future SLR Scenarios

The presence of coastal natural habitats reduced the exposure of the coastline to extreme events in all the future scenarios evaluated (Table 1). However, the current vulnerability of the coastline to environmental stressors is also reflected in the future-modeled scenarios, with higher increases in vulnerability and, consequently, in potential property damage. Even with the presence of coastal habitats, nearly 40% of the coastline of the region was assigned to the High vulnerability class for the 2050 RCP8.5 scenario, and that area further increased to nearly 60% for the scenario 2100 RCP8.5. The central municipalities of the region are expected to see their vulnerability increase with the increasing severity of the modeled scenarios. Particularly, the municipalities of Esposende, Póvoa de Varzim, and Vila do Conde could have their entire coastline classified as Highly or Very Highly vulnerable to environmental stressors.

In the scenarios without habitats, we can see the increase of the coastline vulnerability to environmental stressors, with more coastal segments assigned to the Very High vulnerability class. This is particularly serious in the case of Esposende where almost all the coastline falls under the Very High vulnerability class (Figures 4, 5). In these scenarios, the potential damage to coastal property increases dramatically for the extreme SLRs. In case of an extreme event, we could see the damage to coastal property reaching nearly 900 M€ for the 2100 RCP8.5 scenario. This reflects the increased number of coastal segments under higher levels of Exposure near coastal urban fronts, which in turn augment the potential future damages to coastal residential property.

The presence of habitats was responsible for 285 M€ of potential property damage savings in this scenario, 2100 RCP8.5 scenario, not considering future variations in property values or modifications to current habitat distribution. In our study, the natural coastal habitats reduced the occurrence of High or Very High EI areas by 13.6% by 2050 and 23.52% by 2100, in the worst-case scenario (RCP8.5). Other studies looking into the protective capacity of coastal habitats also highlight their importance to protect coastal communities against storm events. For example, Arkema et al. (2013) evaluated the protection of property from storms and SLR in high exposure areas in Florida for US$80 billion, while Costanza et al. (2008) estimated a $7,879.50 per ha per year storm protection for wetlands in Florida. Sigren et al. (2018) found that the presence of dunes helped reduce the amount of property damage by an estimated $8 million following Hurricane Ike in 2008. In our study, the detailed evaluation performed by Cardona et al. (2020), based on local data, provides support to consider that the economic valuation performed reflects the real cost of potential damage avoided in case of an extreme event affecting the properties in the study area.

Results reflect the importance of coastal habitats in protecting the coastline against environmental phenomena and the need to develop restoration and improvement initiatives for these natural buffers and to incorporate them into management plans. Coastal natural ecosystems have intrinsic characteristics that give them resilience to cope with environmental and climate changes. For example, small storms cause less damage in ecosystems than in hard infrastructures, since the ecosystems have the capacity to self-recover after storm events, in contrast with non-living infrastructures (Sutton-Grier et al., 2015). Moreover, once established they have the capacity to develop a stronger resilience over time (Nicholls et al., 2007). For example, in the case of sand dunes and salt marshes, it is important to refer to their capacity to cope with SLR, if enough space is available for their natural dynamic movement, and if accretion rates within these ecosystems are sufficient to allow them to overcome the SLR (Konlechner et al., 2019; Bazzichetto et al., 2020).

This study highlights the importance of coastal habitats in decreasing coastal vulnerability and decrease the potential damage inflicted to the coastal property by erosion and storms events. Additionally, results showed that even degraded existent coastal dunes and beaches were still able to reduce the vulnerability of the coastal area, stressing the importance of restoration plans to increase the resilience of coastal areas to flooding by storms. This information is extremely decisive to stakeholders for the implementation of mitigation and protective measures. To cope with the expected increase in SLR, a combination of approaches should be applied, where the participation and commitment at different institutional levels and of communities will have to be integrated. The protection and prevention of further damage to the existent habitats should be the aim for the long-term stability of the ecosystems, and restoration should be targeted to areas classified with High or Very High vulnerability. That could be integrated with more traditional hard structures and planned retreats to help avoid future additional property and societal damages and promote healthy coastal ecosystems with the necessary conditions to evolve and cope with an increasing SLR.



Limitations of the Model

Despite being a free and useful tool for an initial assessment to evaluate the vulnerability of coastal segments to storm-induced erosion and flooding, the Coastal Vulnerability Model has some limitations, as stated in the model documentation (Sharp et al., 2020). Coastal erosion is a complex problem, where multiple processes occur at the same time, and it is important to recognize that the variety of co-occurring processes cannot be fully represented based on the variables used in this model, with a simplified index computed as a geometric mean of the different variables (Sharp et al., 2020). For example, the model excludes any complex hydrodynamic or sediment processes that occur in coastal areas (Sharp et al., 2020). In this work, we also assumed that the delivery of the protective contribution of coastal habitats in reducing exposure will remain the same through space and time, not considering the natural variability of the ecosystem and the positive or negative effects that environmental changes can introduce in the delivery of EGS. Nonetheless, the Coastal Vulnerability model allows coastal managers and decision-makers to quickly assess the issue and provides an initial overview of the vulnerability and overall situation, allowing the assessment of management decision options without many resources or technical expertise.




CONCLUSIONS

The ES of coastal protection is probably one of the most important services in coastal areas given the currently expected scenarios of SLR and increased climate variability that brings higher risks to coastal communities. The results of this study highlight the importance of local coastal habitats in decreasing coastal vulnerability to storm-induced erosion and flooding. We showed that natural coastal habitats, such as dunes, are responsible for a significant reduction in coastal exposure and potential residential property damage.

The expected SLR within the IPCC scenarios would increase the vulnerability of the region to extreme events, particularly in the already vulnerable central region of the study area. By 2100 in the RCP8.5 scenario, more than half of the studied coastline would be seriously threatened (under High or Very High exposure). The role of coastal habitats was crucial in the modeled scenarios, reducing exposure significantly and potentially leading to savings of up to 300 M€, for the most extreme scenario for 2100. The potentially avoided residential property losses showed in this study could be an incentive to managers and local stakeholders to integrate more “working with nature” solutions within coastal management plans, promoting the rehabilitation and extension of natural coastal habitats that can serve as a buffer against coastal storms and extreme events.

The results of this work could provide local authorities with data on areas most vulnerable to coastal erosion and enable them to evaluate where the implementation of recovery plans, and the development of ecosystem-based approaches for coastal habitats, could have the most benefits in protecting coastal communities and coastal property and in reducing future potential costs to society.
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