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Coastal areas are characterized by high energetic conditions associated to the wave transformation process and by numerous underwater cultural heritage (UCH) sites whose preservation is crucial given their cultural and economic value. UCH management requires a decision support system to prioritize UCH interventions and actions for long-term preservation. This paper presents a novel UCH risk assessment methodology to quantitatively assess the impact of wave-induced hazards on UCH in coastal environments at a local level and the screening of UCH sites at risk. The UCH risk is calculated as a function of vulnerability (depending on archaeological materials, slope, and seabed type), hazard (decontextualization, scouring, and erosive wear), and exposure computed for the UCH sites registered in an archaeological database. The procedure was validated at two shipwreck sites, Bucentaure and Fougueux, in the Bay of Cadiz. An agreement between the risk index value and the in situ measurements of the rates of scouring and corrosion (used as a proxy of erosive wear) was observed. The methodology was tested in the Bay of Cadiz using an archaeological database containing 56 UCH sites. It allowed identifying the UCH sites at high risk: six are at risk of decontextualization, four are in peril of scouring erosion, and two are at risk of erosive wear. Two UCH sites at high risk of at least two hazards were also identified. This UCH risk assessment methodology is a stepping stone towards a decision support system that will give priority to research, prospection, management, and protection measures in the UCH sites analyzed to ensure their preservation in a context of climate change in the era of a sustainable blue economy.




Keywords: coastal risk, coastal management, scouring, shipwreck, underwater cultural heritage



1 Introduction

A large number of underwater cultural heritage (UCH) sites are characteristic of coastal areas as a result of the intense use of those areas for human settlement as well as commercial and military purposes for centuries. The concentration of UCH sites is also a direct consequence of coastal sailing and perils such as stormy weather conditions, rocky shoals, or other hazards existing in those areas used for coastal navigation. Shallow coastal waters therefore contain numerous UCH sites. Intensive exploitation of ocean resources, along with the advances in acoustic seafloor mapping, and the expansion of scuba diving in recent decades have contributed to their discovery. Considering the abundance of shipwreck sites and other underwater archaeological structures, an archaeological study or in situ protection of all of them is currently unaffordable. Adopting measures to protect underwater archaeological remains, in accordance with the Convention on the Protection of the Underwater Cultural Heritage United Nations Educational, Scientific and Cultural Organization (UNESCO), is challenging when a large number of sites should be managed and considered for interventions with a limited budget.

Furthermore, shallow coastal waters are a very energetic environment where oceanographic agents such as waves, currents, and sediment characteristics determine a dynamic equilibrium. Changes in energetic (e.g., seasonal) conditions can generate the successive burial and exposure of UCH sites (Gregory et al., 2012; Fernández-Montblanc et al., 2016; Fernández-Montblanc et al., 2018), affecting the stability and degradation of UCH materials (Bethencourt et al., 2018; Gregory, 2020). These agents can control the proliferation of harmful organisms for the materials (Ruuskanen et al., 2015; Cámara et al., 2017; González-Duarte et al., 2018), sediment transport, and elimination of concretion layers that act as protective covers of certain archaeological objects (Bethencourt et al., 2018). Therefore, the degradation of UCH sites (Pournou, 2018; Gregory, 2020) may be aggravated in shallow water areas. At the UCH sites located in coastal waters, the degradation rates may experience episodic fluctuations associated with changes in the energetic conditions in the system (Ward et al., 1999). Waves can be considered a major hazard driver for the conservation of UCH sites in wave-exposed coasts. Given the magnitude of the wave force exerted and the sediment transport capacity in shallow water depths, waves contribute to the scattering of archaeological objects and induce scouring or abrasion by displacing sand grains. This results in the loss and degradation of archaeological material.

The scattering of archaeological objects or shipwreck remains caused by waves leads to archaeological decontextualization. It occurs when archaeological objects are transported from their original wreckage location, losing connectivity with their original context and other related archaeological objects. Decontextualization of UCH artefacts occurs when drag forces induced by waves on the seabed are large enough to transport objects located at the UCH site. Additionally, wave forces and wave load can damage and transport part of the structure of a shipwreck, producing the disintegration and decay of the archaeological structure.

Wave-induced oscillatory flow and turbulence may lead to scouring around the shipwreck or other UCH sites (Quinn, 2006; Fernández-Montblanc et al., 2016). Scouring is a key process for the conservation of UCH because it is able to control the sediment budget around UCH sites. It is the result of the intensification of flow velocity by its interaction with near-seabed objects (Whitehouse, 1998). Scouring largely controls the integrity of the UCH sites. A wooden hull structure can collapse if a scour pit is formed around the archaeological remains. It determines the exposure of the archaeological material to the abrasive effect caused by the suspended sediment particles and also produces drastic changes in other environmental variables (i.e., oxygen concentration, benthic communities) governing the deterioration process (Ward et al., 1999; Quinn, 2006; Bethencourt et al., 2018; Gregory, 2020), for example, scour can increase the oxygen concentration that accelerates the microbial degradation process of the wooden remains (Björdal et al., 2000; Björdal and Nilsson, 2008) and increase the corrosion rates of active metals such as copper or iron (Angelini et al., 2013). Scour also controls the composition of the benthic community that affects the conservation of metallic objects (Bethencourt et al., 2018) or the degradation of stone materials (Cámara et al., 2017). The amplification of maximum orbital velocity and the appearance of shear stress and coherent flow structures caused by waves and seabed structure interactions are the main mechanisms in generating scour associated to waves (Sumer and Fredsøe, 2002). Wave-induced scour will vary depending on the structure’s size and wave conditions (McNinch et al., 2006; Fernández-Montblanc et al., 2016).

