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Coastal hazards, such as erosion and flooding, pose significant threats to many coastal areas, and in extreme cases, have led to the decimation of some coastal communities. Historically, management has mostly focused on the use of grey infrastructure such as seawalls and groynes. However, these interventions are costly and can cause unintended consequences, promoting a shift toward Nature-based Solutions (NbS), such as the use of mangroves. Mangroves, particularly, have been proven to protect shorelines due to their ability to attenuate waves and trap sediment. However, there is limited research, particularly in data-deficient regions such as Ghana, West Africa, to support such NbS initiatives. This study explored the potential of mangroves as NbS to mitigate coastal erosion, using the 1D morphodynamic model XBeach. The baseline model was validated against measured coastal profiles, and the results show accurate predictions of sediment volume changes with an overall RMSE of 0.75 m. Based on the calibrations, we explored the effects of mature mangroves at varying densities on the berm and within the intertidal zone under current and projected sea level conditions, on coastal erosion. The results show a significant reduction in sediment volume erosion from 28 m3 to 0.9 m3 in the current situation, representing 97% protection; and from 468 m3 to 2.6 m3 under future sea level rise of 0.233 m by 2040, indicating 99% protection. Notably, high densities of mangroves, introduced on the berm, which is more practical for the area, provided up to 53% reduction in erosion for the current situation and 97% for the future. These scenario-based simulations demonstrate the potential of mangroves as a dynamic coastal defense strategy, with the approach providing a valuable tool for testing and optimizing NbS interventions.
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1 Introduction

Recently, coastlines have come under intense pressure from coastal hazards, with changing climate and anthropogenic factors playing a key role. Climate change is driving global sea level rise, leading to increased flooding, inundation, and more frequent storm surges, all of which contribute to severe erosion in many vulnerable places. Consequently, coastal erosion, flooding, and inundation are on the rise, particularly along sandy coasts, which make up about one-third of the world’s coastlines. Historical assessments have revealed a dramatic loss of approximately 28,000 km² of land globally between 1984 and 2015, with some beaches experiencing losses of over 600 m cross-shore (Mentaschi et al., 2018). The study identified a combination of sea level rise, subsidence, and human activity as the underlying cause of this global land loss. Further, projections show that by 2100, sea level rise could be responsible for 73 to 85% of coastline retreat, under a business-as-usual scenario (Vousdoukas et al., 2020). Under the same scenario, the global average 100-year extreme sea levels of 58–172 mm are projected to increase between 2000 and 2100 (Vousdoukas et al., 2018).

Within these vulnerable sandy coastlines, deltaic regions have been recognized as more prone to coastal erosion and flooding due to their low-lying nature and geomorphology (Ericson et al., 2006; Scown et al., 2023). The Volta Delta in Ghana, for example, is considered at high risk of relative sea level rise, leading to increased exposure to flooding and erosion (Tessler et al., 2015). Historically, coastal erosion has been a major problem in the Volta Delta (Appeaning Addo et al., 2018; Aagaard et al., 2021; Mann et al., 2023), which has led to the destruction of coastal infrastructure, the displacement of people, and in some instances, the decimation of communities (Jayson-Quashigah et al., 2021). Traditional interventions, predominantly “grey” or “hard” engineered structures, have been implemented to manage this situation. Examples include the Keta Sea Defense Project, which comprised groynes, revetments, and beach nourishment (Nairn and Dibajnia, 2004), and the Ada Sea Defense Project, which similarly included nourishment and groynes (Bolle et al., 2015). These projects have been able to hold the shoreline to some extent at the sites, but a common problem identified is the transfer of erosion downdrift of the structures (Angnuureng et al., 2013; Jayson-Quashigah et al., 2013, 2021; Mann et al., 2023). Additionally, the cost of building and maintaining such defense structures is exorbitant.

With the projected increase in the threats of coastal erosion, flooding, and inundation, and the negative impacts of grey interventions, the focus in recent decades has shifted to the adoption of nature-based solutions (NbS) and other non-traditional, integrated interventions to tackle the problem (Charoenlerkthawin et al., 2022; Singhvi et al., 2022). Over the years, several studies have explored the capability of NbS, such as the use of seagrass and other coastal vegetation, including mangroves, to protect the coast against storms, erosion, and flooding (James et al., 2021; van Zelst et al., 2021; Amos and Akib, 2023; Thao et al., 2023). Chen et al. (2022), for example, demonstrated the concept of green nourishment where seagrass is planted on nearshore beach nourishment to assess the impact on waves and hence erosion (see also Vuik et al., 2016; Chen et al., 2024). Other studies such as van Zelst et al. (2021), have demonstrated that vegetated foreshores can be used to supplement conventional engineering approaches. Furthermore, mangroves have demonstrated the capability of attenuating waves and therefore protecting the shoreline from storms (Khanh Phan, 2019; Thao et al., 2023; van Hespen et al., 2023).

