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Rugulopteryx okamurae is a species of brown macroalgae belonging to the Dictyotaceae family and native to the north-western Pacific. As an Invasive Alien Species (IAS), it was first detected in the Strait of Gibraltar in 2015. Since then, R. okamurae has been spreading rapidly through the submerged euphotic zone, colonizing from 0 to 50 m depth and generating substantial economic and environmental impacts on the Andalusian coasts (southern Spain). More than 40% of marine IAS in the European Union (EU) are macroalgae, representing one of the main threats to biodiversity and ecosystem functioning in coastal habitats. This study presents a monitoring pilot of beached R. okamurae and fresh R. okamurae down to 5 m depth in Tarifa (Cadiz, Spain), combining multispectral remote sensing data collected by sensors on-board Unmanned Aerial Vehicles (UAVs) and satellites, and how this information can be used to support decision-making and policy. We used an UAV flight carried out at Bolonia beach (Tarifa, Spain) on 1st July 2021 and Sentinel-2 (S2) and Landsat-8 (L8) image acquisitions close to the drone flight date. In situ data were also measured on the same date of the flight, and they were used to train the supervised classification Super Vector Machine (SVM) method based on the spectral information obtained for each substrate cover. The results obtained show how multispectral images allow the detection of beached R. okamurae, and the classification accuracy for water, land vegetation, sand and R. okamurae depending on the image resolution (8.3 cm/pixel for UAV flight, 10 m/pixel for S2 and 30 m/pixel for L8). While the UAV imagery precisely delimited the area occupied by this macroalgae, satellite data were capable of detecting its presence, and able to generate early warnings. This study demonstrates the usefulness of multispectral remote sensing techniques to be incorporated in continuous monitoring programmes of the marine IAS R. okamurae in coastal areas. This information is also key to supporting regional, national and European policies in order to adapt strategic management of invasive marine macrophytes.
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1 Introduction

Macroalgae play a key role in the ecology of rocky bottoms as primary producers and habitat providers for a myriad of species (Thornber et al., 2017). However, seaweed invasions are considered among the major threats to biodiversity and good ecosystem functioning in coastal habitats, since they represent more than 40% of marine Invasive Alien Species (IAS) in the EU (Schaffelke et al., 2006; Williams and Smith, 2007). These marine IAS are frequently introduced through international maritime shipping (Katsanevakis et al., 2014; Ojaveer et al., 2014; Gallardo et al., 2019), and display invasive behaviour resulting in degradation of local marine biodiversity and negative impacts on environmental health and coastal ecosystem services, i.e. habitat fragmentation (Faria et al., 2022). The Strait of Gibraltar supports the highest density of maritime traffic in the Western Mediterranean (Abdulla and Linden, 2008; Endrina et al., 2018), where both ballast waters and boat hull fouling are recognized as potential transport vectors for IAS (Ribera, 2003).

Rugulopteryx okamurae (E.Y. Dawson) I.K. Hwang, W.J. Lee & H. S. Kim is currently threatening the rocky bottoms of the Andalusian coast in the Strait of Gibraltar. It is a brown seaweed belonging to the Dictyotaceae family and native to the temperate-subtropical northwestern Pacific (Figure 1). This species was first recorded as an IAS in the Mediterranean open sea in the Strait of Gibraltar (Ceuta, Spanish peninsula and Morocco) in 2015 as unusually abundant littoral wrack deposits (Altamirano-Jeschke et al., 2016; Ocaña et al., 2016), where it quickly became invasive. R. okamurae is also very similar to other native species of the genus Dictyota; therefore it is likely to have been present in southern Spanish waters previously without being detected (Altamirano-Jeschke et al., 2016). The species was first recorded in 2002, not in the open sea but in the Thau coastal lagoon (Occitania, France), having been introduced there through the oyster aquaculture activity (Verlaque et al., 2009). Since then, the species has continued spreading rapidly throughout the coastal areas of the Strait of Gibraltar, also reaching the Azores Islands (Faria et al., 2022), and colonizing a wide range of habitats from 0 to 50 m depth (Altamirano-Jeschke et al., 2017; El Aamri et al., 2018; García-Gómez et al., 2018; García-Gómez et al., 2020). Its rapid spread since its first record in 2015 ranks R. okamurae among the most invasive IAS in the Mediterranean Sea (García-Gómez et al., 2020; García-Gómez et al., 2021; Sempere-Valverde et al., 2021).