Suspended sediment transported by currents or waves can produce abrasion by impacting on the surface of the archaeological materials [see Thompson et al. (2011)]. Erosive wear, a wave-induced hazard on UCH, is the process of progressively removing material from a surface due to the repeated impacts of solid particles present in the flow. If there is enough energy, each particle re-suspended in the flow can cut or fracture a small amount of material from the surface. If this is repeated over a long period of time, a significant loss of material may occur. The rate of erosive wear depends on several factors. The characteristics of the suspended particle and its shape, hardness, impact velocity, and impact angle are key factors, along with the properties of the surface being eroded (Bitter, 1963).

Hence, given the profusion of UCH sites in coastal areas and the hazardous conditions linked to wave action, the development of tools and methodologies to select and identify sites prone to damage is necessary. This is especially relevant in a context of climate change, given the significant changes in wave energy expected by the end of the century (Mentaschi et al., 2017). These methods will allow the screening of UCHs that are more susceptible to be impacted by waves. It provides UCH managers with a tool for decision support in order to prioritize UCH interventions. This tool gives precedence to UCH sites where special measures must be implemented for in situ protection or where excavation and documentation must be a priority, as the loss of archaeological information is highly likely.

The present work therefore aims to develop a risk assessment method that takes into account the impact of wave-induced hazards on underwater cultural heritage. This paper is structured as follows: The Methods section describes the methodology developed and the datasets used to validate the proposed methodology; the Results section outlines the main results, including validation and UCH risk assessment in the case of the Bay of Cadiz; in the Discussion section, the applicability, limitations and potential of the methodology are analyzed based on the achieved results; and, finally, the main findings of this paper are summarized.



2 Methods


2.1 Study area

The Bay of Cadiz is an inlet located in the Gulf of Cadiz (southwest coast of the Iberian Peninsula) extending from Punta Candor to Sancti Petri tidal creek (Figure 1A). The seafloor mainly consists of unconsolidated sediments in which the mean grain size varies from very fine quartz sand to very fine gravel. Exceptions in this general pattern are the bedrock crops in the study area (Figure 1A). Wind waves can be considered the key hydrodynamic agent in the area with regard to UCH preservation. The active sector is defined between NNW and SE, with W being the most frequent and WSW the most energetic direction (Figure 1B). Mean wave climate is characterized by low energy [90% of significant wave height (Hs) is<1 m], although Hs can exceed 3 m for 105 hours in an average year (Figure 1C). The peak wave period (Tp) is rarely over 18 s, and the Hs–Tp joint probability plot shows two peaks from 5 to 9 s, and Hs =1 m, which are representative of mean conditions, whereas for storm wave conditions, it is represented by Tp ~8–12 s and Hs > 3 m (Figure 1D). Tides are semi-diurnal, and the tidal range can be defined as meso-tidal (mean spring range of 2.96 m). Tidal current velocity decreases rapidly in shallow water areas with the exception of the channels and tidal creeks in the Bay of Cadiz.




Figure 1 | (A) Location of the studied sites. (B) Wave rose diagram of significant wave-height for directional wave buoy. (C) Scalar wave climate of significant wave height. (D) Joint distribution of significant wave height (Hs) and peak period (Tp). (E) Bathymetry of the Bucentaure site. (F) Bathymetry of the Fougeux site (Fernández-Montblanc et al, 2016).



From a historical and archaeological point of view, because of how old the Bay of Cadiz is as a center of sustained port dominance and the dynamism of the region in terms of maritime cultural activity for millennia, an incredibly large number of UCH sites are observed. Among the existing archaeological sites, two coetaneous shipwrecks were selected to validate the UHC risk assessment methodology: the Fougueux and Bucentaure shipwreck sites. Both ships sank during a violent storm after the Battle of Trafalgar (1805). The Bucentaure represents a scattered shipwreck site including a total of 22 iron guns and the remains of an anchor (Figure 1E) seated at 12-m depth in the outer Bay of Cadiz (Figure 1A). The seafloor is a combination of a rocky seabed and gravelly quartz sand (D50 = 1.095 mm). Meanwhile, the Fougueux shipwreck site preserves an important portion of the wooden hull structure along with 31 cannons and an anchor (Figure 1F). Fougueux is seated at 7-m depth, and the seabed is mainly composed of unconsolidated sediments, medium and fine quartz sands (D50 = 0.177 mm), and a little rock shoal attached to the hull remains of the shipwreck.



2.2 Environmental and archaeological datasets


2.2.1 Bathymetry and sediment characterization

The present work is based on an eco-cartographic study including bathymetry and sediment characterization performed in 2011 (Spanish Ministry of Agriculture, Food and Environment, 2012). Multibeam-derived bathymetry was used for seafloor characterization in the wave model and to calculate the seabed slope. Seafloor mapping from multibeam backscatter was used to classify the seabed type (rocky/unconsolidated sediment). We used data from a field study in the whole Bay of Cadiz comprising 460 samples collected using a Van Veen grab sampler for sediment grain size characterization. A grain size analysis was conducted using the dry sieving method. The statistics of particle size distributions were calculated using the Folk and Ward method with the GRADISTAT software developed by Blott and Pye (2001).



2.2.2 Archaeological database

We created a dedicated archaeological database (ADB) for the Bay of Cadiz based on a scientific literature review including books, papers, and/or conference proceedings. Several bibliographic sources were employed (Guillemot and Meanteau; Lagostena, 2009; Lakey, 1987; García Rivera and Alonso Villalobos, 2005; Alzaga García et al., 2022). The ADB encompasses the archaeological resources identified and geo-localized in the outer Bay of Cadiz. The geolocation of the different UCH sites was established by georeferencing maps and figures of the scientific data sources in ARCGIS 10.1. The ADB contains relevant information about the main characteristics of the UCH sites including origin or provenance, chronology, composed materials organized into five categories (metallic, stone, glass, ceramic, and wood/organic materials), dominant material, and metadata regarding the data source. Basic environmental characteristics of the sites (depth and seabed type), when available, were also added.