Along the West African coast, including the coast of Ghana, there have been calls by scientists for a shift towards more nature-based solutions to manage coastal erosion, promoting a more environmentally friendly and cost-effective approach (Hagedoorn et al., 2021; Wegman et al., 2023). However, within this region, there is little data and research currently supporting this call. There remains a substantial gap in ocean observation and model assessments in the region. Existing model assessments have mainly focused on the design and implementation of grey infrastructure (Nairn and Dibajnia, 2004; Bolle et al., 2015). Assessing the NbS options is, however, critical to guide policy direction and implementation. Addressing this gap, the UN Ocean Decade endorsed as a decade action the project “Mangroves as a Nature-based Solution for Coastal Hazards (MANCOGA)”, for which this study has been conducted.

This pioneering study aims to assess the effectiveness of using mangroves that grow naturally within the region as a means of protecting the eastern coast of Ghana from increasing erosion. Utilizing the open-access XBeach model with the vegetation component, the approach simulates What-if Scenarios (WiS) for both current and future sea levels. By introducing mature mangroves along the beach at varying densities, the study estimates their protective ability. Sediment dynamics and shoreline stability are assessed under each scenario, providing relevant data for decision-making regarding coastal management strategies in the Volta Delta and similar coastal regions worldwide. This study is novel in its application of process-based modeling to simulated NbS in a region where empirical and modeling research remains scarce. This provides the first region-specific modeling evidence to support mangrove restoration and integration into coastal management policies.

The structure of this paper is as follows: The materials and methods section explains the study site and the morphodynamic modelling used to simulate the protective effects of mangroves. The results section presents findings from the What-if Scenarios that demonstrate how different mangrove densities influence erosion. The discussion explores the broader implications of the results, including the benefits of using mangroves as an alternative to grey infrastructure with rising sea levels. Finally, the conclusion summarizes the findings and their relevance to coastal management and future research directions.




2 Materials and methods



2.1 Site description

This case study was carried out along a sandy coastline of the Volta Delta of Ghana, with a selected profile east of the Volta estuary (Figure 1). The area is considered a high-energy zone with nearshore wave heights in the range of 1–2 m 75% of the time (Verheyen et al., 2014). The waves approach the coast in a predominantly SSW direction (between 170°-210°) with periods exceeding 10 s 80% of the time (Verheyen et al., 2014). These waves generate strong longshore currents in the eastward direction and are responsible for the high rates of longshore sediment transport reported in the area (Nairn and Dibajnia, 2004; Anthony et al., 2016). The tide is semi-diurnal with an average tidal range of about 1 m (Wiafe et al., 2013; Appeaning Addo et al., 2018). Generally, the beaches are considered relatively steep with reported slopes ranging between 1:3 and 1:15 (Bollen et al., 2011; Roest, 2018). Studies have shown that the area is historically eroding (Mann et al., 2023), with recent short-term rates for some areas reaching as high as 30 m/year (Jayson-Quashigah et al., 2019), leading to the destruction of communities such as Fuveme and Agavedzi along this coast. The location falls within the ongoing project looking at the use of mangroves as NbS for coastal hazards in eastern Ghana (MANCOGA) project (MANCOGA, 2024), as well as the ongoing Harmony Coast project, which has begun regular mapping of bathymetry and beach profiles along this coast (Angnuureng, 2023; Angnuureng et al., 2024).




Figure 1 | Location of the study area. The red line indicates the model domain.



The Volta Delta area is known to host some of the most extensive and dense mangroves along the coast of Ghana (Awuku-Sowah et al., 2023; Ofori et al., 2023). Among the over five mangrove species identified in Ghana (Ofori et al., 2023), three dominant species are present in the study area, namely Avicennia germinans (black mangrove), Rhizophora racemosa (red mangrove), and Laguncularia racemosa (white mangrove) (Nunoo and Agyekumhene, 2022). Though the red mangroves are more dominant in the area, the white mangrove is noted to be more prevalent closer to the coastline, and this is confirmed by our observations (Figure 2).