Figure 1 | Rugulopteryx okamurae specimen sampled in Tarifa (Spain) on 1st July 2021.



According to Altamirano et al. (2019) and Muñoz et al. (2019), the environmental favorability model for R. okamurae points towards the Mediterranean Sea and the Atlantic coasts as potentially threatened, being areas with higher settlement success of invaders (De Villèle and Verlaque, 1995), whose effects have already been demonstrated. R. okamurae is causing important ecological impacts such as loss of biodiversity, alteration of marine habitat and displacement of native species, even in Natura 2000 network sites, with over 85% coverage from 10 to 30 m depth on rocky seafloors (García-Gómez et al., 2021). Previous studies have observed how this invasive seaweed competes with most shallow native communities and grows by epibiosis on coralligenuos species of ecological importance in the Mediterranean Sea, already in decline due to other anthropogenic impacts and the effects of climate change (Linares et al., 2007; Garrabou et al., 2009; Lejeusne et al., 2010). Moreover, beyond the ecological consequences, R. okamurae is causing an important economic impact with losses in the aquaculture and fishery sector, clogging and deteriorating fishing gear, but also in the tourism sector, where the municipalities have to manage large amounts of dead R. okamurae biomass on their coasts throughout the summer season (Figure 2). The high costs derived from the management of the biomass that reaches the beaches are carried by each municipality.




Figure 2 | Mechanical removal of R. okamurae beachings on Los Lances and Atlanterra beaches (Tarifa, Spain) during the 2021 summer (A-D) R. okamurae beaching and its removal with heavy machinery (6.213 tons in only two months); (E) the same beach after seaweed removal. Photos and data provided by the City Council of Tarifa.



To date, according to Giakoumi et al. (2019), management strategies have been largely established for terrestrial invasive taxa and less for marine invasions, where monitoring information is key. In 2015, the European Union (EU) launched the Regulation 1143/2014 for IAS (Union, E.P.a.C.o.t.E, 2014), with a set of measures to be taken for regulating IAS at EU Member State level, including the “List of Invasive Alien Species of Union concern”. Only the species included in the EU list are subject to restrictions and measures set out in the IAS Regulation. In this regard, both the European Commission and individual Member States can propose additional species to be included in this list, according to Article 4(4) of the Regulation, by providing a risk assessment of the proposed species. In 2007, the Spanish Law 42/2007 (España, 2007) on Natural Heritage and Biodiversity came into force on 14th December (BOE 299 de 14/12/2007), which includes, similar to the EU list, the Spanish Catalog of Invasive Alien Species at national level, where new IAS can be proposed for their inclusion. R. okamurae is already included in the Spanish IAS list and has been proposed to be included in the EU list. However, there is no established monitoring protocol, and long-term monitoring is essential in the characterization and evaluation of IAS derived changes (Lodge et al., 2006; García Gómez, 2015).

In this regard, new remote sensing techniques can be very useful in the continuous monitoring of IAS thanks to the high and very high resolution imagery from satellites such as Sentinel-2 (S2) and Landsat-8 (L8), and Unmanned Aerial Vehicles (UAVs), respectively. However, marine species monitoring is always challenging, in particular at depths where the downwelling irradiance is largely attenuated by seawater colored constituents, with water molecules being the main absorbing component beyond 700 nm (Oppelt et al., 2012; Tait et al., 2019). Because R. okamurae is distributed down to 50 meters depth, the main monitoring technique is scuba diving (García-Gómez et al., 2021), which is costly to perform and lacks information on species spatial distribution (Beca-Carretero et al., 2020; Veettil et al., 2020). Remote sensing techniques can serve as an added-value to in situ sampling on a broader scale, generating synoptic, cost-effective and continuous distribution information of R. okamurae at depths where it is still visible from the surface (Beca-Carretero et al., 2020; Kaufman and Bell, 2020). These are cost-effective techniques that can generate key transferable information in the optically shallow waters and the seaweed beached on dry beaches with a higher revisit time.