2.2.3 Wave database

A simplified version of the hybrid downscaling method (Camus et al., 2011; Diaz-Hernandez et al., 2021) was used to propagate the historical wave hindcast (SIMAR-44) in the outer Bay of Cadiz (Figure 1A). At first, a manual selection of a reduced number of sea states representative of the offshore wave hindcast climate was performed. Then, the selected N sea-states were propagated into the outer Bay of Cadiz using the SWAN third-generation wave model (Booij et al., 1999) implemented on a regular mesh (~37-m resolution). Finally, the whole wave hindcast in each cell of the computational domain was reconstructed based on the interpolation in a 3D matrix of propagation coefficients for wave direction, peak period, significant wave height, and maximum near-bottom orbital velocity.




2.3 UCH risk assessment

The present work uses the 2009 UNISDR terminology on disaster risk reduction (https://www.undrr.org/terminology), and risk (R) is calculated as a function of the hazard (H) with a given probability, vulnerability (V), and exposure (E) [R = f(H, V, E)] (Field and Barros, 2014). We developed an UCH risk assessment methodology, whose workflow is schematized in Figure 2. The UCH risk assessment presented here is based on the risk index calculated at each specific location in accordance with the main environmental and UCH site characteristics following an object-oriented approach. Each specific site registered in the archaeological database was considered an asset to be potentially damaged by the considered hazard. This paper focuses on the identification and screening of those UCH sites at high risk, where waves may imperil the sites, thus facilitating the loss of archaeological information and the degradation of archaeological materials and hampering the in situ preservation of UCH sites considered as a priority option. This conservation approach is included in Rule 1 of the Guidelines to the Annex of the Convention on the Protection of the Underwater Cultural Heritage—UNESCO that establishes in situ preservation as the first option for UCH protection. The methodology followed the scheme used in previous studies on coastal risk assessment at the regional scale [i.e., CRAFT1 (Armaroli and Duo, 2018; Ferreira et al., 2018)]. A GIS index and a simple empirical model-based approach were integrated to support decision making and prioritizing the investment in available resources and actions to counteract the effect of wind waves in the UCH sites at high risk.




Figure 2 | Workflow of the developed underwater cultural heritage risk assessment methodology.



The methodology was designed to be applied from the local to the regional scale ≈O (10–100 km), targeting to avoid the request of very detailed environmental information (e.g., DEM resolution<1 m).

A complete risk assessment would require exposure quantification based on the valuation of UCHsites. This high level of baseline information is rarely available at the local or regional scales. Therefore, we considered a similar market and not market value for all the UCH sites in the database, assuming equal exposure values for all the UCH sites. The risk index was then calculated as the root geometric mean of the hazard multiplied by vulnerability scores according to Eq. 1 (Gornitz, 1990; Viavattene et al., 2018).



where   is the UCH risk index for each hazard (H) at each specific archaeological site (i),   is the score of the hazard, and   is the score of the vulnerability at site i.   is an index (integer values from 0 to 5) associated to each UCH site that allows quantitatively comparing different UCH sites located in the region of analysis and showing the UCH sites at high risk of the specific hazards. The   is a six-class score ranging from 0 to 5 which correspond to none, low, low-medium, medium-high, high, and very high hazard. The level of hazard is defined in accordance with the magnitude of the hazard associated to a given non-exceedance probability expressed as a return period. The   is a score which ranges from 1 to 5 (low to very high classes) that represents the vulnerability of the UCH sites according to the characteristics of the archaeological material prevalent in the UCH site, its propensity to be affected by a certain hazard, and the environmental factors that increase or reduce the susceptibility of the UCH sites to the impacts produced by the considered hazards.

An UCH site is considered at risk if the risk index   >3.2. This threshold corresponds to the rounded root square of low (2) and very high (5) classes (Viavattene et al., 2018). UCH sites with higher values are those subject to the combination of medium and very high classes of vulnerability and hazard.

The vulnerability and hazard levels at each UCH site are specified in the sections below and summarized in Tables 1, 2. There is a lack of information relative to the definition of the hazard and vulnerability threshold to define the different categories of hazard and vulnerability levels. Therefore, those levels have been defined by expert judgment with local knowledge in oceanography and UCH conservation. The group of experts includes oceanographers, archaeologists, conservators, biologists, physicists, chemists, and engineers.


Table 1 | Hazard indicator scores for decontextualization, erosive wear, and scouring.




Table 2 | Vulnerability scores in common materials in underwater cultural heritage sites for decontextualization, erosive wear, and scour hazard.





2.4 Hazard assessment

Previous studies have identified physical factors (Ward et al., 1999) and, more particularly, wind waves to be key in preserving UCH and in the evolution of UCH sites in shallow water sites (Quinn, 2006; Fernández-Montblanc et al., 2016). This work therefore focuses on wave-induced hazards on archaeological sites in shallow water. Three wave-induced hazards were selected considering their impact in the long-term preservation of UCH: archaeological decontextualization), scouring (SC), and erosive wear (EW). For those hazards, risk assessment was performed independently without taking into account multi-hazard interactions.

A simple three-step workflow was applied for the hazard assessment (Ferreira et al., 2018; Viavattene et al., 2018). First, the time series of the hazard indicator was calculated in accordance with bathymetry, sediment, grain size, wave characteristics, and water level. Second, a fit to an extreme value distribution was applied to calculate the associated probability. In this case, the transformed-stationary methodology was applied, including a 72-h time window for storm decluttering and a constant threshold (97th percentile) to select the extreme event. Then, the selected hazard events were fit into the generalized Pareto distribution [see Mentaschi et al. (2016) for further details]. Finally, the hazard scores were defined by ranking the hazard indicator for the selected probabilities.

This methodology followed the so-called response approach (Garrity et al., 2007), which is widely used for coastal storm impact assessment. This approach consists in calculating the probability of occurrence of the hazard (i.e., archaeological decontextualization), but not of the driver, or variables governing the hazard (i.e., water level, wave period and significant wave height).


