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Abstract

:

Massive accumulations of invasive brown algae Rugulopteryx okamurae are exacerbating environmental and socio-economic issues on the Mediterranean and potentially Atlantic coasts. These golden tides, likely intensified by global change processes such as changes in wind direction and intensity and rising temperatures, pose increasing challenges to coastal management. This study employs the Normalized Difference Vegetation Index (NDVI), with values above 0.08 from Level-2 Sentinel-2 imagery, to effectively monitor these strandings along the coastline of Los Lances beach (Tarifa, Spain) in the Strait of Gibraltar Natural Park from 2018 to 2022. Los Lances beach is one of the most affected by the R. okamurae bioinvasion in Spain. The analysis reveals that wind direction determines the spatial distribution of biomass accumulated on the shore. The highest average NDVI values in the western patch were observed with south-easterly winds, while in the eastern patch, higher average NDVI values were recorded with south-westerly, westerly and north-westerly winds. The maximum coverage correlates with elevated temperatures and minimal rainfall, peaking between July and October. Leveraging these insights, we propose a replicable methodology for the early detection and strategic pre-shore collection of biomass, which could facilitate efficient coastal cleanup strategies and enhance biomass utility for biotechnological applications. This approach promises cost-effective adaptability across different geographic areas impacted by golden tides.






Keywords:


climate change; loss biodiversity; invasive species; opportunist macroalgae; coverage; biomass; management; Sentinel-2; remote sensing












1. Introduction


The enormous accumulation of fast-growing brown macroalgae, often referred to as “golden tides”, poses significant environmental and socio-economic challenges along coastlines worldwide. These challenges include the unsightly mass of algal decay on coastlines, disruption of local ecosystems, anoxic events, unpleasant odours, and negative impacts on tourism and management costs [1]. Examples include Sargassum spp. on the Chinese and Caribbean coasts [2], Ectocarpus siliculosus along the eastern coast of Ireland [3,4], Lobophra variegata in the Macaronesia islands [5], and Rugulopteryx okamurae on the western Mediterranean coast [6]. The massive blooms of seaweeds, both native and invasive, generate disruptive events altering the functioning of marine ecosystems. These alterations result in the competitive exclusion of other species, the physical obliteration of other habitat-forming species, changes in trophic networks, dystrophic events, and other processes, reducing the value of ecosystem services, including nutrient cycling and climate resilience, as well as the economic impact of beach-cast algae on sectors such as tourism and recreational activities [1,7]. The causes and mechanisms underlying the occurrence of macroalgal blooms are diverse and multifactorial [8]. Factors such as eutrophication [9], alterations in oceanic currents [1], and the introduction of alien species (e.g., [10,11]) are commonly recognized as primary triggers for these events.



Biological invasions are one of the most pervasive forms of pollution, and their effects are often irreversible. There is a general consensus in the scientific community about the impossibility of eradicating marine invasive seaweeds once they become established [12,13]. To date, attempts to eradicate widely distributed alien seaweeds have failed, including multimillion-dollar programmes to remove Undaria pinnatifida from Tasmania and New Zealand and Sargassum muticum from the UK [14,15]. The only reported successful experience was the eradication of Caulerpa taxifolia in California, which was accomplished at the initial stages of infestation at a cost of USD 7 million [16]. Considering the impossibility of eradicating well-established invasive seaweeds in marine environments, environmental management strategies might focus on the prevention and detection of the arrival of alien species and on reducing or minimizing the negative impact to an acceptable level once the species becomes established [12].



Rugulopteryx okamurae [17] (Dictyotales, Phaeophyceae), a brown seaweed originally from the northeastern Pacific Ocean, was first reported in the Mediterranean Sea on the French coast (Thau lagoon) in spring 2002, likely introduced with Japanese oysters for aquaculture [18,19]. However, R. okamurae did not become invasive in new territories until autumn 2015, when this species produced large golden tides that affected the coasts of the Strait of Gibraltar [20,21]. This alien seaweed has spread rapidly due to its reproductive characteristics, survival, regrowth capacity, and favourable environmental conditions [22]. Since 2015, this species has been observed spreading along the western Mediterranean Sea and Macaronesia, with records documenting its presence on the northeast Atlantic Islands of Portugal (mainly in the Azores and Madeira) [23], the Andalusian coast (mainly the Strait of Gibraltar and the Alboran Sea) and the Levante coast (specifically, Alicante) in Spain [6,24], the northwest of Morocco [25], and the northwest Mediterranean coast of France (Marseille region) [19], and it has even reached Italy along the northwestern coast of Sicily [26].



