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Under certain environmental and oceanographic conditions, macroalgae can overgrow and accumulate in massive quantities on beaches, causing serious ecological and economic impacts. To address this problem, a citizen science monitoring platform was created to determine the spatial and temporal distribution of macroalgae accumulations along the beaches of Algarve in southern Portugal, with the aim to assess the extent of beach-cast events and their relationship with abiotic factors. A Redundancy Analysis (RDA) and a permutational analysis of variance (PERMANOVA) were carried out to explore the relationship between macroalgae accumulation level and the abiotic variables: sea surface temperature, wind speed, wind direction, currents, maximum sea level, significant wave height, salinity, nitrate, ammonium, phosphate, precipitation and radiation. The citizen science campaign showed great participation, resulting in 404 submissions between July 2021 and September 2023. The campaign revealed that three species of macroalgae accumulated on the beaches of Algarve, Ulva sp. (with the presence of Ectocarpales and Dyctiotales) along the sandy eastern coast, and the invasive species Asparagopsis armata and Rugulopteryx okamurae in the rocky central and western beaches, respectively. The accumulations of R. okamurae increased from 2021 to 2023, were registered throughout the year and were more abundant than those of Ulva sp. and A. armata, which were only observed in spring and summer. The highest levels of R. okamurae beach-cast depositions were related to strong wave conditions, and high sea surface temperature and salinity. The accumulation of Ulva sp. was related to high sea surface temperature and salinity whereas A. armata was also correlated with winds parallel to the shore (NW-W). PERMANOVA analysis revealed that sea surface temperature and wave conditions had a significant effect on the overall abundance of macroalgae beach-cast accumulations. Overall, our citizen science campaign effectively involved the public, leading to the collection of important data on monitoring macroalgae accumulations. Through these findings, we were able to pinpoint the environmental, atmospheric, and hydrodynamic factors that contribute to their development, movement, and buildup along the Algarve coastlines.
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1 INTRODUCTION
Macroalgae are extremely beneficial since they provide important ecosystem services such as essential structural habitat and food for invertebrates and fish. However, under specific environmental and oceanographic conditions, macroalgae can grow excessively and accumulate on beaches (Lapointe et al., 2018). Harmful macroalgal blooms (HMBs) cause high environmental and economic impacts (Lapointe et al., 2018) such as habitat loss, disruption of biogeochemical cycles and food webs, alteration of grazing, and the disappearance of seagrasses and corals (United Nations Environment Program [UNEP], 2005). In shallow coastal ecosystems, HMBs can deplete dissolved oxygen in the water column through respiratory decomposition, leading to the death of numerous aquatic organisms (Van Tussenbroek et al., 2017). In fact, several studies (NRC, 2000; Burkholder and Glibert, 2013; Lyons et al., 2014) have shown that HMBs cause a decrease in biodiversity. In addition, some bloom-forming species are invasive, which may lead to alterations in ecosystem structure and functioning (Convention on Biological Diversity, 2020). Beyond the ecological consequences, HMBs can cause social and economic impacts, including inhibiting recreation and enjoyment of the coastal zone, interfering with tourism, preventing water usage (e.g., obstructing navigation, pipelines, and fouling fishing lines and nets) (Smetacek and Zingone, 2013; Casal-Porras et al., 2021), and emitting toxic substances that result from macroalgal decomposition threatening human health (Samuel, 2011; Olguin-Maciel et al., 2022).
Monitoring programs for HMBs and biological invasions are crucial to assist stakeholders in the development of management strategies. Monitoring programs have shown an increased occurrence of HMBs and this trend is expected to remain for the foreseeable future (Smetacek and Zingone, 2013; Xiao et al., 2021). HMBs occur throughout the world in both temperate and tropical areas, mostly near the developed coastlines of Europe, North America, and East Asia (Joniver et al., 2021). One of the most well-known bloom former taxon is Sargassum spp (Phaeophyceae). Since 2011, there has been a significant build-up of Sargassum spp. along the coasts of the Caribbean Sea, the northern coast of South America, across the Atlantic Ocean, and up to the west coast of Africa, resulting in what is known as the Great Atlantic Sargassum Belt (Oviatt et al., 2019; Wang et al., 2019). In southern Portugal, Stigter et al. (2013) showed the relevance of groundwater nutrient loads on the formation of green algae blooms. When these large quantities of green algae cover vast areas of the sea, they are called green tides which can deteriorate the structure and function of marine biomes (Fletcher, 1996). Red HMBs have also been increasing along developing coastlines for decades (Lapointe et al., 2018). The red macroalgae Asparagopsis armata (Rhodophyta) is native to Southern Australia and New Zealand (Horridge, 1951) and was introduced in Europe in the 1920s. This species is now widely distributed from the British Isles to Senegal, including the Azores, Canary and Madeira Islands (Cacabelos et al., 2020), where it is considered an invasive species. The invasive species Rugulopteryx. okamurae (Phaeophyceae), which originated in the northwest Pacific (Verlaque et al., 2009), was introduced in the Thau lagoon in the Mediterranean in 2002 and found in 2015 on the shores of the Strait of Gibraltar (South Spain), where it showed extremely invasive behavior with important ecological and economic negative impacts (Garcia-Gómez et al., 2021). The arrival of this species to southern Portugal and to the Azores Atlantic islands was reported by Liulea et al. (submitted) and Faria et al. (2021), respectively. Several studies have monitored the spread and impact of R. okamurae (Ocaña et al., 2016; Sempere-Valverde et al., 2020; Liulea et al., submitted), including citizen science monitoring (Garcia-Gómez et al., 2021).