Figure 2 | Parches of Laguncularia racemosa (white mangrove) along the beach within the Volta Delta. Sediment-trapping effects can be observed (elevating the dune).






2.2 Model framework

A simple framework was adapted for this study, based on XBeach, similar to that of Chen et al. (2022) and Chen et al. (2024) who employed the approach to assess the use of seagrass as a nature-based solution for coastal erosion. The model has also been successfully applied at the global level to assess the role of vegetation in coastal defense (van Zelst et al., 2021). Here, a near-shore morphodynamic model is set up and forced with global ocean conditions from ERA5 reanalysis data (Figure 3). This choice ensures that the model mimics ecological realism as closely as possible, enhancing the transferability of the results for practical application. The XBeach model simultaneously solves the time-dependent short-wave action balance, the roller energy equations, the nonlinear shallow water equations of mass and momentum, sediment transport formulations, and bed updates on the scale of wave groups (Roelvink et al., 2009). The study adopts the 1D surfbeat mode (instationary) to simulate coastal erosion under various scenarios (Chen et al., 2024).




Figure 3 | Model Framework.





2.2.1 Input data (current situation)

Data for the modelling was compiled from various sources. Nearshore bathymetry was based on work that was carried out as part of the Harmony Coast project (Angnuureng, 2023; Angnuureng et al., 2024). The Harmony Coast project has initiated regular mapping of the nearshore bathymetry within the Volta delta using a Valeport Midas Echo-sounder with depths ranging between 3–10 m. The average spacing between the transects used for the mapping is 500 m. Beyond the 10 m depth, the GEBCO global data was utilized (IHO-IOC, 2019) to complement the nearshore data. Beach profile data was also acquired from the Harmony Coast project. The profiles were measured using a Real-Time Kinematic Differential Global Positioning System (RTK-DGPS) coordinated with existing ground control points established along the coast (Angnuureng et al., 2024). The profiles were measured in June and July 2023 for the study area. Due to the unavailability of measurements across the surf zone, an equilibrium beach profile was estimated using the Equation 1:



where h is the depth at seaward distance y, and A is a scale parameter that depends on sediment characteristics (Dean, 1991).

The equilibrium beach profile was used to test possible surf zone behavior, and the most probable initial surf zone profile (based on shoreline response) was selected and used for the final model setup. For boundary conditions, the fifth-generation European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis (ERA5) produced by the Copernicus Climate Change Service (C3S) is used (Hersbach et al., 2023; Soci et al., 2024). The hourly data was downloaded for the closest point to the coast (1° E, 5.5° N). The parameters extracted include the significant height of combined wind waves and swell, peak wave period, and mean wave direction. The data was adjusted based on earlier studies by Giardino et al. (2018) (see also Jayson-Quashigah et al., 2021), where the calibration of the ERA data using altimeter data led to an increase of wave heights by 10% and wave periods by 4.8%. For this study, the offshore boundary wave heights were therefore increased by 10% to compensate for the underestimation reported by these studies. Water level from the tidal gauge at the Tema Port (Ghana Ports, 2025) was used (Figure 4).




Figure 4 | Hydrodynamic variables used in the modeling include sea level, significant wave height (Hs), mean wave period (Tp) and mean wave direction (Dir).






2.2.2 Input data (future scenario)

Using the 2023 dataset as the current situation, a future scenario was also simulated. For the future scenario, the Intergovernmental Panel on Climate Change’s (IPCC’s) regional sea level rise (SLR) projection based on the Sixth Assessment Report (AR6) was used (IPCC, 2021). The near-term (2021–2040) timeframe was selected. This time frame provides a more immediate and actionable timeframe for policymakers and stakeholders to implement adaptive measures. Additionally, only the Shared Socioeconomic Pathway (SSP) 5–8.5, which is marked by extreme greenhouse gas emissions, was chosen, accounting for the worst-case scenario. Further, only the 83rd percentile of sea level rise was chosen to capture the higher probability range and account for significant uncertainties. For this scenario, a sea level rise of 0.233 m is projected (Avornyo et al., 2024). The mean sea level was therefore increased by 0.233 m based on the 2023 baseline level.

For the future scenario, the wave conditions were assumed to remain the same. Hence, the same wave boundary conditions were used. Scott et al. (2021) discuss how atmospheric processes can modulate wave height and frequency, but emphasize that the overarching influence of SLR is expected to remain dominant in driving long-term coastal erosion. The attribution of erosion to sea-level dynamics is further supported by the findings of Mentaschi et al. (2018) which show long-term observations revealing an unequivocal linkage between SLR and shoreline erosion.