R. okamurae forms dense mats on rocky substrates in subtidal zones that drift towards shorelines. In addition to rocky bottoms, this species also grows epiphytically on coralligenous organisms, cold-water corals, and artificial substrates, colonizing a wide range of habitats from 0 to 40 m depth [6,27]. Increases in water temperature and nutrients (mainly nitrate and phosphate) in the upper layers (up to 30 m) in recent years are thought to contribute to this bioinvasion [6,28]. This dominance alters marine ecosystems by displacing native habitat-forming species (mainly, seagrass meadows or coralline seaweeds), leading to decreased biodiversity and diminishing the quantity and quality of ecosystem services (e.g., negatively impacting fisheries, or tourism as a consequence of the accumulation of these golden seaweed tides along the coastline) [6,29,30,31,32].



In order to allow the recreational use of beaches in the area of the Strait of Gibraltar and other affected areas, local authorities are removing large quantities of this seaweed washed ashore, which incurs significant economic costs [33]. For instance, the town councils of Spanish beaches affected by R. okamurae strandings, located within and around the Natural Park of the Strait of Gibraltar, reported a minimum cost of EUR 730,000 from 2020 to 2023. Specifically, during the summer of 2021, the town of Tarifa (located on the Andalusian coast in southern Spain) reported removing 6213 tons of R. okamurae biomass that had accumulated on the shore, at a cost of EUR 63,275.75 [34]. Overall, bloom biomass (regardless of the seaweed species) is piled along the shoreline to be later removed mechanically and deposited in landfills, which results in increased management costs [35,36]. Exploring alternative uses for this biomass could offset these costs. Biotechnological valorization of beach-cast algae, including exotic species, has been reported as a management strategy for residual biomass, contributing to the reduction of costs associated with beach collection [5,37,38,39]. However, the presence of chemical compounds of concern to human health [35,40,41] and large amounts of sand can compromise the quality of the biomass and its utilization. Moreover, the mechanical removal of algal biomass from the shore often leads to significant sand loss. The removal process not only extracts the biomass but also sand and bioclasts trapped within it, resulting in an estimated 10% of the total volume removed consisting of sand [42]. This issue may be especially relevant in areas affected by coastal erosion.



Based on all the above, it is crucial to investigate the factors that increase the accumulation of R. okamurae strandings along the coastline. Large brown algal strandings were associated with specific wind conditions that facilitated the transportation and deposition of this seaweed on beaches, or occurred more frequently during warm months [4,43,44]. Moreover, phenomena such as windstorms and elevated temperatures, associated with global change processes, could be facilitating the arrival of invasive species [45]. Hence, understanding the role that meteorological factors play in the spatiotemporal dynamics of R. okamurae strands along the coastline is essential for developing effective management strategies to mitigate its negative impacts on the service sector as well as to establish protocols that allow for its collection before it reaches the shore. These strategies aim to minimize the costs of removal from beaches, reduce the loss of beach sand associated with cleaning operations, and to favour the collection of higher quality fresh R. okamurae biomass. This is particularly important given that R. okamurae biomass can be potentially used in the production of biogas, composting, bioplastics, biomaterials, and cosmetic and pharmaceutical applications, as well as in the creation of other value-added products [46,47].



For monitoring R. okamurae distribution along the coastline, Sentinel-2 satellite imagery offers a critical resource for developing cost-effective management tools with its 10 m spatial resolution and a high revisit frequency of 5 days at the Equator. Earth Observation (EO) technologies have been instrumental in tracking the golden seaweeds, combining field sampling with satellite data [4,48,49], machine learning [50], deep learning [51,52], and other artificial intelligence algorithms [53]. EO technologies to map R. okamurae both washed ashore and floating on the water surface across intertidal zones were utilized, employing a Support Vector Machine algorithm in combination with unmanned aerial vehicles and satellite imagery from Sentinel-2 and Landsat-8 at Bolonia Beach on the Andalusian coast of Spain [54]. This approach, however, might encounter challenges when replicated in different locations or times due to the “black-box” nature of machine learning models [55]. A comparable methodology for identifying golden tides, using NDVI values derived from Sentinel-2 imagery to map R. okamurae distribution at Bolonia Beach, has also been validated (see Supplementary Material of [4]). Their findings showed that NDVI values above 0.08 are effective in monitoring the spatiotemporal dynamics of golden seaweed biomass along shorelines, enhancing its replicability over space and time. To date, these two studies represent the only instances where EO technologies have been utilized to monitor the dead biomass of R. okamurae.