2.4.1 Archaeological decontextualization hazard

The decontextualization of an UCH artefact occurs when drag forces induced by waves on the seabed are sufficient to transport objects located in the UCH site. Furthermore, wave forces and wave load can damage and transport part of the damaged structure away from the shipwreck site, producing the disintegration and decay of the archaeological structure (Ward et al., 1999). The potential damage of scattering and loss of archaeological artifacts induced by waves was evaluated using Eq. 2 as proposed by Soulsby (1997) for the threshold motion of large-diameter particles, taking into account the sole action of wind waves.



where Ub is the undisturbed near-bed orbital velocity, Tp is the peak wave period, g is the gravitational constant, ρs is the density of the grain sediment, and ρ is the seawater density.

The scattering and loss of archaeological objects at UCH sites depends on the material, size, and shape of the archaeological objects. For the sake of simplicity, in the present study, a spherical shape and quartz density (2,600 kg m-3) was assumed based on the shape and density of the material employed to derive the empirical Eq. 2. This assumption does not represent the specific shape and density of the archaeological materials but allows calculating the potential decontextualization comparing the hazard of the different UCH sites without requesting specific and detailed information on the size, shape, or density of the objects or structures in the UCH sites. This information is incorporated into the risk assessment by specifying the vulnerability in accordance with the type of the archaeological material. Table 1 shows the decontextualization hazard scores. In this case, the selected probability corresponds to the 10-year return period, an intermediate value in the extreme distribution. The ranges of the hazard magnitude to score the hazards were defined and compliant with expert judgment based on local knowledge.



2.4.2 Scour hazard

The potential scour was estimated using the equilibrium scour depth. Calculating the equilibrium scour depth was based on Eq. 3 for maximum scour depth and Eq. 4 (Sumer and Fredsøe, 1990) for the maximum scour length for wave-induced scour on pipelines. A constant archaeological object/structure of a cylindrical shape of 1 m in diameter was assumed.





where KC=Ub·Tp/D is the Keulegan–Carpenter dimensionless number, Ub is the maximum undisturbed near-bed orbital velocity, Tp is the peak wave period, and D is the structure diameter (1 m).

In the of case of breaking or near-breaking wave conditions, the equilibrium scour depth was calculated according to expressions Eq. 5 and Eq. 6 proposed by Young and Testik (2009) for vertical and semicircular breakwaters applied for conditions 0.6<KCH=≤9.0 and 0.4<fb=≤1.7,

where KCH is the Keulegan–Carpenter number expressed as a function of the significant wave height (Hs, KCH=Hs·π/D), and fb is the ratio of the water depth and structure height (h – D)/Hs, h is the water depth, and D is the structure/object diameter:





Both equations allow calculating the maximum scour depth and the length of the scour hole. If the scour mark is approximated to a triangular shape, the volume of scour can be calculated (Eq. 7) and used as an indicator of the magnitude of the scour.



Table 1 presents the scour hazard scores. In this case, the selected probability corresponds to the 10-year return period, an intermediate value in the extreme distribution.



2.4.3 Wear hazard

Wear hazard refers to the erosive wear caused by solid particle erosion, the process that occurs on archaeological structures/artifacts in the seabed exposed to the impact of suspended sediment particles transported by waves. The optimal approach to evaluate this hazard includes estimating the volume of material eroded by a single grain impact (Vi) according to the impact wear equation proposed by Bitter (1963). However, this approach requires specific measurements and the details of the threshold energy required for impact as well as the kinetic energy necessary to erode a unit of volume of material, depending on the status of the different archaeological materials.

This information is not available at the regional or local scale for all the archaeological sites. Therefore, the erosive wear potential (EWP=log(KE·IR)) is used as an erosive wear hazard indicator. It is calculated using the kinetic energy ( ) (where Ui is the grain velocity and Msp the mass of the particle) of the impacting grain considering the direction that maximizes the erosion (α=90°) multiplied by the impact rate (Thompson et al., 2011) (IR=C/Msp assumed to be proportional to the sediment concentration divided by the mass of the sediment particle.

We can assume Ui≅Ub considering the low velocity lag between flow and sediment particles in non-concentrated flows (Nian-Sheng, 2004).   is calculated assuming spherical particles, quartz density (ρs=2600kg·m-3), and seawater density (ρ=1025kg·m-3). Sediment concentration was calculated at a reference level of 0.5 m above seabed, assuming a logarithmic profile (van Rijn, 1993).



where h is the water depth accounting for the tidal variability of the sea surface, z is the height above bed, a is the reference level (a=10D50) (Nielsen, 1986), D50 being the median particle size; ws the particle settling velocity, k the von Karman’s constant (0.4), and u* the wave friction velocity.

The reference concentration (Co) is given from equation Eq. 9, and shield entrainment (θs) is given from Eq. 10 as proposed by Zyserman and Fredsøe (1994):





and the critical shield parameter for the initiation of motion is given by the expression proposed by Soulsby (1997):



where D* is the dimensionless grain diameter:



fw is the wave friction factor for oscillatory flow assuming the sheet flow estimated as follows (van Rijn, 1993):



  is the peak orbital excursion, Tp is the peak wave period, Ub is the undisturbed near-bed orbital velocity, ϑ is the kinematic viscosity (1.075e-6 m2s-1), Ks=2.5D50 is the bed roughness (Soulsby, 1997), and Re=UbAw/ϑ is the Reynolds number.

The settling velocity ws is calculated in accordance with the equation proposed by Soulsby (1997):



The friction velocity is estimated in accordance with the equation proposed by van Rijn (1993):



The suspended sediment concentration is calculated for those sea states where the shield number exceeds the critical value (θs>θcr), and friction velocity is larger than settling velocity (u*>ws). If any of these conditions is not met, the suspended sediment concentration is assumed to be zero.

Table 1 presents the scores of the erosive wear hazard. In this case, the indicator is based on a high probability event corresponding to a 1-year return period. This high frequency value in the extreme distribution was selected to account for the continuous effect of erosive wear to damage UCH materials rather than the occasional (longer return periods) erosive wear effect that takes place for a limited time in an extreme event.