2.3 Model setup, calibration, and validation

A cross-shore profile was generated from the bathymetry and topography data extending approximately 5 km offshore (Figure 5) with a varying grid size ranging from 20 m offshore to 1 m nearshore. The model simulation spans two (2) months between June and July 2023, where the highest erosion was recorded based on the historical profiles that were mapped for the location (Angnuureng et al., 2024). The higher eroding period was chosen to test the ability of mangroves to protect the shoreline during such extreme events.




Figure 5 | Model domain indicating initial bathymetry with equilibrium profile interpolation for the surf zone. The Mean Sea level is at 0.8 m.



The boundary conditions were forced with the ERA5 reanalysis data as described using the time-varying JONSWAP spectra with the tidal data from the Tema port.

For the XBeach model, the Chezy bed roughness coefficient is implemented, with a value of 55.0 (XBeach Team, 2023; version 1.23). A grain size of 0.8 mm (D50) and 0.12 mm (D90) was used based on the average of the measurements reported for the area from earlier studies (Verheyen et al., 2014; Jayson-Quashigah et al., 2019). Calibration was conducted using several parameters to determine which combinations produced the closest result of erosion based on the measured June and July profiles. Among all the parameters, three were critical, as also indicated by other studies (Roelvink and Costas, 2019; Kombiadou et al., 2021); the bermslope, which allows the slope of the profile near the waterline to be nudged towards the given value; the facAs, which is the time-averaged flows due to wave asymmetry and delta, which represents the fraction of wave height added to the water depth to adjust maximum wave height in wave breaking formulations (Kombiadou et al., 2020). For this model, the longshore transport component(lsgrad) was activated and calibrated with reference to other studies (Pender and Karunarathna, 2013; Roelvink and Costas, 2019). This was necessary to take care of the longshore transport, which is strong in the area (Nairn and Dibajnia, 2004; Anthony et al., 2019) and their sensitivity was tested with several values to determine the optimal value, ensuring the robustness and reliability of the results. The key parameter settings that worked best for the study area are summarized in Table 1. All other parameters were left at the recommended default settings (XBeach Team, 2023).


Table 1 | Key model parameters.



The calibration of the model was mainly guided by the morphological changes observed due to the absence of adequate in situ historical data on the ocean state. The modelled changes were validated against the measured profile changes (Angnuureng et al., 2024). Shoreline erosion based on the location of the berm crest and volume erosion across the profile was estimated between June and July 2023. The profiles, however, do not extend beyond the low water mark, hence, changes in the surf zone were not considered for the calibration and validation.




2.4 NbS integration (what-if scenarios)

The vegetation module of the XBeach was activated to introduce mangroves into the model. It has been used elsewhere to assess the role of vegetation in wave attenuation (Chen et al., 2022, 2024; van Hespen et al., 2023). The mangrove vegetation is represented as rigid cylinders with parameters including stem height, diameter, and density (Burger, 2005; Chen et al., 2022). The parameters were set based on in situ data collected from the study area on mangroves (with specific reference to the white mangrove). A conservative drag coefficient (CD) of 1 was adopted (Adytia et al., 2019; Yoshikai et al., 2022; Lopez-Arias et al., 2024) and increased by a factor of 0.1 for every higher level of mangrove density. The height of the mangroves measured in the area varies, ranging between 2 m and 8 m. However, those observed close to the beach hardly exceed 5 m in height.

Table 2 summarizes the mangrove characteristics for the various density levels used for the model based on field measurements and Thao et al. (2023).


Table 2 | Mangrove characteristics.



Three (3) broad scenarios were considered, (1) no presence of mangroves on the beach (Baseline), for both the current situation and projected sea level rise for 2040 (2) the introduction of matured mangroves on the berm (behind the crest) at varying densities (Scn_Man-I), for the current situation and projected sea level rise for 2040 and (3) the introduction of matured mangroves in the intertidal zone at varying densities for both current and projected sea level rise for 2040 (Scn_Man-II).

Predominantly, the mangroves occur at the back of the beach (normally where there are creeks or lagoons behind the dune system), but there are some instances of them occurring on the dune along pockets of the beach (see Figure 2). However, their ability to protect the coastline has not been tested. The third scenario, though, does not occur naturally in the area, but was considered a possible option (Figure 6).