Therefore, the primary objective of this study was to map the extent of the invasive brown seaweed, Rugulopteryx okamurae, along the Andalusian coastline, focusing specifically on Los Lances beach in Tarifa, located within the Strait of Gibraltar Natural Park. The choice of Los Lances beach as the case study is justified due to its significant impact from R. okamurae strandings, making it one of the most affected beaches (Figure S1) [6,34]. Sentinel-2 satellite imagery was used to assess for the first time the spatiotemporal distribution of R. okamurae along the shore over a five-year period (2018–2022), and to analyse its relationship with meteorological factors. This research aims to develop a comprehensive understanding that could facilitate the generation of a protocol for the preventive collection of R. okamurae biomass before it reaches the shore. Such a protocol would leverage its potential for biotechnological applications and mitigate negative impacts on tourism and benthic communities along the coastline, as well as reduce the costs associated with keeping the coasts clean [33,46,56]. The potential of this study lies in its applicability to other areas affected by seaweed tides.




2. Materials and Methods


2.1. Study Site


The present study focuses on Los Lances beach located in Tarifa, Andalusia, Southern Spain. Los Lances is a sandy beach (36°02′24″N, 5°38′04″W) situated within the Strait of Gibraltar Natural Park (Figure 1). The Playa de Los Lances Natural Area covers 226 hectares to the west of the town centre [33]. The area of interest was manually delimited from satellite imagery acquired during the lowest tide, covering 57.68 ha and a length of 6.5 km (Figure 1).




2.2. Sentinel-2 Data Processing


Sentinel-2 multispectral satellite images, cloud-free, and obtained at low tide, were manually selected from the Sentinel Hub EO Browser (Figure 2; step 1). A total of 130 Sentinel-2 images (Level 2A) from 2018 to 2022 were processed using the Normalized Difference Vegetation Index (NDVI). NDVI was calculated using the red surface reflectance bands (sr_B4) and near-infrared (sr_B8) as follows: NDVI = (sr_B8 − sr_B4)/(sr_B8 + sr_B4), where band 8 (B8) corresponds to reflectance at 850 nm and band 4 (B4) to reflectance at 650 nm. The NDVI is often used as a proxy of biomass to study intertidal photosynthetic communities (e.g., microphytobenthos, seagrass or seaweeds) during low tides [57,58,59]. Pixels with NDVI values above 0.08 were used to identify the presence of R. okamurae washed ashore (Figure 2; step 3). This approach follows the methodology for monitoring golden seaweed tides accumulated along the shoreline in the absence of other primary producers, which was validated for mapping R. okamurae in a nearby area (Figure S2) [4]. Google Earth Engine (GEE), a cloud-based geospatial analysis platform, facilitated the download of NDVI images filtered with values above 0.08 from 2018 to 2022. The “Sentinel-2 MSI: MultiSpectral Instrument, Level-2A” image collection (dataset availability from March 2017) was utilized for tile 29SQV, using a shapefile to define the area of interest (outlined with a discontinuous black line in Figure 1, and obtained through step 2 in Figure 2). All scenes were aligned in the WGS 84/UTM zone 29 N coordinate system (EPSG: 32629).




2.3. Temporal and Spatial Dynamics


The R. okamurae coverage was determined based on the number of pixels with NDVI values above 0.08. Coverage and average NDVI of R. okamurae along the Los Lances beach coastline were calculated using the “Zonal statistics” plugin in QGIS software (version 3.10 A Coruña) (Figure 2; step 5). In addition to the area of interest (Los Lances beach coastline), two other vector layers were created to conduct the spatial analysis. To analyse the spatial variability and identify the area with maximum extensions of R. okamurae, the mean of all images or rasters (NDVI > 0.08) was calculated (Figure 3) using the “raster” and “sp” libraries in Rstudio (version 2022.07.2 + 576). All rasters were transformed into vector layers and combined among themselves to delimit the largest patches (Figure 2; step 4). Two patches were identified: the west patch (7 ha) and the east patch (16 ha) (Figure 3). The “dissolve” tool was applied to these vector layers to unify adjacent boundaries. This step was critical for calculating both the number of pixels indicating the presence of R. okamurae (i.e., coverage) and the average NDVI for the entire study area (i.e., along the entire coastline) as well as for the most extensive areas (i.e., each patch) (Figure 2; step 5).