2.5 Vulnerability assessment

According to the 2009 UNISDR terminology, vulnerability is defined in terms of the conditions determined by physical, social, economic and environmental factors or processes which increase the susceptibility of an individual, a community, assets, or systems to the impacts of hazards. In this paper, vulnerability of UCH assets is determined by the characteristics of the archaeological material that prevails in the UCH site (metal, stone, wood, ceramic, and glass) and its tendency to be affected by a certain hazard and the environmental characteristics that increase the susceptibility of the UCH assets to be impacted by a hazard. The vulnerability index for the prevalent materials was established according to the specificity of the UCH site types in the study area and the main characteristics of the archaeological material. Thus, the vulnerability of metallic materials is defined in compliance with the specific properties of gray iron, the most frequent metallic material in the archaeological database of the case study. The ceramic vulnerability was established according to the properties of coarse ware, the type of archaeological artifact most represented in the ADB.

The vulnerability index related to the materials ( ) is sensitive to the hazard considered. It is therefore defined in conformity with the specific properties of each material to cope with a certain hazard—for instance, stone materials (marble in our ADB) may be more vulnerable to erosive wear hazard than metallic (gray iron) ones, as they stand lower in the Brinell hardness scale or the equivalent hardness scale. However, marble is less vulnerable than gray iron to the impact of the decontextualization hazard based on the higher density property used to define the propensity of materials to be transported by waves.

The vulnerability index related to the materials ranges from 1 to 5 after assigning a score (1 to 5) to the types of materials (metal, stone, wood, ceramic, and glass). The vulnerability assigned by materials and hazards is summarized in Table 2. It includes the categories and types of materials as well as the properties selected to assign the vulnerability.

Regarding the decontextualization hazard, we did not have real data of the objects in each site. We decided to establish the rank based on the density of the main materials that can be found in the sites. The values in Table 2 are commercial, except in the case of ceramics, and obtained from Vila Socias et al. (2007).

With respect to the erosive wear hazard, Table 2 shows the hardness values of the main types of materials located in the sites on the Brinell scale (Vander Voort, 2000). In the case of stone and wood, the value is established by comparison with another material capable of scratching it. Coarse ware is scratched with steel, which has a Brinell hardness number (BHN) of 125, and oak is scratched with copper, which has a BHN of 35.

In the case of scour hazard, Table 2 ranks the material according to its sensitivity of the aerobic biological communities. The scour processes facilitate the increase of dissolved oxygen transforming the anoxic condition of the sediment into well-oxygenated waters. The aerobic biological communities living in this environment produce the deterioration of the different materials depending on their nature (Pearson, 1987), for example, in the waters of the Bay of Cadiz, wood is badly affected by mollusks of the genus Teredo.

Moreover, vulnerability was defined accounting for the environmental factors (seabed slope   and seabed typology  ), which increase or decrease the susceptibility of the UCH sites to the impacts of each assessed hazard. In this case, the vulnerability index related to the environmental factors was considered constant for all the hazards. According to expert judgment, the higher values of vulnerability level (5) were established for those conditions that significantly amplify the vulnerability, the lower value (1) was established for those conditions that significantly decrease the vulnerability, and a neutral value of 3 was established for those conditions that do not modify the vulnerability. Following this approach, the seabed slope increased the vertical and horizontal velocities and the turbulence because of the modification of waves and current velocity fields. These amplifications cannot be addressed properly with the resolution and processes parametrized in commonly used wave propagation models for coastal applications. They could lead to greater susceptibility of the UCH sites located at a sloped seabed to the impact of the decontextualization, erosive wear, and scour hazards. Therefore, a sloped seabed (>10%) was scored as high vulnerability class ( =5) and a gentle sloped seabed as medium vulnerability class ( =3). The second environmental factor considered is the type of seabed. In this paper, two categories, rocky and non-consolidated seabed, were established in accordance with the seabed characteristics in the case study. However, they can be adapted to other categories (salt marsh vegetation, seagrass meadows, etc.). In this case, the UCH sites lying on a rocky seabed were scored as low vulnerability class ( =1) and those on a non-consolidated one as medium vulnerability class ( =3). Although the rocky seabed may house sand patches, the limited quantity of sediment potentially reduces the scour, and erosive wear is limited in comparison with the non-consolidated seabed. The decontextualization hazard is reduced because the irregularities in a rocky seabed may protect the archaeological objects hampering scattering by wave action. Table 3 lists the vulnerability scores according to the slope and the type of seabed.


Table 3 | Vulnerability scores by environmental factors in underwater cultural heritage sites.



The final vulnerability index   was calculated as the geometric mean of all the vulnerability indicators, the material-related vulnerability index ( ) established from the ADB, and the environmental vulnerability indicator (seabed slope index ( ) and seabed type index (  ). These values were stablished from the DEM dataset and the seabed type dataset. The final value of   may take values from 1, indicating low-vulnerability class, to 5, for the very-high-vulnerability class.





2.6 Validation of the UCH risk assessment methodology

The Fougueux and Bucentaure sites were monitored, and metallic archaeological artifacts from each site were analyzed using archaeometric techniques to evaluate their degree of stability (Bethencourt et al., 2018). The result was used to validate the method for UCH risk assessment presented in this paper, focusing on erosive wear and scour hazards. Unfortunately, there are no data available to evaluate the decontextualization hazard in the study area.

At both sites, several cannons and anchors were selected as targets to establish their current conservation condition and to assess their prospects for in situ conservation. First, partial de-concretion was carried out, which allowed performing in situ measurements of the pH and corrosion potential of the iron object, Ecorr [see Bethencourt et al. (2018) for further details]. The conservation status of the cannons was assessed by measuring the thickness of the surface corrosion layer. Then, the mean corrosion rate of the archaeological object was estimated by dividing the surface corrosion layer by the number of years since wrecking.

The spatial pattern of the corrosion rates measured in the cannons of the Fougueux site was analyzed with regard to the seabed type and slope in order to evaluate the vulnerability index related to environmental factors. The method to estimate the erosive wear risk was also validated by comparing the corrosion rates calculated from in situ measurement at both sites as a proxy of the erosive wear at the sites.