Figure 6 | Scenarios (Scn_Man-I; mangroves on the berm and Scn_Man-II; mangroves in the intertidal zone).







3 Results



3.1 Model calibration and sensitivity

The model’s sensitivity to coastal erosion was tested using three main parameters, namely the bermslope, facAs, and delta (Roelvink and Costas, 2019; Kombiadou et al., 2020). A range of these variables was simulated using the June 2023 profile as a baseline, and the resultant profiles were compared to the July 2023 profile. For facAs, the values tested were 0.25, 0.30, 0.35, 0.40, and 0.45, for delta; 0.30, 0.35, 0.40, 0.45, and 0.50 were tested, however, results for 0.45 and 0.50 were inconsistent and therefore not reported. Bermslope values tested were 0.14, 0.15, 0.16, 0.17, and 0.18, respectively. From the results, the model was sensitive to all three variables tested with the most significant changes observed with variations in facAs (Figure 7).




Figure 7 | Calibration results for facAs 0.1-0.5, delta 0.3- 0.7, and bermslope 0.12-0.2. The area represented by dashed lines was not used for validation since there was no measured data. The best values are represented by the green color.



The Root Mean Square Error (RMSE) for facAs calibration ranged between 0.71 m to 0.90 m, with the highest recorded for facAs 0.45. For variations in delta, the RSME ranged between 0.79 m to 0.89 m, with delta 0.4 producing the lowest value. RSME values for the bermslope evaluated ranged between 0.73 m to 0.85 m, with the lowest value captured for the bermslope value of 18. It should be noted that these errors were only calculated considering the backshore and foreshore zones where there was measured data.




3.2 Scenario results for the current situation (2023)



3.2.1 Baseline (no mangroves on the beach)

For the baseline, the focus was to simulate the coastal erosion without any intervention, mimicking the existing situation as closely as possible. The profile measurements conducted in June and July 2023 were used to initiate and validate the morphological simulations. Using the berm as a proxy, the measured profiles show erosion of approximately 11 m from June to July (Figure 8) with an average depth of erosion of 1.4 m. This translates to approximately 28 m3 of sediment volume erosion, with 46% of that (13 m3) being deposited at the back beach through overwash (this does not include the surf zone due to lack of measured data). The beach face slope was approximately 4.7 degrees.




Figure 8 | Erosion of the bed and dune without mangrove.



For the baseline simulations, the best results were obtained with the calibration factors: facAs 0.35, delta 0.4, and bermslope 0.18. This setup was able to accurately predict the berm erosion of 11 m observed from June to July, 2023 (Figure 8) and a maximum depth of erosion of 1.43 m. Sediment loss was also accurately predicted with a slight overestimate of 3% (29 m3), with only 24% of the sediment (7 m3) deposited at the back beach. Consequently, the model underestimated sediment overwash by approximately 47%. The beach face slope was also accurately predicted to be approximately 4.7 degrees. Overall, the model accurately predicted the July profile with an RMSE of 0.75 m.




3.2.2 Effects of mangroves on coastal erosion (current situation)

Two mangrove scenarios were evaluated by introducing mangroves on the berm (Scn_Man_I) and within the intertidal zone (Scn_Man_II) at three density levels: sparse, medium, and dense.



3.2.2.1 Mangroves on the berm (current situation)

For Scn_Man_I (mangroves on the berm), the results show a reduction in the maximum depth and volume of erosion for all three density levels (Figure 9; Table 3). With the sparse mangrove, there was approximately a 22% reduction in the volume of erosion from 28 m3 to approximately 22 m3, with the maximum depth of erosion reducing by only 0.1 m. At a medium density of mangroves, the volume of sediment eroded reduced further to 14 m3, representing a 50% reduction in erosion and a lower maximum depth of erosion of 1 m. With dense mangroves on the beach, erosion was reduced by 53% (13.3 m3), and the maximum depth of erosion recorded was 0.9 m. This represents only a 3% reduction from the medium-density scenario.




Figure 9 | The response of the beach profile to mangroves on the berm (Scn_Man_I) at varying densities. The green bar represents the location where mangroves were introduced in the model.




Table 3 | Summary of the effects of Mangroves on the shoreline dynamics for the current situation.