2.4. Statistical Analysis


To evaluate the annual and monthly variability (temporal trends) of the coverage and the average NDVI of R. okamurae washed ashore, the Kruskal–Wallis statistical test was used after verifying that the data did not follow a normal distribution (Shapiro–Wilk test). These analyses were conducted using the software Rstudio (version 2022.07.2 + 576) and the “stats” package. Subsequently, the Spearman coefficient was calculated (using the “Hmisc” and “corrplot” packages in R) between the coverage and the average NDVI (including, separately, the entire study area and the patches located at both ends of the beach) and the accumulated rainfall during the 5 days prior to the date the satellite captured the image. Averages of temperature, wind speed, and wind direction for the 5 days prior were also calculated. Averages for 3 and 7 days were also tested, with the highest Spearman coefficients observed for the 5-day period. Meteorological variables were obtained from the Tarifa weather station (36°01′08.3″N; 5°35′58.0″W) located 1.3 km away in a direct line from the study area (Figure 1), and downloaded from the Red de Información Ambiental de Andalucía (REDIAM) of the Junta de Andalucía. In addition, Kruskal–Wallis statistical analysis was performed to elucidate the impact of wind direction on the coverage and average NDVI associated with R. okamurae strandings for the east and west patches. Following this, Dunn’s post hoc test with a Bonferroni correction was conducted to discern differences between individual groups using the “rstatix” and “stats” packages.





3. Results


3.1. Monitoring Spatiotemporal Dynamics


The average values between pixels with NDVI above 0.08 for all images analysed between 2018 and 2022 are presented in Figure 3. The average NDVI ranged from 0.08 to 0.68. An average coverage of 1.5 ha was estimated between 2018 and 2022, reaching a peak of 8 ha on 2 August 2019. The average coverage showed a significant monthly variability (X2 = 30.708, df = 11, p-value = 0.001; Kruskal–Wallis) with peaks between July and October (Figure 4a). No interannual variability was observed for the coverage (X2 = 7.149, df = 4, p-value = 0.13) (Figure 4b). For the average NDVI for the entire coastline, a seasonal pattern was not detected (Figure 4c); however, annual significant differences were identified between 2019 (0.21 ± 0.07 NDVI; mean ± standard deviation) and 2022 (0.15 ± 0.06) (p-value < 0.001; Dunn’s post hoc test) (Figure 4d).



The highest R. okamurae accumulations were observed at the ends of the beach, eastern and western patches. Seasonal average maps of coverage and NDVI for both patches are shown in Figure 5, and their temporal variability (annual and monthly) was analysed (Figure 6). At the western end of the beach, patches of R. okamurae with an estimated size of up to 4 ha were recorded on 28 August 2020, and 6 ha at the eastern end on 2 August 2019. When analysing the temporal variability of the coverage and average NDVI for both patches separately, significant differences were only found between February and July for the eastern patch (Figure 6a,c), while annual differences were significant for both patches (Figure 6d). The average NDVI for the eastern patch showed significant differences between 2019 and 2020 (p-value < 0.05; Dunn’s post hoc test), and between 2019 and 2022 (p-value < 0.001). Similarly, the western patch showed differences between 2019 and 2020 and between 2020 and 2022, both with a p-value < 0.001.




3.2. Spatiotemporal Distribution and Meteorological Variables


In Tarifa, the monthly average temperature for the period studied (2018–2022) ranged between 12 and 23 °C for January and August, respectively (Figure 7a). The months with the highest rainfall were March and April (80–100 mm of accumulated precipitation), while the lowest precipitation was recorded in July (0 mm) (Figure 7b). The prevailing wind directions were easterly and westerly, followed by south-westerly, with frequencies of 31%, 28%, and 11%, respectively, with minor variations between years (Table 1). Additionally, wind speeds reached up to 22 km h−1 in May and September (REDIAM).