The accretion–erosion model derived by subtracting different DEM from time lapsed bathymetric surveys conducted in the Fougueux and Bucentaure sites [see Fernández-Montblanc et al. (2016) and Bethencourt et al. (2018) for further details] was used to evaluate the UCH risk assessment for the scour hazard.




3 Results


3.1 Archaeological database

The ADB incorporated a total of 56 UCH sites located at the outer Bay of Cadiz. Regarding the archaeological material, ceramic (34%) and metallic (23%) materials are the most commonly prevalent materials in the UCH sites where this information is available. In the ADB, UCH sites are rarely composed of prevalent materials such as wood and stone (~4%). The ADB included 36% of the UCH sites without information relative to the archaeological material corresponding to the modern period (Figure 3A). For that period, metal was the most common material in the rest of the UCH sites included in the database when that information was available in the bibliographic references. Therefore, we assigned the metallic material as prevalent in those UCH sites lacking information relative to the material composition. Most of the sites (~47%) range from 8 to 12 m in depth, and few of them (5%) are in very shallow water (<4 m) (Figure 3B).




Figure 3 | Archaeological database. (A) Prevalent archaeological material: NA, not assigned; CE, ceramics; ME, metallic; ST, stone; WO, wood/organic; GL, glass. (B) Depth of the underwater cultural heritage sites (referring to the mean sea level).



The bibliographic sources used to build the ADB include the main materials present in these sites. We divided them into five categories, each represented by the most common material, namely: metallic (gray iron), stone (marble), glass (glass), ceramics (coarse ware), and wood/organic (oak).



3.2 Hazard assessment in the Bay of Cadiz


3.2.1 Decontextualization hazard

Figure 4A shows the distribution of the maximum critical size of an object that could be moved due to wave action in a 10-year return period (RT10). Overall, the area is characterized by an average value of 0.12 m. Values larger than 0.15 m of critical size were observed in 25% of the outer bay, mostly in shallower regions. Figure 4B relates the number of UCH sites located in areas with the different classes of hazard. Seven UCH sites are located in very-high-hazard areas (Dcr ≥ 0.16 m) and nine in high-hazard areas (0.12 ≤ Dcr< 0.16).




Figure 4 | (A) Map of decontextualization hazard (critical diameter moved under wave action) in the outer Bay of Cadiz [black dots mark the position of the underwater cultural heritage (UCH) sites]. (B) Histogram of the hazard at UCH sites and hazard classes (background color).





3.2.2 Scour hazard

The spatial pattern of scour hazard represented by the potential scour volume corresponding to RT10 is presented in Figure 5A. A potential scour volume of 0.32 m3 is observed in most of the area, while values >0.5 m3 can be observed in the north, central, and southern coastal areas. Most of the UCH sites (~38%) show SC hazard values ranging from 0.3 to 0.4 m3. Only one UCH site is located in an area with a very high hazard category (>0.7 m3), while four UCH sites (0.5–0.6 m3) are in areas categorized as high-hazard areas (Figure 5B).




Figure 5 | (A) Map of scour hazard (scour volume) in the outer Bay of Cadiz. (B) Histogram of the hazard at underwater cultural heritage sites and hazard classes (background color).





3.2.3 Erosive wear hazard

The erosive wear hazard ranges from -16 to -12 (Figure 6A). Most of the area is characterized by -13.5. The higher erosion potential (< -12.5) was observed in the mouth of the bay and in the southern areas. These areas combine higher wave bed shear stress and orbital velocity with finer sediment that can be easily resuspended. Most of the sites (~70%) in the central area are located in medium–high hazard areas, whereas only one UCH site was affected by high EW hazard (Figure 6B).




Figure 6 | (A) Map of erosive wear hazard (log of erosive wear potential) in the outer Bay of Cadiz. (B) Histogram of the hazard at underwater cultural heritage sites and hazard classes (background color).






3.3 UCH risk assessment in the Bay of Cadiz


3.3.1 Decontextualization risk

The calculated UCHRDE risk indexes are distributed around the median value of 2.5 (Figures 7A, B). The UCH sites with higher UCHRDE values (>3) are located in the southern area of the mouth of the Bay of Cadiz (Figure 8A), where six UCH sites exceeding the threshold of 3.2 are located (Figure 7B). Metallic materials are prevalent in five of them, and only one is a ceramic material site showing a higher UCHRDE value (3.6). The UCHs composed of wood—therefore with a higher vulnerability index related to the prevalent material—are located in a low-energy area at the sandy coast of the inner bay characterized by low-wave orbital velocities.




Figure 7 | (A) Decontextualization risk in the outer Bay of Cadiz. Warm colors indicate a higher risk index, and the different shapes refer to the prevalent material (diamond, metallic; square, ceramics; filled circles, stone; triangles, wood/organic). The red circles represent the underwater cultural heritage (UCH) sites where UCHRDE >3.2. (B) Histogram of the decontextualization risk index. The red dashed line shows the threshold (3.2) used to identify UCH sites at risk.






Figure 8 | (A) Scour risk in the outer Bay of Cadiz. Warm colors indicate a higher risk index, and the different shapes refer to the prevalent material (diamond, metallic; square, ceramics; filled circles, stone; triangles, wood/organic). The red circles represent the underwater cultural heritage (UCH) sites where UCHRSC >3.2. (B) Histogram of the scour risk index. The red dashed line shows the threshold (3.2) used to identify UCH sites at risk.





3.3.2 Scour risk

The UCHRSC index oscillates between low–medium and medium–high values (1.5-2.5) in most of the UCH sites registered in the ADB (Figures 8A, B). A total of four UCH sites were identified as high-risk sites, all of them in the southern side of the mouth of the Bay of Cadiz (Figure 8A). Three of these UCH sites correspond to sites where metallic materials prevail, including the site with a higher UCHRSC (3.94). Only one site is composed of ceramic material (UCHRSC =3.87). The risk index in wooden UCH sites increases compared with the decontextualization hazard, with maximum values of 2.7.