The ability of algae to become successful bloom formers depends on their physiological response to the growth-limiting factors of the local environment (Lapointe et al., 2018). The overgrowth of macroalgae has been attributed mainly to high nutrient loads originating from water run-off from agricultural and urban areas (Lotze and Schramm, 2001; Teichberg et al., 2010). Despite the critical role of nutrient load in the occurrence of HMBs, other abiotic and biotic factors such as light, temperature, CO2, grazing, precipitation, propagule bank size, and local species pool contribute to bloom development (Bermejo et al., 2023). Local hydrodynamics, waves, wind action and spring tides (when there is the greatest difference between the high and low) are also relevant to the transport and accumulation of beach-cast biomass on the shore (Ochieng and Erftemeijer, 1999; Martins et al., 2001; Lapointe et al., 2018; Isachenko et al., 2023). Addressing the causes of HMBs in various coastal regions can assist in developing effective management and mitigation strategies for this growing environmental issue (Smetacek and Zingone, 2013). Traditional monitoring and mapping strategies, such as field survey and sampling programs, are time-consuming, expensive, and spatially and temporally constrained (Mannino et al., 2021), and therefore scientists must consider all available approaches, including citizen science, to improve the early detection of HMBs. Environmental authorities and scientists are working to develop effective citizen science monitoring strategies (Courchamp et al., 2017). Being defined as “any environmental and/or biological data collection and analysis, undertaken by members of the general public, as individuals or as organized groups of citizens, with the guidance and/or assistance of scientists towards solving environmental and/or community questions” (Encarnação et al., 2021), citizen science programs may be useful supplementary tools for monitoring the distribution of HMBs.
Although citizen science is an unconventional technique for data acquisition, it may also be one of the most efficient ways to monitor and gather data. The ability of citizen science to generate high-quality datasets has been shown in various studies (Kosmala et al., 2016; McKinley et al., 2017; Iporac et al., 2022). The aims of this research are: 1) to use citizen science to monitor the spatial and temporal distribution of macroalgal accumulations on the beaches of southern Portugal, and 2) to investigate the environmental and oceanographic factors (sea surface temperature (SST), salinity, nutrients, winds, currents, waves, tides, precipitation and radiation), that are related to those events.
2 MATERIAL AND METHODS
2.1 Study area
The Algarve region (Figure 1) in southern Portugal has a Mediterranean climate with an annual rainfall of less than 400 mm (Santos et al., 2010). The average air temperature ranges from 11°C in January to 27°C in August (https://www.worldweatheronline.com/). The monthly average SST is between 15°C in January and February and above 20°C in the summer months (Baptista et al., 2017). The eastern coast of Algarve is constituted by sandy beaches and the Ria Formosa coastal lagoon, whilst the central and western coasts are characterized by limestone and sandstone rocky shores with pockets of sandy beaches, and cliffs towards the west coast (Moura et al., 2006). The Ria Formosa is influenced by semidiurnal tides with a mean tidal range of 2 m, ranging from 1.5 m to 3.5 m (Jacob and Cravo, 2019). The ocean circulation in the Algarve follows a distinct seasonal pattern (Relvas et al., 2007). In the winter, southerly winds dominate ocean circulation, with poleward surface circulation present along the west coast. In late spring and summer, the prevailing northerly winds cause upwelling conditions. This phase is distinguished by a colder southward flow along the western coast, while westerly winds push upwelled water eastward along the southern shore (Relvas and Barton, 2005). However, during periods of northerly wind relaxation, warm water counter-currents run alongshore from the Gulf of Cadiz (Relvas and Barton, 2005; Garel et al., 2016). Moreover, the strong easterly winds blowing from the Gibraltar Strait (commonly known as “Levante”), which are quite frequent during summer, generate waves from east-southeast spreading warm waters from the Gulf of Cadiz to the southern coast of Portugal (Costa et al., 2001).