Multispectral imaging sensors onboard satellites or UAVs can provide very useful information to monitor macrophytes (Román et al., 2021; Diruit et al., 2022). On the one hand, S2 is a constellation of two twin satellites (Sentinel-2A and Sentinel-2B) of the European Union's Copernicus programme in the European Space Agency (ESA). The MultiSpectral Instruments (MSI) onboard both S2 satellites (S2/MSI) are operational with a global 5-day revisit frequency at the equator. The MSI samples 13 spectral bands: four bands at 10 m, six bands at 20 m and three bands at 60 m spatial resolution. On the other hand, the Operational Land Imager (OLI) onboard the L8 satellite (L8/OLI) of the USGS-NASA acquires images of the Earth’s surface in the visible, Near Infra-Red (NIR), short wave, and thermal infrared regions with a 16-day revisit frequency and 30-meter spatial resolution (Knight and Kvaran, 2014).

Although Red-Green-Blue (RGB) composite satellite imagery has been used for monitoring specific marine vegetation (Hedley et al., 2017), there are some limitations to assessing patchy habitats of macroalgae due to the spectral resolution (Knudby and Nordlund, 2011). The use of multispectral sensors provides a notably improved ability in spectral signature distinction compared to RGB sensors, offering higher spectral resolution to detect specific organisms through the isolation of key parts of the electromagnetic spectrum from non-overlapping bands (Tait et al., 2019). Moreover, the infrared band is commonly used for exposed marine vegetation detection through remote sensing, with many studies using the Normalized Difference Vegetation Index (NDVI) for monitoring seagrass meadows, macroalgae and microphytobenthos, among others (Barillé et al., 2010; Brito et al., 2013; Kohlus et al., 2020; Méléder et al., 2020; Zoffoli et al., 2020; Román et al., 2021; Zoffoli et al., 2021).

Therefore, the overall aim of this study was to determine potential applications and limitations of multispectral remote sensing onboard UAV and satellites in order to detect and monitor R. okamurae on the Andalusian coasts in the optically shallow waters and beachings. Here, we propose a synoptic tool for monitoring R. okamurae, resulting in useful information for decision-makers and relevant administrations in order to manage this invasive species.



2 Materials and methods


2.1 In situ measurements

The present study is focused on the Atlantic coast of the Strait of Gibraltar. Concretely, on Bolonia beach, located in the municipality of Tarifa (Spain). The Area of Interest (AOI) was delimited by the drone flight, between the beginning of the rocky beach to the south (36° 4’ 15.43’’N, 5° 44’ 55.82’’W) and the Churriana stream to the north (36° 4’ 37.15’’N, 5° 45’ 27.7’’W) (Figure 3). In this area, beached R. okamurae was monitored on 1st of July 2021 for a 1.1 km strip of coastline, including in situ sampling, hyperspectral field radiometry and a UAV flight with multispectral sensor.




Figure 3 | Study area on Bolonia beach (Tarifa, Spain), located on the Atlantic side of the Strait of Gibraltar.



On the day of the flight, field reflectance (Rinsitu) data were acquired with a hyperspectral radiometer (ASD HandHeld2) over eight different stages of R. okamurae across the beach, from nearshore subtidal waters (depth < 6 m) to wrack deposits along the dry beach. The reflectance of sand samples was also acquired for subsequent image classification and UAV calibration (Figure 4). The R. okamurae samples are described in Table 1 for the different zones (S01: 1 m depth; S02: 2 m depth; S03: in-water floating algae; S04: intertidal area; S05: 5 m depth; S06: dry macroalgae on the dry beach; and S07: sand), taking 10-20 measures for each sample, and the result being the mean of all values in each sample. Underwater samples of R. okamurae (i.e., S01 – 03, and S05) were collected and brought to land for immediate reflectance measurements onshore. Prior to the measurement, other co-occurring macroalgae species were carefully removed from the samples. R. okamurae samples from S01, S02 and S05 were highly colonized by ephiphytes which were not removed. For the other samples, the reflectance was directly measured in situ.