3.3.3 Erosive wear risk

The risk imposed by the erosive wear hazard is depicted in Figure 9. The UCHWRWE index shows the lower spread (Sd = 0.35) among the hazards analyzed. The most frequent categories of erosive wear risk for the UCH sites in the Bay of Cadiz are medium–high and high (Figures 9A, B). However, only two sites exceed UCHRWE >3.2. As in the previous cases, these sites are located in the area with a higher concentration of UCH sites. Those UCH sites include one site composed of metallic artifacts (UCHRWE = 3.24) and another site where ceramic is the prevailing material (UCHRWE = 3.27).




Figure 9 | (A) Erosive wear risk in the outer Bay of Cadiz. Warm colors indicate a higher risk index, and the different shapes refer to the prevalent material (diamond, metallic; square, ceramics; filled circles, stone; triangles, wood/organic). The red circles represent underwater cultural heritage (UCH) where UCHRSC >3.2. (B) Histogram of the erosive wear risk index. The red dashed line shows the threshold (3.2) used to identify UCH sites at risk.






3.4 Validation of the UCH risk assessment methodology for erosive wear and scour hazards

The qualitative assessment of the vulnerability index related to the environmental factors in comparison with the estimated corrosion rates (CR) of cannons at the Fougueux site indicates a good correlation between the higher values of corrosion rates in metallic artefacts and the seabed type and slope. Higher values of CR are associated to cannons located in sandy seabeds and slopes >10% (Figure 10). The statistical significance of the differences in the averages of CR of each group of cannons according to the environmental factor was evaluated through a t-test. A comparison between cannons located on a sandy bottom (0.20 mm·year-1) and on a rocky bottom (0.22 mm·year-1) indicates significant differences (p-value = 0.03) at 0.05% significance level. No significant differences were found between gentle slope seabeds (<10%) (0.21 mm·year-1) and sloped seabeds (0.24 mm·year-1), although only one cannon was on a sloped seabed, thus reducing the test validity.




Figure 10 | Box plot of corrosion rates by group according to the environment factor (vulnerability index assessment at the Fougueux site) and location (erosive wear risk at the Fougueux and Bucentaure sites).



Regarding the risk assessment, good agreement was observed between CR, the proxy used to estimate the erosive wear impact, and the erosive wear risk index calculated at the Fougueux and Bucentaure sites (Table 4). The averages of the cannons’ CR were 0.11 mm·year-1 at the Bucentaure site and 0.22 mm·year-1 at the Fougueux site. The difference is statistically significant according to the t-test (p-value = 2e-9). These values of corrosion rates correspond to 0 and 3.27 erosive wear risk index, indicating a large difference that marks the Fougueux site over the threshold to mark high-risk sites. No re-suspension was observed for the Bucentaure site that could lead to erosive wear potential (EWP) (SH=0), whereas the EWP for RT10 was 9.5e-13 (SH=4) at the Fougueux site. The vulnerability score was similar at both sites (SV = 2.67), which is the result of gentle slopes (svss=3) and sandy seabed as the dominant seabed types in the sites (svst=3) and gray iron as the prevalent material (smvm=2). Although the corrosion rates provide integrated information of all degradation processes related to the marine conditions, erosive wear was recognized as the key process after completing a meticulous monitoring program in the sites4.


Table 4 | Qualitative validation of erosive wear risk (average corrosion rates ± standard deviation) and scour risk (maximum scour) measured in the sites.



With respect to the scour risk assessment evaluation, the methodology highlights both sites as UCH sites at risk. The scour risk index presents higher values at the Fougueux site (3.65), whereas at the Bucentaure site (3.27) it slightly exceeds the threshold (3.2). This classification reflects the observations of the drastic morpho-dynamic changes (Smax = 0.7 m) at the Fougueux site compared with those observed at the Bucentaure site (Smax = 0.3 m) (Table 4).




4 Discussion

As a part of maritime cultural heritage, UCH constitutes a non-renewable cultural resource that must be preserved. UCH is only related to tangible assets and resources, while maritime heritage includes intangible assets (Kyvelou et al. 2022). Hence, UCH is a finite resource affected by natural threats (e.g., shipworms, microbiological decay, erosion, natural hazards) or anthropogenic pressures (e.g., pollution, dredging, bottom trawling using a dragnet, pillage). Among the natural threats, wave-induced hazards are a key player for the preservation of UCH in shallow water. This paper adapts the CRAFT1 methodology for coastal risk assessment (Armaroli and Duo, 2018; Ferreira et al., 2018) and presents a new methodology for UCH risk assessment associated to wave-induced hazards. This methodology can be adjusted and expanded to include other natural or anthropogenic-induced hazards. There are some studies that focus on other specific hazards such us ship anchoring damage (Aps et al., 2020) or damage caused by bottom trawling to ancient shipwreck sites (Brennan et al., 2016). To the best of our knowledge, no similar methodological developments have been applied to UCH risk assessment to evaluate wave impact. This risk assessment method includes the quantification of the probability of the hazard and the vulnerability of UCH sites at risk in a systematic and transparent manner that facilitates the adoption of the methodology for UCH managers as well as the adaptation to their necessities.

Identifying UCH sites at risk is the first step in UCH protection and preservation. It requires a concentrated effort and allows optimizing protection measures at specific sites. Additionally, risk assessment enables identifying the threatened UCH sites, which is key to include UCH in maritime spatial planning (Kyvelou et al. 2022; Papageorgiou, 2018). This is particularly important in the era of a sustainable blue economy where UCH, beyond its undeniable social and cultural value, can be considered a resource with uses of socio-economic relevance (Papageorgiou, 2019).