[image: Figure 1]FIGURE 1 | Location of the Algarve region (southern Portugal; southwestern Europe). The yellow diamonds represent the three stations used to obtain the environmental variables of the Copernicus Marine Service of the E.U. The location of the SIMAR Buoy, used to obtain the oceanographic variables from Puertos del Estado, is represented by a blue star. VRSA: Vila Real de Santo António. FAMS (red cross): Faro Airport Meteorological Station.
2.2 “Algas na praia” citizen science campaign
The “Algas na praia” (seaweed on the beach) web platform (https://www.ualg.pt/algas-na-praia) is a citizen science initiative to monitor the spatial and temporal accumulations of large amounts of macroalgae along the Portuguese beaches. The program, which started in July 2021 and is currently ongoing, seeks to engage beach users, beach life guards and professionals from touristic facilities, to provide data on macroalgae accumulations. An online form is available on the website in which citizens can register the occurrence of algae accumulations by submitting photos of handheld algae to allow their identification (Figure 2A) together with general view photographs of the accumulated macroalgae (Figure 2B), as well as the date and location of the macroalgae accumulation. Adhering to the ESCA 10 principles of citizen science (European Citizen Science Association, 2015), the project’s website outlines its scientific objectives and how citizen-submitted information will be utilized. Additionally, citizens can contact the research team directly at algasnapraia@ualg.pt for more information and updates. The results of the citizen science campaign are being made public on the website, where citizens can view the project’s development and the preliminary scientific findings.
[image: Figure 2]FIGURE 2 | Photographs provided by anonymous citizens through “Algas na praia” platform. (A) Photograph of handheld Rugulopteryx okamurae and (B) overview of the species accumulation at Prainha beach, Alvor (Portimão) on 17 September 2022.
In order to enhance the program’s visibility and audience reach, a dissemination campaign was established in collaboration with the National Maritime Authority and the Portuguese Environment Agency. As part of this campaign, informative posters were prominently displayed in bathing areas to raise awareness of “Algas na Praia.” The University of Algarve (UAlg) also lent its support to the citizen science initiative, issuing press releases to promote the program. Additionally, the Centre of Marine Sciences (CCMAR) maintained consistent communication through its social media channels, including Facebook, Instagram, and LinkedIn, to further promote the program’s objectives. The program’s achievements were communicated through press releases, social media posts, and periodic website updates following each year’s data analysis. These efforts collectively contributed to a strong media presence and a significant audience reach across multiple social media platforms.
2.3 Environmental, oceanographic and atmospheric variables
The environmental and oceanographic variables considered to analyze their relationships with the presence of macroalgae accumulations on the beaches, were: 1) SST, 2) nitrate (NO3−), 3) ammonium (NH4+), 4) phosphate (PO4 3−), 5) salinity, 6) pH, 7) dissolved oxygen, and 8) currents. For currents, only the E-W component was included as it is the main surface current pattern in the study area (de Oliveira Júnior et al., 2022). These variables were gathered from the Copernicus Marine Service of the European Union (https://resources.marine.copernicus.eu) and averaged weekly. Outputs of the Atlantic-Iberian Biscay Irish- Ocean Biogeochemical Analysis and Forecast were downloaded. (IBI_ANALYSISFORECAST_PHY_005_001; processing level: L4). IBI-MFC product is based on an application of the biogeochemical model PISCES running simultaneously with the ocean physical IBI reanalysis, at a horizontal resolution of 1/12°. The retrieved modelled variables at 8-day temporal resolution included salinity, nitrate, phosphate, ammonium, pH, and dissolved oxygen. SST and currents (eastward seawater velocities, negative values indicate westward) were obtained from Iberian Biscay Irish- Ocean Physics Analysis and Forecast (IBI_ANALYSISFORECAST_BGC_005_004; processing level: L4), which is based on an eddy-resolving NEMO model application at 1/36° horizontal resolution. Three points along the Algarve coast and 2 km offshore were used as a proxy of the environmental conditions at the areas where macroalgae accumulate, from east to west: Tavira (37.08N, 7.65W), Faro (36.99N, 8.01W), and Portimão (37.1N, 8.6W).