Figure 4 | Diagramme of collected samples measured with the hyperspectral field radiometer on Bolonia beach (Tarifa, Spain) on 1st of July 2021. Fresh R. okamurae was collected between 1 and 5 m depth; dead R. okamurae was collected in different stages across the beach profile. Codes are described in Table 1.




Table 1 | Types of samples for Rugulopteryx okamurae collected in Tarifa on 1st July 2021 for in situ spectrum.





2.2 Remote sensing data and processing


2.2.1 Unmanned aerial vehicle

The UAV used in this study was a hexacopter with three-bladed propellers (Condor, Dronetools ©), which has a DJI6010 electric motor powered by 4 Li-ion batteries (7000 mA each). The empty weight of the equipment including the four batteries is 11.8 kg (with a maximum takeoff weight (MTOW) of 14.9 kg), and a maximum flight autonomy of up to 60 minutes (without payload). The Micasense RedEdge-MX multispectral dual sensor, onboard the UAV in this study, is capable of capturing spectral information in 10 spectral bands: blue (444 nm and 475 nm), green (531 nm and 560 nm), red (650nm and 668nm), red edge (705nm, 717nm and 740nm) and near infrared (840nm) wavelengths. The sensor resolution is 1.2 megapixels for each of the multispectral bands. In addition, it allows a broad surface coverage since it has a horizontal field of view of 47.2°, and a ground sampling distance (GSD) of 8 cm/pixel from 120 m above ground level (AGL). Standard format metadata tags are embedded for each image since the sensor has its own positioning system. It also has a Downwelling Light Sensor (DLS) with built-in GPS and Inertial Measurement Unit (IMU), which provides more accurate and reliable measurements of irradiance and solar angle during in-flight image acquisition. A reference panel (RP04-1924106-0B) was used for radiometric calibration. By using both the DLS and the calibration panel during the data collection, it is possible to obtain a high-quality reflectance map after image processing.

The UAV flight was performed on 1st July 2021 on Bolonia beach (Cadiz) during sunny and windy meteorological conditions, at a constant flight height of 120 m, acquiring an image with approximately 8.3 cm/pixel. Flight planning was carried out with the DJI Ground Station Pro (GSP) software and subsequently uploaded to the UAV computer system. The flight plan considered front and side overlap of 80%. For the radiometric correction of the images, individual photos of the calibration panel were captured for each waveband before the flight in the absence of shadow covering the panel.

The software Pix4D mapper (Pix4D SA, Lausanne, Switzerland) was used to process the multispectral images for the generation of the orthomosaics following a Structure-from-Motion (SfM) photogrammetric process. The software creates reflectance data orthomosaic (RUAV) values by following three recognized steps: i) initial processing (image alignment); ii) the creation of a 3D point cloud; and iii) the generation of the digital surface model (DSM), orthomosaic and indices. The resulted orthomosaics were then projected to WGS 84/ETRS89 UTM zone 29N (EPSG: 25829). Light sensor data calibration was not necessary in this case, due to sunny and clear weather conditions. In the final processing step, the radiometric processing and calibration were performed using the method “Camera and Sun Irradiance”. As a result, the generated Rrs orthomosaic (8.3 cm/pixel spatial resolution) for each waveband achieved a horizontally and vertically absolute accuracy of 16 cm/pixel and 24 cm/pixel, respectively, for georeferencing.