Significant Spearman correlations (p < 0.05; n = 130) between R. okamurae coverage and average NDVI across the entire coastline, as well as within the east and west patches, in relation to meteorological variables are presented in Table 2. A significant positive correlation was observed between the coverage and the average temperature for the 5 days prior to image acquisition (Spearman coefficient; rho = 0.301; p < 0.001, n = 130), and a significant negative correlation with accumulated precipitation (rho = −0.312; p < 0.001, n = 130) (Figure 7a,b). Additionally, accumulated rainfall and average temperature were significantly related to coverage and average NDVI in the eastern patch (Table 2). Significant correlations, inverse to each other, were found between coverage and average NDVI when analysed by patches. Specifically, the highest NDVI values in the west patch were associated with easterly and south-easterly winds (rho = −0.322; p < 0.001; n = 130). In contrast, in the east patch, higher average NDVI values were correlated with south-westerly and westerly winds (rho = +0.345; p < 0.001; n = 130) (Figure 7d). In addition, the average NDVI for both patches showed significant differences based on wind direction (p-value = 0.001; Kruskal–Wallis) (Figure 7d). Based on Figure 7d, significantly higher values were observed with south-westerly, westerly, and north-westerly winds for the eastern patch (p-adj. < 0.05; Dunn’s post hoc test), while significant differences in the western patch were found between south-easterly and westerly winds (p-adj. < 0.05). However, no significant differences were observed in the coverage (Figure 7c). A significant positive correlation was found between the average NDVI for the west patch and wind speed (rho = 0.209; p < 0.05; n = 130).





4. Discussion


4.1. Impact of Meteorological Conditions on R. okamurae Accumulation


Temperature seems to play a key role in the development and expansion of R. okamurae [6,27,60]. In Spain, the first strandings of R. okamurae were reported on the coast of Ceuta, in the summer of 2015. Actually, unusually high water surface temperatures in the summer of 2015, in July, were likely responsible for the proliferation of R. okamurae on the marine seabed of the Strait of Gibraltar [6,27]. Subsequently, golden tides of R. okamurae biomass were observed during the summer of 2017 at the beaches of Tarifa, Algeciras, and Ceuta [6], then quickly spreading along the coasts of Cadiz, Malaga, Granada and Almeria between 2016 and 2020 (Catálogo Español de Especies Exóticas Invasoras—Algas). In the current study, maximum levels of R. okamurae coverage along the entire coastline were recorded at Los Lances Beach in Tarifa during the summer months and early autumn (Figure 4a and Figure 5), coinciding with the warm and dry periods (Figure 7a,b). Although significant seasonal variability in R. okamurae coverage was observed (Figure 4a), with the highest extent in August, unusual strandings were recorded on 28 August 2020, on the western patch of Los Lances beach (Figure 5b), and between 13 and 19 February 2023, at the beaches of the Algarve in southern Portugal [60]. Previously, strandings were reported in February 2018 on M’diq beach in the Alboran Sea, Morocco [27]. Despite these exceptions, the highest levels of R. okamurae beach-cast were related to elevated sea surface temperatures, which are very dependent on air temperature [60].



In the Pacific, R. okamurae is present all year round, although it becomes more abundant during the summer months as the thallus is reduced to a basal system of perennial rhizoids in the winter [17,61]. In winter, accumulated rainfall, lower temperatures, and reduced light penetration likely limit the growth of R. okamurae, a pattern typical of seaweed development in temperate coastal systems [62]. This could explain the significant negative correlation observed in our study between accumulated rainfall and the accumulation of R. okamurae biomass (with NDVI used as a proxy for biomass) along the entire coastline (Table 2). A hypothesis could be that R. okamurae reaches its maximum growth in early summer, and later drifts towards the coasts, as has been reported for other macrophytes in the Mediterranean [63]. The higher water temperatures reached during the summer months could favour the detachment of R. okamurae fragments (N. Korbee, oral communication, May 2024), increasing the R. okamurae golden tides in summer and early autumn. In fact, factors related to global warming (e.g., the rise in sea surface temperature) have likely exacerbated the proliferation of R. okamurae [6]. The rise in sea surface temperatures over the last two centuries could be favouring the expansion and impacts of marine non-native species [64,65], and algal species are shifting their distribution ranges in response to warming [66]. This process is being accelerated by human activities [67]. It was reported that tropical/subtropical macrophytes, including R. okamurae, could expand as they are not limited by the colder Mediterranean Sea surface temperature due to the plasticity of their lower thermal limit [68].