Further oceanographic and atmospheric variables were included in the analysis: 1) wind direction (Wd), 2) wind speed (Ws), 3) significant wave height (SWH), 4) maximum sea level (MSL), 5) precipitation, and 6) radiation. Hourly wind speed (m/s) and wind direction (o) reported by oceanographic buoy 5018019 - SIMAR (36.83N, 8.0W) Faro, as well as significant wave height recorded by buoy 1046048–SIMAR (37.0N, 8.5W) Off-shore, were obtained from the Spanish public organization Puertos del Estado (https://www.puertos.es/es-es). Hourly wind speed and direction were weekly averaged following Grange, (2014) methodology and using the function timeaverage in the Openair package (v2.8-1; Carslaw and Ropkins, 2012) in the R software. Tidal data (MSL) was obtained from the Portuguese National Hydrographic Institute (https://www.hidrografico.pt/) for Faro harbour, and weekly maximum tidal level was calculated. Radiation was obtained for Faro station (36.99N, 8.01W) from Copernicus Atmosphere Data Store (https://ads.atmosphere.copernicus.eu/), based on observations from the Sea and Land Surface Temperature Radiometer (SLSTR), on board the ESA Sentinel 3A and 3B satellite. Daily cumulative precipitation was obtained from the data provided by IPMA (https://www.ipma.pt/pt/oclima/monitoriza.dia/) for the Faro Airport meteorological station.
2.4 Data analysis
The information provided by citizens in the online form of the “Algas na Praia” web platform included: 1) date, 2) location (including geolocation), 3) presence of the macroalgae in the water and/or sand, 4) macroalgae color, and 5) photographs of the specimen(s). The present study considers data on macroalgae accumulations submitted between July 2021 and September 2023. Only submissions that included the date of observation, a detailed location and photographs that allowed the identification of the species and its general abundance, were considered valid. Submissions for the same day and location were removed to avoid recurrence. Based on the submitted images of beaches and on the public available webcam images of some of the monitored beaches (https://beachcam.meo.pt/livecams/), a database of weekly abundances of accumulations between March and September 2023, was created. Five different levels of abundance (1-5) were considered (adapted from Iporac et al., 2022), following the description and image examples presented in Table 1. To assess the impact of the citizen science communication campaign, we tested the relationship between the number of press articles and the number of submissions on the platform using the Pearson’s correlation coefficient (r).
TABLE 1 | Description of the abundance levels used to quantify macroalgae accumulations on beaches.
[image: Table 1]To assess the variability of macroalgal biomass over time and between species an ANOVA Type II (unbalanced data) was carried out. A posteriori pairwise comparison t-test was used when significant differences were found. All data were evaluated for normality and homogeneity of variance prior to statistical analysis. All differences were considered significant at p-value <0.05. To investigate the association between environmental-oceanographic variables and macroalgal accumulations on beaches, a Redundancy Analysis (RDA) was carried out (Legendre and Legendre, 1998). The variables were scaled, and multicollinearity was analyzed using the variance inflation factor (VIF). Since dissolved oxygen, pH, and radiation showed high collinearity (VIF >10) between them, only radiation (which explained more variability) was used in the analysis. Using the adonis2 function, a hierarchical PERMANOVA based on Bray-Curtis dissimilarities, with 999 permutations, was performed to analyze the partitioning of the distance matrix across sources of variations. The Vegan package was used to conduct all analyzes in R program (Oksanen, 2017).
3 RESULTS
3.1 Citizen science contribution
The public engagement activities and scientific findings of “Algas na Praia” have garnered substantial media attention, including two interviews on national television, one interview on a radio channel, six radio appearances, one podcast interview, 18 printed newspaper articles, and 199 articles in various online newspapers (a few examples of which are shown in Figure 3). Furthermore, through social media, there have been 14 Facebook posts, two Instagram posts, and three LinkedIn posts, reaching an average of 1,600, 525, and 120 people per post, respectively.
[image: Figure 3]FIGURE 3 | Some examples of media coverage including interviews on national television and radio as well as printed newspaper articles.
UAlg issued press releases to coincide with the launch of the “Algas na Praia” website in July 2021, and the summer season in June 2022. Additional press releases in August 2021 and April 2023 shared the results obtained from citizen participation. These press releases naturally led to a surge in media coverage and submissions to the “Algas na Praia” web platform (Figure 4), except in 2023 when the peak of submissions did not follow the peak of media articles. The number of submissions varied throughout the summer and fall of 2022 and 2023, with a total of 167 and 161 submissions in 2021 and 2022, respectively, and 76 submissions between January and September 2023. The highest number of weekly submissions was in August 2021, with 30 submissions received, likely due to the media’s high interest at the “Algas na Praia” campaign’s outset, coinciding with the peak of the bathing season. There was found to be a moderate positive correlation (r = 0.45, p-value <0.05) between the number of press articles and the number of submissions received on the platform.
[image: Figure 4]FIGURE 4 | Timeline of the number of publications in media (orange) and number of weekly submissions in the “Algas na praia” platform (blue), arrows indicate the timing of press releases.