2.2.2 Sentinel-2

S2 Level-2A surface reflectance (RS2, adimensional) corresponding to 30th June 2021 (tile 29SQA) was downloaded from the Copernicus Open Access Hub (https://scihub.copernicus.eu/). The Level-2A processing includes an atmospheric correction (Sen2Cor) using the Sen2Cor processor algorithm (Main-Knorn et al., 2017). All of the S2 bands were resampled to 10 m spatial resolution using the SNAP software.



2.2.3 Landsat-8

A L8 Level-2 image acquired on the 28th June 2021 (path 202 and row 035) was downloaded from Earth Explorer (https://earthexplorer.usgs.gov/), which was already orthorectified and atmospherically corrected using the Land Surface Reflectance Code (LaSRC) algorithm (Version 1.5.0). Data were acquired as surface reflectance (RL8, adimensional), the fraction of incoming solar radiation that is reflected from the Earth’s surface to the Landsat sensor. The LaSRC surface reflectance algorithm corrects for the spatially and spectrally varying scattering and absorbing effects of atmospheric gases, aerosols, and water vapor, which is necessary to reliably characterize the Earth’s land surface.




2.3 Image classification

Image classification was performed using the “Support Vector Machine” (SVM) supervised classification technique. The SVM algorithm was chosen because it has been proved that non-parametric algorithms for thematic classification offered the best performance when using a small number of training samples, as suggested by (Foody and Mathur, 2004; Mountrakis et al., 2011; Rupasinghe et al., 2019; Román et al., 2022). The SVM is a machine learning algorithm able to handle data with unknown statistical distribution, using a variety of training sets created from spectral data and validated with in situ information (Vapnik, 1999). This approach applies Kernel functions that map the training data into a larger-dimensional space in which classes can be linearly separated by a hyperplane using Geographic Information System (GIS). The SVM was computed in SAGA GIS software (Conrad et al., 2015), classifying each remote sensing image into four clusters using the spectral information of each pixel: sand, water, R. okamurae, and terrestrial vegetation. In this study, the radial base function was used as the transformation nucleus (Miranda et al., 2020), applying the classification parameters described in Table 2. Using SAGA GIS, manually trained AOIs were drawn for each spectral class, up to a total of 25 AOIs with an area of 1 m2 maximum. The supervised classification and performance assessment (see below) were carried out in QGIS [QGIS Development Team (2011)]. Using this sieving process made it possible to clean the classification of all individual pixels from misclassification error, as well as to improve the graphical representation.


Table 2 | Classification parameters for SVM algorithm computation in SAGA GIS software.



The performance and accuracy of the classification algorithm was assessed using standard metrics in QGIS. Error matrices were drawn up, and statistical parameters such as the Cohen’s Kappa and Overall Accuracy coefficients were computed in QGIS using the Supervised Classification Plugin (SCP) postprocessing tool, following the method proposed by Olofsson et al. (2014). This method generates a stratified random sampling designed by comparing the thematic classification, considering 1416 pixels for UAV and 1280 pixels for each S2 and L8 image for the supervised classification and accuracy test. The classification was considered accurate when the Overall Accuracy was >80%. The Cohen’s Kappa coefficient returns results between -1 and +1, with +1 corresponding to highest agreement. For the present study, a Kappa coefficient >0.75 was considered as an accurate deviation of all pixels. Each spectral class was computed for each remote sensing sensor, and inter-compared. Finally, the surface area of each class was computed, considering R. okamurae in two classes: beached and in-water.



2.4 Proxy of R. okamurae biomass

For pixels classified as exposed R. okamurae, the Normalized Difference Vegetation Index (NDVI) was computed using QGIS as a proxy of macrophyte biomass. The NDVI was computed as:

	

were λNIR and λred correspond to the NIR and red spectral bands of each sensor, with respectively 840 and 668 nm for the Micasense sensor onboard the UAV, 842 and 665 nm for MSI at 10 m spatial resolution, and 865 and 655 nm for OLI.

The NDVI was used to check the consistency of the SVM classification, as vegetated pixels have a typically higher NDVI than pixels corresponding to water or to soil areas.