3.2.2.2 Mangroves in the intertidal zone (current situation)

For the Scn_Man_II, mangroves were introduced in the intertidal zone at the same density levels (sparse, medium, and dense). The result again shows a reduction in erosion from sparse to dense. In this scenario, sparse mangroves offered little protection, with sediment volume erosion reducing by only 3.2% from 28 m3 to 27.1 m3 and no significant change in maximum depth of erosion. With a medium density of mangroves, the protection level already exceeds what is recorded for Scn_Man_I, with approximately 54% protection. The maximum depth of erosion was also lower at 0.9 m, comparable to the dense mangroves of Scn_Man_I. At high densities, approximately 97% protection was achieved with only 0.9 m3 of sediment volume erosion. The maximum depth of erosion also reduced significantly to 0.2 m.

With the introduction of dense mangroves in the intertidal zone, the berm was almost completely preserved (with no significant erosion observed), and a sediment gain was recorded, indicating the trapping of sediment within the intertidal zone by the mangroves (Figure 10). The wave dissipation values increase from approximately 6 W/m2 to 153 W/m2 and then 450 W/m2 for sparse, medium, and dense mangroves, respectively. Notably, the dense mangrove within the intertidal zone promoted high dissipation, leading to the deposition of sediments and the formation of a nearshore sandbar protecting the coast from high-energy waves, hence the holding of the shoreline. The results of the Scenario are summarized in Table 3.




Figure 10 | The response of the beach profile to mangroves in the intertidal zone (Scn_Man_II) at varying densities. The green bar represents the location where mangroves were introduced in the model.








3.3 Scenario results under sea level rise (2040)



3.3.1 Baseline (without mangroves)

For the future scenario, with a sea level rise of 0.233 m, the entire profile was inundated and lowered by up to 5 m (Figure 9) without mangroves introduced. This resulted in a total sediment erosion of approximately 469 m3 with no deposition observed (Figure 11).




Figure 11 | Baseline erosion by 2040 based on sea level rise of 0.233 m without mangroves.






3.3.2 Effects of mangrove on coastal erosion (future scenario)



3.3.2.1 Mangroves on the berm (future scenario)

With mangroves on the berm, relatively higher protection levels were observed following a similar pattern as the current situation. For sparse mangroves, sediment volume erosion reduced drastically from 469 m3 for the baseline to approximately 34 m3, representing a 93% reduction in erosion. The maximum depth of erosion recorded was 1.5 m. With medium to dense mangroves, sediment erosion was reduced further to 12 m3 (for medium) and 13 m3 (for dense), representing approximately 97% reduction in erosion in both scenarios. Also, the maximum depth of erosion was reduced to 1 m in both cases (Figure 12; Table 4).




Figure 12 | The effects of mangroves on the berm at various densities with sea level rise of 0.233 m by the year 2040. The green bar represents the location where mangroves were introduced in the model.




Table 4 | Effects of mangroves on coastal dynamics under sea level rise.






3.3.2.2 Mangroves in the intertidal zone (future scenario)

In this future scenario, sparse to medium-density mangroves within the intertidal zone will offer little protection, between 13% and 37% respectively. This can be seen in the relatively high volumes of erosion, 407 m3 and 294 m3 of erosion, and a maximum depth of erosion of 4.5 m and 3.6 m, respectively (Table 4). In both cases, the mangroves are completely eroded, and the whole area is inundated (Figure 13).




Figure 13 | The effects of mangroves on beach erosion under a future sea level rise of 0.233 m by the year 2040. The green bar indicates where mangroves were introduced.



However, at higher densities, the mangroves were able to stabilize the shoreline, reducing volume erosion from 469 m3 to 3 m3, representing a 99% reduction in erosion. The high density means higher heights, which can attenuate waves better (506 W/m2) and trap sediment, leading to a higher protective ability (Table 4).