3.2 Spatio-temporal distribution of HMBs
Since launching the citizen science campaign in July 2021, 249 valid observations of macroalgae accumulations on Algarve beaches were reported, from which abundance levels were analyzed. No correlation was found (r = 0.08; p-value <0.05) between the weekly total number of submissions to the platform and the abundance level of macroalgae accumulation. HMBs of three main species were observed, the green algae Ulva sp., which bloomed mostly in the summer of 2021 (Figure 5) with the presence of additional species of brown macroalgae (Ectocarpales and Dyctiotales) at lower abundance levels during the summers of 2021 and 2023. The invasive red algae A. armata (tetrasporophyte stage), whose blooms were observed in the central zone during the summers of 2021 and of 2022, and the invasive brown R. okamurae that bloomed along the western coast throughout the years from 2021 to 2023, with high accumulations occurring all seasons except winter (only the week 26 December 2022 - 1 January 2023 concentrated high accumulations) (Figure 5).
[image: Figure 5]FIGURE 5 | Cumulative abundance of macroalgae beach-casts per week (only weeks with submissions are shown) and total number of submissions (black line) in the “Algas na praia” platform between July 2021 and September 2023.
The accumulation levels of R. okamurae increased annually, reaching higher levels in both 2022 and 2023 (Figure 6). Average accumulations of R. okamurae were significantly higher than those of Ulva sp. and A. armata (p-value <0.05), which did not vary significantly between 2021 and 2022, and were not present in 2023 (Figure 6).
[image: Figure 6]FIGURE 6 | Yearly average abundance of macroalgae species from July 2021 to September 2023; Different letters above boxes represent significant differences between groups (two-way ANOVA followed by post hoc t-test; p-value <0.05).
The spatial distribution of the observations submitted by citizens revealed three differentiated zones: 1) western Algarve (between 40.91N, 8.91W and 37.09N, 8.18W), with accumulations of R. okamurae, which reached north Algarve (Vale da Telha, Aljezur) only in 2023, 2) central Algarve (between 37.07N, 8.11W and 37.03N, 8.04W) with a predominance of A. armata (tetrasporophyte stage) and eastern Algarve (between 37.05N, 7.74W and 37.17N, 7.40W) with accumulations of Ulva sp. and brown algae, from the Ectocarpales and Dictyotales order, in the eastern zone (Figure 7).
[image: Figure 7]FIGURE 7 | Spatial distribution of macroalgae accumulations on the Algarve coast. Diamonds represent the locations where the accumulations were observed. Colors show the different species of macroalgae. VRSA: Vila Real de Santo António.
3.3 Relationships with abiotic variables
The first axis of variation of RDA, which explained 18% of the total variance, represents mostly the variation of SWH (0.66) (Figure 8; Table 2). The second axis, which explained 9% of the total variance, represents mostly the variation of Salinity (Sal) and SST that were positively correlated with each other (−0.62 and −0.52, respectively). The third axis explained only 1% of the total variance and was positively correlated with SST (0.55). The abiotic variables represented by the constrained inertia significantly explained 28% of the total correlation.
[image: Figure 8]FIGURE 8 | Redundancy analysis (RDA) showing the relationship between the abundance of weekly accumulations of macroalgae and environmental variables. The circles represent dates in weeks, the size shows the abundance levels and the colors represent the species of macroalgae (brown for Rugulopteryx okamurae, green for Ulva sp., and red for Asparagopsis armata). Positive values on currents data indicate eastward. Positive wind direction represents N-NW wind.
TABLE 2 | Summary of the results of Redundancy Analysis (RDA). Higher variable loads are in bold.
[image: Table 2]The relationships among environmental variables and the weekly accumulations of the three species on the beaches presented in Figure 8, reveal that the highest accumulations of R. okamurae are related to the combined effects of high SWH, SST and Sal, whereas the highest accumulations of A. armata are also related to low SWH and Wd (NW-W winds). The accumulations of Ulva sp. are more related to high Sal and SST. High nutrient concentration was not related to high accumulations of macroalgae on the beaches of Algarve.
The results of the PERMANOVA (Table 3A) indicated that the factors that had a significant influence on the overall abundance of the accumulations for the three species considered (Ulva sp., A. armata and R. okamurae) were SST and SWH (p-value <0.05), and Precipitation (p-value = 0.06). PERMANOVAs that were performed individually for each species, showed that SST was the only significant driver of R. okamurae accumulations (Table 3B) whereas SWH and Precipitation were significant for A. armata (Table 3C). PERMANOVA was not performed on Ulva sp. due to the limited sample size (n = 8).
TABLE 3 | Results of PERMANOVA based on Bray-Curtis dissimilarities for (A) the three species (Rugulopteryx okamurae, Asparagopsis armata and Ulva sp.), (B) Rugulopteryx okamurae and (C) Asparagopsis armata. In bold are significant effects (p-value <0.05).