3 Results


3.1 Spectral signatures for R. okamurae

All Rinsitu samples of R. okamurae showed an overall similar spectral shape, with a red-edge feature typical of macrophytes. Most reflectance spectra were characterized by low values in the visible, a rapid increase between the red and NIR spectral regions, and a NIR maximum. In the visible, two local peaks around 600 and 650 nm were noticeable (Figure 5). The Rinsitu of the fresh, in-water R. okamurae samples collected at 2 and 5 m was very similar. The fresh sample collected at 1 m showed a similar shape but with a lower magnitude in the NIR region. Regarding the dead samples of R. okamurae, their reflectance was similar in the visible, but large differences in magnitude were observed due to the variation of water content. Due to an increase in water content, the influence of water absorption gradually increased from sample S04_a to S04_c, resulting in a progressive decrease of Rinsitu in the NIR. The reflectance of the dry sample of R. okamurae (S06) was different from all other samples: it showed a higher reflectance in the visible, the peaks around 600 and 650 nm were hardly noticeable, and it displayed a linear increase after 700 nm instead of a NIR plateau. The differences between the spectral signature of the submerged vs. dry R. okamurae have to be taken into account within the classification of different macroalgae in the intertidal zone.




Figure 5 | Reflectance of the sampled R. okamurae with the hyperspectral field radiometer.



In situ reflectance was compared with reflectance measured by the other sensors (Micasense, MSI and OLI) in order to evaluate their limitation for the detection of R. okamurae. Rinsitu was closer to RUAV than to RL8 and RS2, both for dry and submerged samples (Figure 6). Overall, satellite data showed an overestimation in reflectance values in the visible compared with in situ and UAV measurements, in both types of targets. In the latter type of analysis, the differences with the satellite data are greater than when analyzing the spectral response of beached R. okamurae.




Figure 6 | Spectral signatures for R. okamurae in the beaching zone (left) and submerged zone (right) for the different sensors (in situ hyperspectral, UAV, S2 and L8).





3.2 UAVs and satellites for monitoring R. okamurae

Figure 7 shows the orthomosaic of RUAV and RS2 for different spectral bands, showing three parallel stripes of color corresponding to the beach, coastal deposits of R. okamurae and coastal water. As expected, the lower spatial resolution (e.g. Figure 7, band at 443nm with native resolution of 60 m), results in lower accuracy in identifying and delimiting different types of cover.




Figure 7 | Orthomosaic of reflectances at different channels for the UAV flight (left) and for Sentinel-2 L2A (right) in the study area. Band spatial resolution for S2 channels from 10 to 60 m detailed.



Firstly, Figure 8 shows RGB images for the three sensors, where the difference in spatial resolution is noticeable for UAV, S2 and L8 at 8 cm, 10 m and 30 m, respectively. Secondly, the calculated NDVI allowed the visual identification of vegetation on the shore, beach, floating at the water surface and terrestrial portions of the image. Finally, the SVM classification algorithm allowed concise differentiating of each of the soil cover types, with UAV, S2 and L8 displaying a Cohen’s Kappa of 0.8763, 0.8634 and 0.8983 an overall accuracy (%) of 91.3188, 91.5130 and 93.7407, respectively. Although both statistics for L8 shows better apparent supervised classification, UAV imagery show the best performance due to its spatial resolution even in the submerged zone. Table 3 shows how S2 more accurately quantifies the area of beached R. okamurae than L8 (1,33 and 2,05 ha, respectively), S2 overestimating only 12,5% when compared with the UAV estimation of beached R. okamurae (1,52 ha). However, when using satellite imagery, neither S2 nor L8 were capable of detecting submerged R. okamurae because of the water layer that dominated the reflectance signal, with the estimation done only for the in-water intertidal zone. Although the overall area detected by L8 (6,9 ha) is more similar to the area calculated by the UAV (9,37 ha), the L8 image was capable of detecting the presence of this seaweed but its 30 m spatial resolution was not sufficient to demarcate its extent, assuming a larger area for beached R. okamurae.