In addition to water temperature, which seems to be optimum for the growth of R. okamurae in the Strait of Gibraltar [27], wind speeds may influence biomass accumulation in the western patch (Table 2). Nevertheless, wind direction is the meteorological variable that seems to play a crucial role in biomass accumulation at both ends of the beach (Table 2), as indicated by Spearman coefficients showing inverse correlations between wind direction and average NDVI for each patch separately. This means that the westerly winds favour accumulation at the east patch, while easterly winds favour accumulation in the west patch (Figure 7d). In addition, the highest average NDVI values for the eastern patch were observed with southwesterly, westerly, and northwesterly winds, i.e., when the winds blew on-shore and northwesterly cross-shore (Figure S3). Conversely, the highest average NDVI values for the western patch were observed with southeasterly winds, i.e., when the winds blew in a southeasterly cross-shore direction (Figure S4). The role of wind direction in the accumulation of golden tides along the coastline was previously reported for Ectocarpus spp. in Dublin Bay (Ireland) and Sargassum spp. in the Caribbean [4,44]. For this reason, forecasting wind direction could be useful for planning of intensive removal of algal biomass from the coast in summer and early autumn.



Significant annual differences observed in average NDVI for both patches could be due to variations in the annual frequency of wind directions (Figure 6d). Concretely in Tarifa, during the studied period (2018–2022), the prevailing wind directions were easterly and westerly, followed by south-westerly, with frequencies of 31%, 28%, and 11%, respectively (Table 1; Figure S5). In this sense, the significant decrease in NDVI in the patch located at the eastern end during 2020 and 2022 could be due to the higher frequency of south-westerly winds during 2019 compared to 2020 and 2022 (13% versus 9%). Conversely, in 2020, south-easterly winds were slightly more frequent, favouring the accumulation of strandings in the west patch. However, these annual differences, particularly the decrease in the eastern patch in 2022, could also be due to the mechanical removal of biomass strandings by the local administration, which has increased in recent years. Thus, the coverage and biomass of R. okamurae invasive seaweed strandings could be underestimated during the summer months when the algal biomass strandings are mechanically removed early in the morning before the Sentinel-2 overflight of the study area. It is important to highlight that, according to the summer timetable, Sentinel-2 overflies the study area at approximately 1 p.m.




4.2. Strategies for Enhanced Management and Removal of R. okamurae Strandings


The R. okamurae biomass collection should ideally be executed at sea prior to washing ashore. This approach would not only improve the quality of the biomass for potential use (e.g., composting, bioplastics, and cosmetic applications) but also reduce the loss of beach sand associated with cleaning operations [33,46]. It has been estimated that approximately 10% of the volume removed during Posidonia oceanica strandings on a Sardinian beach (Italy) consisted of sand [42]. Given the physical characteristics of R. okamurae in comparison with the simpler morphology of P. oceanica, it is reasonable to expect that this percentage could be even higher when mechanically removing this seaweed.



The mechanical removal operations conducted by the Tarifa City Council have increased in recent years, which might explain the lower R. okamurae biomass washed ashore that was observed in 2022 (Figure 4d). Unfortunately, the algal biomass removed mechanically is not systematically quantified, and only occasional measurements have been conducted. Furthermore, mechanical removal operations are more frequent during the summer months (i.e., July–September, [34]), which can also contribute to the lack of a clear seasonal pattern in the R. okamurae algal biomass along the coastline (i.e., average NDVI; Figure 4c). Therefore, documenting the quantity of algal biomass removed could enhance our knowledge and understanding of this challenge and support the development of improved management strategies.



Removing floating R. okamurae before it reaches the shore is crucial as it prevents the spread of highly invasive, photosynthetically active fragments. Unfortunately, it is likely that R. okamurae cannot be eradicated [12]; however, measures such as the removal of floating algal biomass could help limit the expansion of this invasive species. This species lacks natural predators, a key factor that facilitates its rapid growth and spread [40]. The invasive potential of R. okamurae is significantly enhanced by its ability to reattach its floating fragments to substrates, enabling rapid expansion across new areas [69]. This characteristic emphasizes the need for thorough monitoring and management strategies across all coastal zones—both intertidal and subtidal. Furthermore, external factors such as nutrient inputs enhance the growth of R. okamurae, leading to more frequent strandings along coastlines [6,28]. Secondary water flows have also been identified as crucial in understanding the initial spread of this invasive seaweed through the coastal systems of the Alboran Sea and the Strait of Gibraltar [70]. Future studies should consider in greater depth the role of marine currents as potential environmental drivers of R. okamurae golden tides, which could be important for establishing strategies for the enhanced management of R. okamurae stranding. However, at present, no coastal data of sufficient quality are available for incorporation into the analysis in this region. The radar altimeter data from Copernicus or other programmes do not have sufficient resolution to accurately monitor coastal currents in this location, particularly at Los Lances beach, due to the complexity of tidal currents and the proximity to the coast [71,72]. During the initial phase of this study, tidal coefficients [i.e., fortnightly tidal cycles (spring and neap tides)] were considered as a proxy of tidal current intensity. Spearman coefficients between tidal coefficients and coverage, as well as average NDVI for the entire coastline and both patches, were not significant, except for coverage in the western patch (rho = 0.208; p-value = 0.018; n = 130). Nevertheless, significant differences between daily tidal coefficients (very high, high, medium, and low) were not found (X2 = 6.94, df = 3, p-value = 0.07; Kruskal–Wallis).