4 Discussion



4.1 Model calibration and performance evaluation

The model calibration carried out shows the model was sensitive to all three parameters, namely facAs, delta, and bermslope. Similar results have been reported by previous studies, both in the area and elsewhere (Verheyen et al., 2014; Roelvink and Costas, 2019; Kombiadou et al., 2021). The best values (facAs 0.35, delta 0.4, and bermslope 0.18) were able to capture the erosion trend more accurately, with a 3% overestimation of sediment loss. However, sediment overwash was significantly underestimated (47%), which can be attributed to the underestimation of wave-runup. Other studies, such as De Beer et al. (2020); Kombiadou et al. (2021), and Roelvink et al. (2017), have established that with the surfbeat mode of XBeach, there is a general underestimation of runup, especially for steep beaches, which plays a role in berm dynamics. Overall, the model performed well, with an overall RMSE of 0.75 m. The results of this model assessment present improvements compared to previous attempts reported by Verheyen et al. (2014). The main limitation of this model (also for previous attempts) was the absence of data for the surf zone profile; hence, idealized surf zone profiles were used based on existing profiles elsewhere and initial model behavior using an equilibrium interpolation. Also, there is limited observational data on the ocean state for calibration and validation of the wave dynamics. With a future sea level rise of 0.233 m by 2040 under the worst-case scenario (SSP5-8.5), the model shows a complete inundation and erosion of the beach. This result is also consistent with other studies that indicate that even with a modest sea level rise of 0.1 m, most of the delta area will be inundated, especially along the coastline (Wiafe et al., 2013; Brempong et al., 2023; Avornyo et al., 2024).




4.2 Impact of mangroves on coastal erosion mitigation

With a reliable prediction of erosion from the model, What-if Scenarios (WiS) of mangroves were evaluated to assess their ability to protect the coast against coastal erosion both under current and future sea levels. The results demonstrate the ability of mangroves to protect the shoreline with a significant reduction in erosion as mangroves were introduced on the beach and in the intertidal zone. The introduction of mangroves behind the berm is considered a viable option, as there is already evidence of mangroves on the berm along pockets of beaches on the eastern coast of Ghana. For the current situation, this option led to a 53% reduction in sediment volume erosion with dense mangroves introduced on the beach. With a rise in sea level, a similar trend of protection is observed, with high-density mangroves protecting the coast by 97%. The mangroves on the berm serve as a barrier, diminishing overland flow velocities and facilitating the deposition of sediments being transported by the water. This gradually increases the berm height, eventually reducing wave overtopping and erosion. This unique ability to adapt to rising sea levels through building up the elevation has been noted by other studies, such as Krauss et al., 2014 and  Mitra, 2020. This effect can also observed along pockets of beaches within the Delta where mangroves are on the berm (see Figure 2).

The second scenario, which does not exist naturally along this coast, is the mangroves within the intertidal zone. However, this scenario was able to halt erosion completely with the introduction of dense mangroves for both current and future sea level rise. Generally, the higher densities of mangroves were very effective at dissipating wave energy (up to 506 W/m2), which is consistent with other studies (Bao, 2011; Spalding et al., 2014; Kamil et al., 2021). However, though sparse to medium-density mangroves can offer some level of protection for the current situation, higher densities of mangroves are required to protect the coast under rising sea levels. Overall, introducing mangroves into the intertidal zone, while not typical for the region, could serve as an enhanced protective measure when facing extreme wave water level conditions. In particular, the formation of natural sand barriers facilitated by wave dissipation is a promising outcome, creating an added layer of protection for vulnerable coastlines. However, the practicality of this scenario would need to be examined further, as the elevated salinity and high-energy wave environment could limit mangrove growth and effectiveness in this zone. Long-term studies could explore strategies to mitigate these challenges, such as pairing the mangrove growth with salt-tolerant vegetation or temporary protection measures.

In other studies, mangroves have been demonstrated to offer shoreline protection, for example, in the case of Hurricane Harvey, where areas with mangrove cover experienced little erosion compared to other areas without mangroves (Pennings et al., 2021). Sánchez-Núñez et al. (2019) also demonstrated through field experiments, how mangroves can reduce erosion 3 to 15 times with higher wave energies. Several laboratory studies have also demonstrated how mangroves can attenuate waves, thereby reducing coastal erosion (see Amos and Akib (2023). The dense roots of mangroves help stabilize sediments, consequently diminishing sediment suspension and erosion. The above-ground roots and stems are also able to slow down flow and trap sediment, hence building the beach where they are present. This ability has been demonstrated through this assessment and can be leveraged to offer nature-based coastal protection for the eastern coast of Ghana and similar coasts.