Figure 8 | Supervised classification resulting from the application of SVM to reflectance data obtained with the multispectral sensor onboard the UAV, S2 and L8, with spatial resolutions of 8 cm, 10 m and 30 m, respectively.




Table 3 | Areas (in ha) of SVM classification for each sensor (UAV, S2 and L8).






4 Discussion

Here, we presented the first attempt at monitoring R. okamurae using remote sensing since its colonization along the African and Spanish coasts of the Strait of Gibraltar and rapid change of status from alien to invasive (Altamirano-Jeschke et al., 2016; García-Gómez et al., 2020). Different remote sensing observations including hyperspectral in situ radiometry and multispectral UAV and satellite sensors were evaluated showing the usefulness, potential and limitations of these technologies as a complementary tool to monitor the distribution of this marine IAS.


4.1 Potential of field radiometry and remote sensing to monitor R. okamurae

This study shows that different states of R. okamurae (in-water samples of living algae, fresh samples of dead algae, and dry samples) along the beach profile can be discriminated by their hyperspectral reflectance signature. For example, the spectral shape of dry R. okamurae indicated a loss of photosynthetic pigments compared with fresh samples, evidenced by the absence of spectral features around 600 and 650 nm, as well as a higher reflectance around 675 nm where Chl-a presents an absorption peak.

Over the investigated stations, the UAV reflectance was correlated with in situ hyperspectral measurements. The UAV sensor, although not hyperspectral, was sufficiently spectrally resolved to capture radiometric differences between the two main status of R. okamurae, in-water/submerged and beached. Therefore, the UAV mapping and classification can be used as a reference to validate derived satellite classification. Due to the intrapixel contribution of other types of targets and uncertainties related to atmospheric correction, differences in reflectance were higher as the pixel size increased. While intertidal marine macroalgae can be identified using UAV and satellite observation, detection of underwater vegetation remains a challenge and more sophisticated techniques are required to minimize the water column effect (Pegau et al., 1997; Oppelt et al., 2012; Zoffoli et al., 2014; Traganos and Reinartz, 2018; Tait et al., 2019; Vahtmäe et al., 2021). Hence, multispectral sensors offer a higher spectral resolution than RGB sensors, which can be perfectly correlated with hyperspectral in situ data, but NIR wavelengths are largely absorbed by water, increasing difficulties at greater depths (Oppelt et al., 2012; Tait et al., 2019; Casal-Porras et al., 2021).

Regarding satellite measurements, there are two main issues to be overcome. Firstly, atmospheric correction uncertainties, and secondly, low spatial resolution generating spectral mixing within a single pixel. Spatial and spectral resolution are key in terms of generating a reliable and robust monitoring tool for IAS distribution, especially for highly variable marine assemblages or similar spectral signatures, where pixel confusion can be an issue (Knudby and Nordlund, 2011). In this study, taking the UAV classification as an accurate classification reference (Figure 8), S2 showed a better performance than L8 in terms of R. okamurae classification, especially for the wrack deposits, with UAV and S2 being capable of accurately mapping the R. okamurae extension, as L8 is much less accurate due to a larger pixel size. Therefore, S2 images were suitable for delimiting the extent of beached R. okamurae, being a potential tool for monitoring this species. The combination of all these resources can provide an effective response for monitoring R. okamurae in shallow waters, since the accuracy of the satellite mapping is also better for the beached macroalgae than for those in the water.