The invasive seaweed R. okamurae is one of the main challenges facing southern European coastal ecosystems of the Mediterranean Sea, and potentially the Atlantic Ocean [22]. To manage its spread effectively, a multidisciplinary approach is necessary, integrating ecological insights with practical management strategies. This study presents an approach focused on monitoring the strandings of R. okamurae accumulated on the beach from 2015 onwards using Sentinel-2 imagery. This method, which may be applicable in other coastal regions globally, has the potential to provide valuable information for designing management plans aimed at reducing the costs of maintaining clean coasts. It is important to highlight that the BioIntertidal Mapper software (v1; developed for mapping golden tides among other photosynthetic organisms) can be employed to monitor R. okamurae golden tides along the shoreline in the absence of other macrophytes [73]. This user-friendly tool might facilitate the work of governmental regulatory agencies, allowing for extensive monitoring and the adoption of standardized protocols across geographic areas with minimal costs. Furthermore, future efforts must focus on both monitoring and managing this invasive species to mitigate its impact, protect marine biodiversity, and support local economies dependent on these coastal environments. Finally, to fully address this environmental and socio-economic challenge, it is essential to develop more effective management strategies. This includes methodologies of analysis such as machine learning, deep learning, and artificial intelligence, along with EO data processing that will allow for the monitoring of the invasive R. okamurae seaweed as it attaches to substrates in supratidal zones, floats in intertidal zones, and washes ashore. Meanwhile, this study presents an approach that simplifies and facilitates the long-term identification of brown seaweeds washed ashore. It would be interesting to explore whether the outputs from this approach, combined with smart monitoring techniques [74,75], could enhance the training of artificial intelligence algorithms, or even digital twins. This could specifically aid in identifying the different stages of this brown seaweed invasion (attachment to substrates, floating, and washed ashore) and analysing potential environmental drivers that predict golden tides in the distant future.