The proposed methodology is based on indicators that follow the principles of acceptability, reliability, simplicity of application, and low data requirements (Alexandrakis and Poulos, 2014). The acceptability of this methodology relies on the transparency of the methods for hazard and vulnerability computation as well as on the flexibility to be adapted for a specific coastal environment and the completeness of the ADB—for instance, the protective role of some ecosystems diminishing wave energy such as seagrass meadows (Infantes et al., 2012) can be incorporated by defining new categories in the seabed vulnerability index. Similarly, the ADB could be completed by incorporating other archaeological materials. The expertise and know-how of the managers and decision-makers could also be considered as well as changing the ranks of the hazards and vulnerability or the chosen probabilities (i.e., RT1 for erosive wear or RT10 for scour and decontextualization hazards).

The methodology, built upon simple empirical models for the hazard computation, reduces the uncertainties associated to the many parameters appearing in more complex process-based models. It increases the reliability of the hazard computation methods considering the target of hazard intercomparison between different UCH sites. The reliability of the methodology including hazard and vulnerability components was evaluated for scour and erosive wear showing a good correlation with in situ measurements of scour and corrosion rates (used as a proxy of erosive wear). It is difficult to validate the UCH risk assessment for the decontextualization hazard given the lack of field measurements to quantify UCH decontextualization. The validation of UCH risk assessment should be expanded to different coastal environments covering various wave energy conditions and sediment characteristics and UCH sites containing different archaeological materials. The additional advantages of the method are the simplicity of the application and the low amount and availability of the required data. These advantages are related to the use of a simple empirical model and to the fact that the environmental information about depth and seabed type is readily available from nautical charts. The use of process-based models, i.e., hydro-morphodynamic models, would be more accurate from the physical–chemical point of view, but there would be more uncertainties, and the simplicity of the interpretation of results would be reduced. They would also require a large amount of high-quality data for proper regional applications.


4.1 Limitations and challenges for UCH risk assessment

The use of a simple empirical model for hazard quantification overlooks several processes of major relevance for the analyzed hazards, such as flow speed and turbulence enhancement, because of flow–structure interaction (Fernández-Montblanc et al., 2018; Quinn and Smyth, 2018). The inclusion of these processes would request high-resolution bathymetry (<1 m) and an enormous computational effort necessary for computational fluid dynamics. These limitations can be overcome at a later stage when a new risk assessment including these processes is targeted at UCH sites at high risk in order to provide accurate solutions to design protection measures. Other secondary processes such as the enhancement of bed shear stress due to the effect of wave–current interaction (Soulsby and Clarke, 2005) and wave–tide interaction (Kagan et al., 2001), accounting for the influence of bottom mobility (Kagan et al., 2005), sediment load stratification (Kagan et al., 2003), or the modification sediment concentration by the bed forms (Nielsen, 1986), can be incorporated using empirical and theoretical models.

In this paper, risk assessment was conducted for each hazard separately. Nevertheless, Figure 11 illustrates the concurrency of the three analyzed hazards in a single UCH site (Id15) and scour and decontextualization hazard concurrency (Id17). A multi-hazard analysis should be incorporated to evaluate if the hazardous events occur simultaneously in a cascading or cumulative manner over time (UNISDR, 2017)—for example, scour in sites Id15 and Id17 would facilitate the decontextualization of buried archaeological objects in those sites.




Figure 11 | Risk index in the underwater cultural heritage sites located at the Bay of Cadiz. (A) Decontextualization risk. (B) Scour risk. (C) Erosive wear risk.



Regarding the vulnerability quantification, the limitations are linked to an ADB built upon bibliographic research. Underwater ADBs are very scarce, incomplete, or not publicly available to prevent illicit actions (Papageorgiou, 2019). These databases would allow identifying patterns affecting UCH and taking actions, which is often hampered by the lack of accessible data (Andreou et al., 2022). A more complete ADB in terms of UCH site characterization would allow the improvement of vulnerability quantification, i.e., including chronology or conservation status as an additional vulnerability index. Additionally, it would allow expanding the analysis from a single prevalent material to all the materials that constitute the UCH site, thus providing a more complete UCH risk assessment.

Exposure is considered equal for all the UCH sites included in the ADB because of a lack of information. Quantifying exposure should be addressed through the valuation of UCH. The valuation of UCH includes the cultural capital or non-extractive value and the extractive or market-associated value as well as cultural tourism and recreational activities (Claesson, 2011). This information is key to know if an UCH site is worth being protected. Including this information could change the nine UCH sites at risk identified in the Bay of Cadiz.

Finally, the risk index definition should take the objectives and expertise of the stakeholders involved in UCH management into account by means of a participative process. It has been demonstrated in other disciplines that the involvement of stakeholders in risk assessment for the definition of vulnerability, hazard type, and risk thresholds allows gathering useful information to improve the indicators and to increase confidence in the risk assessment (Meadow et al., 2015; Viavattene et al., 2018).




5 Concluding remark

This paper presents a novel UCH risk assessment methodology to quantitatively assess the impact of wave-induced hazards on UCH in the coastal environment and to give precedence to the UCH sites at high risk. The risk assessment was performed for decontextualization, scour and erosive wear, and major natural hazards threatening the preservation of UCH in shallow water areas.

The methodology was validated at the Bucentaure and Fougueux sites through a comparative analysis including in situ measurements. The validation showed a good correlation between the risk index and the in situ measurements of scour and corrosion rates (used as a proxy of erosive wear). The methodology was tested in the Bay of Cadiz using an ADB containing 56 UCH sites, with metallic and ceramic materials being prevalent in most of them. The sites are seated at a depth ranging from 6 to 12 m. The methodology allowed identifying the UCH sites at high risk in the Bay of Cadiz: six are at risk of decontextualization, four are in peril of scour, and two are at risk of erosive wear. Moreover, the UCH risk assessment revealed the concurrency of at least two hazards in two of the UCH sites at high risk.

Even though the methodology has only been validated in a specific coastal environment, showing limitations related to the completeness of the ADB, it is a steppingstone towards a decision support system that will give priority to research, prospection, management, and protection measures in the UCH sites analyzed to ensure their preservation in the context of climate change in the era of a sustainable blue economy.
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