4.3 Integrating nature-based solutions in coastal management

From a coastal management perspective, the results highlight the value of integrating nature-based solutions, such as mangroves, into broader coastal protection strategies. Grey infrastructure solutions, such as seawalls and groynes, though effective in localized settings, tend to disrupt sediment transport and create long-term environmental issues. By incorporating mangroves into existing management plans, especially in areas such as the Volta Delta, decision-makers can reduce the reliance on costly and environmentally disruptive “hard” engineering structures. The success of the medium to high-density mangrove scenarios in reducing erosion, for instance, suggests that coastal managers could implement mangrove plantations in areas where beach loss is currently mitigated by engineered defenses, creating a hybrid solution that maximizes both ecological and structural benefits. Furthermore, the use of WiS in this study offers significant insight into future coastal resilience planning. The ability to test different densities and placements of mangroves allows decision-makers to make informed choices that consider both ecological and hydrodynamic conditions. As coastal threats increase due to sea-level rise and storm surges, the ability to simulate these scenarios offers a proactive approach to managing risks rather than reacting to disasters. This approach can be extended to other regions facing similar challenges, using adaptive management practices that integrate scenario testing into long-term coastal planning.

This study acknowledges the challenges imminent with implementing mangroves for coastal protection (some of which have been discussed) and requires further investigation. However, there have been attempts elsewhere to investigate these challenges. For example, elsewhere, attempts have been made to introduce temporal structures to protect mangroves until they reach a growth stage that can offer protection to the coast (Yuanita et al., 2019; Amos and Akib, 2023). They have also been effectively combined with other engineering approaches to reduce the costs and challenges (Tusinski and Jan Verhagen, 2014). This hybrid approach, combining grey infrastructure with natural buffers like mangroves, could be particularly useful in highly dynamic and at-risk coastal regions like the Volta Delta. The strategic placement of mangroves alongside groynes or revetments, for instance, could help mitigate downdrift erosion caused by engineered structures, creating a more sustainable and balanced solution. Such methods not only reduce maintenance costs but also enhance biodiversity and long-term coastal resilience. This approach can be investigated and adopted to help promote the use of mangroves as a nature-based solution for coastal erosion along the eastern coast of Ghana.





5 Conclusions

This study evaluated the effectiveness of mangroves as a Nature-based Solution (NBS) for mitigating coastal erosion in the Volta Delta, using a modelling approach to simulate erosion under different scenarios. The results demonstrate the significant protective capacity of mangroves, with a reduction in sediment volume erosion of up to 53% for the current situation and 97% for the future scenario when high-density mangroves were introduced on the berm. In the more novel scenario, where dense mangroves were placed in the intertidal zone, erosion was almost entirely mitigated, with a 97% reduction in sediment volume erosion for the current situation and a 99% reduction for the future scenario. These findings align with broader studies on the role of mangroves in coastal protection, particularly their ability to attenuate wave energy and promote sediment deposition.

The scenario-based approach enabled a nuanced assessment of the different densities and placements of mangroves. In the scenario where mangroves were introduced behind the berm, erosion reduction was comparatively lower. Meanwhile, the intertidal placement of dense mangroves proved highly effective, not only dissipating wave energy but also facilitating the development of offshore sandbars, which further protected the coastline from wave-induced erosion. Quantitatively, the wave dissipation values increased significantly across the scenarios, from 6 W/m² with sparse mangroves to 506 W/m² in the dense mangrove scenario, showcasing the enhanced protective capability of higher-density mangrove stands. These results highlight the ability of mangroves to serve as both a physical barrier and a dynamic ecosystem that stabilizes coastal zones.

From a coastal management perspective, the findings underscore the viability of integrating NbS into traditional coastal defense strategies. Given the escalating threats from sea-level rise and increasing storm surges, the use of mangroves offers a more sustainable and cost-effective alternative or complement to conventional “grey” infrastructure such as seawalls and groynes. Mangroves provide additional ecosystem services, such as carbon sequestration and habitat provision, which makes them a multifaceted solution for coastal protection. Coastal managers can consider implementing mangrove plantations in combination with engineered defenses to create a hybrid solution that maximizes both ecological and structural benefits. Furthermore, the use of What-if Scenarios (WiS) proved instrumental in demonstrating the potential of NBS under different environmental conditions. These scenarios allowed for a flexible and adaptive decision-making process, which is crucial in dynamic coastal environments like the Volta Delta, where erosion is exacerbated by anthropogenic activities and climate change. Scenario-based planning, coupled with quantitative model outputs, offers coastal managers a robust tool for designing interventions that are both ecologically sustainable and economically viable.

While this study confirms the efficacy of mangroves as an NBS for coastal erosion management, several areas require further investigation to address critical needs. These include continuous monitoring of mangrove growth and coastal dynamics to understand the long-term effectiveness of mangroves as NbS; research on hybrid approaches that combine mangroves with engineered structures; and evaluating the cost-effectiveness of mangrove-based solutions compared to the traditional methods used in the area.
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