[image: Table 3]4 DISCUSSION
The “Algas na Praia” project has achieved tremendous success in acquiring long-term data on macroalgae accumulation levels along the coastline, using community-contributed data. The project has not only helped raise awareness and educate community members but also revealed some critical insights. The study found that HMB’s in southern Portugal are caused by three distinct species, each with a unique distribution pattern. The alien species R. okamurae and A. armata are found along western and central beaches, respectively, and the autochthonous species Ulva sp. is found along eastern beaches. The citizen science data also helped to investigate the relationship between beach-cast abundance levels and environmental factors that influence the development, transport, and accumulation of these species on the beaches.
Citizen science monitoring programs are particularly helpful in the monitoring of extensive areas at a low cost. Citizen science has already been implemented in the Algarve to monitor and detect invasive species such as the Atlantic blue crab (Encarnação, J. et al., 2021). García-Gómez et al. (2021) used photographs, provided by recreational divers, to monitor the effects of R. okamurae in the Strait of Gibraltar. Iporac et al. (2022) used community monitoring to investigate the spatiotemporal distribution of Sargassum spp. in the Caribbean, collecting photographs from volunteers using an online application. The “Algas na Praia” project, represents for the first time the use of citizen science data, without the recruitment of volunteers, to show spatiotemporal trends in macroalgae accumulations of different species and their relationship with various abiotic variables that may contribute to their development and transport. The dissemination campaign that resulted in extensive media coverage, and its positive correlation with the number of submissions to the platform shows the success of engagement efforts. However, since the number of observations was related to the number of media articles it was not possible to use those data as a proxy for the level of accumulations. Consequently, the abundance levels of macroalgal accumulations were inferred from the photographs submitted and the visualization of beach cams. Improvements in data collection are needed, such as complementing the citizen science program with in situ monitoring in several locations along the coast.
Interestingly, the spatial distribution of the three species that cause massive beach-cast depositions in southern Portugal are spatially separated. R. okamurae accumulations develop along the western shores of Algarve, whereas A. armata and Ulva sp. develop along central and eastern Algarve. Here, two other species of brown algae of the orders Ectocarpales and Dictyotales were also observed with lower abundance levels in the summer of 2021 and 2023 when there were no reports of Ulva sp. The spatial distribution of these three algae species along southern Portugal may be explained by substrate preference or limitation. While the western and central south coast of Algarve is characterized by rocky shores with pockets of sandy beaches and cliffs, the eastern zone is mostly sandy (Moura et al., 2006), including the Ria Formosa Barrier Island System with its coastal lagoon. The Ria Formosa lagoon encompasses a large region of intertidal mudflats where Ulva genus is predominant (Aníbal et al., 2007). The hydrodynamic patterns of the lagoon at Ria Formosa are primarily influenced by tides and wind (Mudge et al., 2008; Jacob and Cravo, 2019). The Ulva sp. blooms may be originated in the Ria Formosa lagoon system and due to tidal currents and certain wind conditions be transported to the beaches beyond the lagoon system, where they accumulate. In western Portugal, A. armata gametophyte is found from the intertidal to shallow subtidal areas, on rock or epiphytic, forming dense vegetation belts on exposed coasts (Silva et al., 2021). The beach-casts of the filamentous tetrasporophyte of this species along the sandy shores of central Algarve is strange, its origin may be the macro gametophytes that may develop on the rocky reef system that develops parallel to the shore at depths higher than 10 m (Leitão et al., 2007). On the other hand, R. okamurae shows a preference for illuminated rocky bottoms, with higher cover at depths between 0 and 20 m (García-Gómez et al., 2020; García-Gómez et al., 2021). In the Alboran Sea, Estévez et al. (2022) found a high capacity of R. okamurae to colonize different types of substrates such as rocky bottoms, multiple coralligenous organisms, artificial substrates and as epiphytes of the coral Dendrophyllia ramea.
The geographical expansion of R. okamurae along the western shore of Portugal, towards north was reported at the citizen platform in 2023. The rapid geographic spread of this species and the high capacity to colonized new areas have been described (García-Gómez et al., 2020; García-Gómez et al., 2021; Ruitton et al., 2021; Estévez et al., 2022). In addition, distribution models for R. okamurae (Ministerio de Transición Ecológica, 2022) showed the areas with favorable environmental conditions for the expansion of this species, including its occupation of the Mediterranean and North African coasts and almost the entire Iberian Peninsula coastline, reaching the Bay of Biscay.