5. Conclusions


In this study, a validated method was applied for mapping golden tides (specifically the invasive brown algae R. okamurae) along the shoreline using freely accessible satellite images with a spatial resolution of 10 m. The spatial and temporal variability of R. okamurae strandings (coverage and average NDVI) along the coast were assessed over a five-year period (2018–2022), revealing significant massive accumulations during summer and early autumn, along with spatial differences. The most favourable meteorological conditions for the arrival of strandings on the coast (in this case, average temperature, accumulated rainfall, and wind direction) were also identified. These findings have provided crucial insights for the development of strategies to manage and mitigate the impact of invasive seaweed strandings on coastal ecosystems worldwide.
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Figure 1. Location of Los Lances Beach (Tarifa, Cadiz, SW Spain) in the Natural Park of the Strait of Gibraltar, one of the areas most affected by R. okamurae strandings. The study area, i.e., the coastline, is marked with a discontinuous black line. The Level 2 Sentinel-2 True Color image, acquired on 2 August 2019, shows the strandings at the eastern ends of the beach. A photo of R. okamurae strandings in that area is also included. The meteorological station is indicated with a red rhombus. 
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Figure 2. Flowchart showing the proposed methodology to monitor R. okamurae washed ashore. This comprises five steps: (step 1) visualization and selection of Sentinel-2 imagery to be processed; (step 2) creation of the area of interest, i.e., along the entire coastline; (step 3) processing of Sentinel-2 images using Google Earth Engine; (step 4) selection of the largest patches with seaweed accumulations; and (step 5) calculating coverage and average NDVI for the entire coastline and for the largest extension patches using geographic information system (GIS); where start (is plotted in blue), actions (in green), settings (in pink), inputs (in purple) and results (in orange). 
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Figure 3. Average coverage and NDVI (NDVI > 0.08) for R. okamurae along Los Lances beach (Tarifa, Andalusia, Spain) from 130 Level-2 Sentinel-2 images (2018–2022). The coastline is marked with a discontinuous black line, with the maximum extension areas at the beach ends (east and west patches) indicated by a continuous black line. 
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Figure 4. (a,b) Box plots depicting the average monthly and annual coverage of R. okamurae along the coastline from 2018 to 2022. (c,d) Box plots depicting the average monthly and annual NDVI (used as a proxy of R. okamurae biomass washed ashore) along the coastline from 2018 to 2022. The line within each box plot represents the median and the cross sign indicates the mean. 
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Figure 5. (a–d) Seasonal averages of coverage and NDVI associated with golden tides of invasive R. okamurae at the western end of Los Lances Beach (Tarifa, Andalusia, Spain). (e–h) Seasonal averages of coverage and NDVI associated with golden tides of invasive R. okamurae at the eastern end of Los Lances Beach (Tarifa, Andalusia, Spain). Averages were calculated using 22 autumn, 16 winter, 33 spring, and 59 summer Sentinel-2 images taken between 2018 and 2022. The seasons are defined as follows: autumn (21 September–21 December), winter (21 December–21 March), spring (21 March–21 June), and summer (21 June–21 September). 
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Figure 6. (a,b) Box plots showing monthly and annual averages of R. okamurae coverage for the eastern and western patches between 2018 and 2022. (c,d) Box plots showing monthly and annual averages of NDVI (used as a proxy of R. okamurae biomass washed ashore) for the eastern and western patches between 2018 and 2022. The east patch is plotted in orange, and the west patch in blue. The line within each box plot represents the median and the cross sign indicates the mean. 






Figure 6. (a,b) Box plots showing monthly and annual averages of R. okamurae coverage for the eastern and western patches between 2018 and 2022. (c,d) Box plots showing monthly and annual averages of NDVI (used as a proxy of R. okamurae biomass washed ashore) for the eastern and western patches between 2018 and 2022. The east patch is plotted in orange, and the west patch in blue. The line within each box plot represents the median and the cross sign indicates the mean.
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Figure 7. (a,b) Monthly average coverage of R. okamurae (ha) washed ashore for the entire coastline at Los Lances beach, compared with the monthly average air temperature (°C) and monthly accumulated precipitation (mm). Error bars indicate the standard error. (c,d) Box plots display the average coverage and NDVI of R. okamurae for both patches according to wind direction (north, N; northeast, NE; east, E; southeast, SE; south, S; southwest, SW; west, W; northwest, NW). The line within each box plot represents the median and the cross sign indicates the mean. 
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Table 1. Annual frequency (expressed as %) of the daily wind direction (north, N; northeast, NE; east, E; southeast, SE; south, S; southwest, SW; west, W; northwest, NW) at the meteorological station located in the municipality of Tarifa (Spain), from 2018 to 2022, as well as averaged across the period.
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	Wind Direction
	2018
	2019
	2020
	2021
	2022
	Average





	N
	0
	1
	1
	1
	20
	5



	NE
	2
	1
	11
	12
	2
	5



	E
	29
	31
	31
	29
	32
	31



	SE
	4
	5
	7
	6
	7
	6



	S
	6
	7
	8
	8
	6
	7



	SW
	13
	13
	9
	12
	9
	11



	W
	33
	36
	25
	26
	22
	28



	NW
	4
	3
	3
	5
	2
	4










 





Table 2. Significant Spearman coefficients (p-value < 0.05; n = 130) between R. okamurae coverage and average NDVI across the entire coastline, as well as for the east and west patches, in relation to accumulated rainfall, average temperature, wind direction, and wind speed for the 5 days prior to image acquisition.
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	Coverage for the Coastline
	Average NDVI for the Coastline
	East Patch Size
	West Patch Size
	Average NDVI for East Patch
	Average NDVI for West Patch





	Precipitation
	−0.312
	−0.214
	−0.333
	
	−0.241
	



	Temperature
	0.301
	
	0.332
	
	0.184
	0.223



	Wind direction
	
	0.238
	0.216
	−0.215
	0.345
	−0.323



	Wind speed
	
	
	
	
	
	0.209
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