Data from the citizen science platform revealed different temporal patterns for the three species of macroalgae. Information on Ulva sp. and A. armata, accumulations were only received during spring and summer 2021 and 2022 whereas R. okamurae accumulations were reported every season, with lower levels in winter. A similar seasonal pattern for Ulva blooms was found elsewhere. Bermejo et al. (2019) reported in two Irish estuaries Ulva blooms starting in April and ending in late November. Wang et al. (2010), Wang et al. (2012) and Liu et al. (2009) have also found this seasonal pattern for Ulva sp, with bloom formation from May to July and bloom decrease from late July to September. As well, the seasonal trend of biomass peaking during spring and starting to decrease in the summer was also found for A. armata in western Portugal (Silva et al., 2021). García-Gómez et al. (2020) and Ruitton et al. (2021) have also reported that R. okamurae is present throughout the year with higher abundance in summer in southern Spain and France, respectively. R. okamurae beach-cast abundance increased since 2021, the year of its introduction in southern Portugal, reaching a maximum in 2023.
The redundancy analysis of the relationships among data provided by the “Algas na Praia” platform and environmental and oceanographic variables revealed that the beach-cast depositions of R. okamurae are related to strong wave conditions, and high sea surface temperature and salinity. The accumulation of Ulva sp. is related to high sea surface temperature and salinity whereas A. armata was also correlated with winds parallel to the shore (NW-W). High nutrient concentrations were not related to high accumulations of macroalgae on the beaches of Algarve. However, it is important to note that this data was sourced from ocean biogeochemical/physical models, and the locations utilized as a proxy for environmental variables were offshore. Monitoring near-shore nutrient concentrations before and during the beach-casts events is needed to properly assess the effects of nutrients as diffuse loads of nutrients from agricultural or urban effluents may be an important trigger of macroalgae blooms. Nutrient availability is considered one of the main factors controlling the proliferation of HMBs (Lapointe et al., 2018). Despite the abiotic factors explaining only 28% of the total RDA correlation, the PERMANOVA analysis revealed that sea surface temperature and wave conditions had a significant effect on the overall abundance of macroalgae beach-cast accumulations.
The occurrence of large quantities of beach-cast biomass is conditioned by hydrodynamic forces and oceanographic factors that allow their detachment, transport and accumulation (e.g., Martins et al., 2001). In the Baltic Sea, Isachenko et al. (2023) described the importance of large wave heights in the periods (3 days) before beach-cast appearance and they suggested that a fully developed wave field with high wave heights was essential for the appearance of beach-cast biomass. In Kenya, increased amounts of beach-cast biomass have also been correlated to spring tides in combination with high wave energy and wind speed (Ochieng and Erftemeijer, 1999). In the contrary, Rutten et al. (2021) showed that arrivals of pelagic Sargassum spp. were associated with relatively low-energetic wave and wind conditions, and onshore directed waves and winds while high wave and wind activity would inundate the landed sargasso and flush it back into the water column. The combination of strong wave forces and spring tides results in high exposure to sea action, which may be responsible for the detachment of large quantities of R. okamurae, while the relaxation of wave energy accumulates them on the beach. The tetrasporophyte stage of A. armata occurs naturally as a small “pompon” of filaments that floats freely, and therefore without the need for detachment to be transported to the beaches. In fact, accumulations of this species are significantly correlated with lower SWH and NW-W winds (parallel to the southern Algarve coast) (Figure 8; Table 3C). The wind, transverse to the coast (NW-W) at the areas where A.armata accumulates, may transport the algae to the shore whereas the low wave energy allows their accumulation on the beach. The frequency and intensity of macroalgal deposition may also be influenced by small-scale coastal factors that occur daily and locally, which should be considered in future research.
An important factor for the development of enormous quantities of macroalgae biomass may be the possibility of macroalgae to grow free-floating during the transport and accumulation at the shores. This was observed for Ulva sp. (Yoshida et al., 2015), which allows the increase of its biomass during transportation. Mateo-Ramírez et al. (2023) and Figueroa et al. (2020) showed that floating R. okamurae also maintained a relatively high photosynthetic capacity, even after long dark periods.
Temperature and light have been suggested to be environmental variables that influence the proliferation of HMBs in addition to nutrient concentration (Lotze and Schramm, 2001). Mantri et al. (2011) showed that enhanced metabolism caused macroalgae growth to accelerate rapidly when temperatures were elevated. Increased temperature is also one of the environmental conditions that can enhance the growth and competitive output of macroalgal invaders (Cebrián and Ballesteros, 2010). Summers in the Algarve when higher macroalgae abundance levels were recorded, are characterized by increased light intensity, daylight duration, and temperature, which has been correlated to Asparagopsis sp. growth (Mata et al., 2017). Mihaila et al. (2023) studied the effect of temperature and light in the tetrasporangial production for A. armata, showing that increased temperature resulted in a mass increase in tetraspore release. According to Guiry and Dawes (1992), the greatest levels of tetrasporangial production for A. armata were found at 20°C, which matches the average summer temperatures in the Algarve (20.35 C° between 2016 and 2022; SIMAR Faro buoy). Warmer summer waters may increase A.armata tetrasporangial production, resulting in greater abundance of the accumulations found during this time. High level of A. armata abundance (>4) was shown to be significantly affected and negatively correlated with precipitation (Table 3C). While precipitation has been shown to impact HMBs proliferation through nutrient runoff, it is worth noting that the summers in Algarve, where A. armata is most abundant, are frequently dry. This observation suggests that the apparent correlation between the species’ accumulation levels and precipitation may be misleading.
García-Gómez et al. (2020) and Ruitton et al. (2021) showed that R.okamurae persists throughout the winter (less coverage), and spreads rapidly when conditions are favorable, which could explain the different peaks across the year. In its native habitat, R. okamurae is present around the year and its maximal growth rate is reached in spring and summer when the highest temperature is reached (22.4°C). Mercado et al. (2022) compared the minimum SST for the Strait of Gibraltar with the native habitats of R. okamurae, to conclude that higher winter temperatures could explain the invader success of this species. Lee and Kang (2020) tested the effect of increasing temperature on the growth of Ulva linza, showing a positive effect of increased temperature when in combination with high nutrient concentration.
The development and beach-cast deposition of macroalgae is the result of a complex interaction of various physical and environmental factors. This is the first study that uses citizen science data to show spatiotemporal trends in macroalgae accumulations and their relationship with abiotic and oceanographic variables. Further research must consider the ecophysiological responses of bloom-forming macroalgae to near shore, site-specific environmental conditions. This will enable the integration of production models with hydrodynamic transport models, thereby enabling the prediction and early detection of beach-cast depositions in southern Portugal. Such approach will allow the implementation of effective management strategies.
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Abundance level  Description

1 Small accumulations of macroalgae forming lines in the sand (80% sand-20%
macroalgac)

2 Accumulations of macroalgae forming extensive strips in the sand (50% sand-50%
macroalgac)

3 Moderate accumulation covering a large part of the beach (20% sand-80% macroalgac)

4 Complete cover of macroalgae on the beach (100% macroalgac)

5 Large accumulations resulting in piles of macroalgac
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ssT 1 070 008 | 542

wd 1 002 001 | 014 099
Ws 1 005 001 | 038 071
sal 1 025 002 116 033
SWH 1 055 006 | 424 002
MSL 1 012 001 | 091 039
CurFast 1 018 002 | 139 025
NO,- 1 001 001 | 076 044
PO, * 1 014 001 1 032
NH," 1 021 003 | 157 021
Radiat 1 001 001 | 005 094
Precipt 1 037 004 | 201 006
Residual 49 633 071

Total 61 893 1000

Variables um of Sgs R?

ssT 1 018 009 | 481

wa 1 001 001 | 002 099
ws 1 005 001 | 008 088
sal 1 001 001 | 0.08 088
SWH 1 004 002 118 030
MSL 1 005 003 | 136 024
CurFast 1 003 001 | 059 046
NOs- 1 001 001 | 038 059
PO, > 1 002 001 | 041 056
Precipt 1 037 004 | 291 084
NH, 1 008 004 | 204 016
Radiat 1 001 001 | 004 093
Residual 2 161 079

Total 54 204 1000

Variables Sum of Sqs

SST 1 005 006 183 020
wd 1 001 001 | 018 084
Ws 1 004 005 151 027
sal 1 001 001 | 047 050
SWH 1 016 018 | 581 0.04
MSL 1 001 001 | 014 077
CurFast 1 004 005 161 023
NO,- 1 001 001 | 044 058
PO, * 1 002 002 | 057 059
Precipt 1 026 028 | 928 001
Residual 49 633 071

Total 61 893 1000
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Eigenvalue 071 035 005
Proportion Explained 019 0.09 001
Cumulative Proportion 018 026 028
Partitioning of variance:
Inertia Proportion
Total 397 100
Constrained 110 028
Unconstrained 287 072
Abiotic variables RDA1 RDA2 RDA3
SST -023 -0.62 055
wd -0.33 -0.30 =013
Ws 016 036 019
CurEast 0.11 017 024
SWH 0.66 0.07 -023
sal -0.39 -0.52 015
NO;- 028 045 0.01
7 NH,* 014 041 -0.12
PO, = 031 0.44 -0.06
Precipt 0.07 034 0.05
Radiat -021 -020 -0.19
MSL 0.02 -033 -0.04
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