UAV, S2 and L8 provide 8 cm, 10 m and 30 m spatial resolution, respectively. Although using an UAV is more accurate, it is time-consuming, it covers a very low area to be mapped, and the method described is challenging to apply to other sites as new vegetation classes have to be considered (Manfreda et al., 2018). However, satellite imagery obtained from S2 or L8 has a lower accuracy, but high revisit-time allowing time-series of observations, which are useful for continuous monitoring, allowing the upscaling of this approach worldwide. While UAVs are being used more frequently for environmental monitoring (Murfitt et al., 2017; Konar and Iken, 2018; Ventura et al., 2018; Brunier et al., 2022; Diruit et al., 2022), S2 seems to be a promising tool for detecting the presence of R. okamurae along the dry and intertidal beach, demonstrated in this study down to 5 m depth, as spectral profile separation becomes more complex with increasing water depth. Bridging the gap between the weaknesses of both satellites and UAVs can provide reliable information to validate long-term satellite monitoring. The added value of the S2 products in terms of frequency and synoptic observations is of utmost importance for ecological and management purposes at regional and national scales (Caballero et al., 2020).



4.2 Policy support and operational management of IAS

Marine invasive species, and R. okamurae in particular, are spreading rapidly throughout the western Mediterranean Sea, and beyond, thus requiring monitoring information for proper management. Since these species do not respect borders, and maritime traffic (ballast water and fouling of boats/ships) is an important vector for their spread, transboundary coordination in management actions across the EU are most likely to be more effective than individual activities at Member State level. At the moment there is a lack of common monitoring and management approaches and data flow to the European Alien Species Information Network (EASIN), for example, which is based on voluntary contributions (personal communication). Binding data provision procedures could be beneficial for policy makers at national and EU level for the definition of policies to reduce or even prevent further spread of this species and concomitant loss of biodiversity.

In 2019, R. okamurae was included in the Spanish national catalogue of invasive species, which is freely available on the website of the Spanish Ministry for ecological transition and demographic challenge (in Spanish: https://www.miteco.gob.es/es/biodiversidad/temas/conservacion-de-especies/especies-exoticas-invasoras/ce-eei-catalogo.aspx). In the report about R. okamurae, included in the catalogue, numerous measures were proposed, including several that may be facilitated by a zoomed-out approach as described in this paper, and which could be further considered in succeeding studies. For example, monitoring and surveillance of the distribution and abundance of R. okamurae populations, especially in marine protected areas, habitats of interest and within the limits of its distribution. An established monitoring procedure would support the creation of early warning systems in areas where R. okamurae predictive models have shown highly favorable environmental conditions, especially in Protected Areas of the Natura 2000 Network, for example. Furthermore, these types of protected habitats may especially benefit from a less-invasive monitoring approach, as that described in this study, compared to in situ approaches, such as diving. In the Spanish national context, in addition to transboundary coordination, inter-administrative coordination among local, regional and state administrations with competences in environment, tourism, fishing, transport, among others, could be further facilitated by such an approach.

The next step towards a more coordinated management approach would be to include R. okamurae in the official “List of Invasive Alien Species of Union concern”, i.e. at EU level. In this regard, in April 2021, the Spanish Ministry for ecological transition and demographic challenge (MITECO) submitted a risk assessment together with a request for inclusion of R. okamurae in the EU list. The last update available of the list is from 2019 and, so far, the species has neither been included, nor officially excluded.

This study highlights the potential of remote sensing approaches to be established by coastal managers for the monitoring of R. okamurae in order to generate information for the management of the environmental crisis generated by the occurrence of this macroalgae. In order to address the current situation, the implementation of a tool for long-term monitoring together with scuba diving campaigns to reach deeper areas is critical. This strategy can also work as an early-warning system for the detection of new R. okamurae settlements along the coast, useful for short-term and emergency response, providing up-to-date information for the shallow distribution, advance and damage critical for optimizing its management. However, further research is required in order to test the taxonomical differentiation using UAV and satellite imagery classification between R. okamurae and native species.




5 Conclusions

The hyperspectral data set obtained by in situ radiometry allowed us to analyze the reflectance of Rugulopteryx okamurae in its different states (submerged 0-5 m and beached in a range of water conditions). These data are in agreement with the spectral signatures obtained from the multispectral sensor mounted on the UAV, whereas S2 and L8 satellites revealed overestimated reflectance in the visible spectrum. This study demonstrates the usefulness of these techniques, combining field-based and Earth Observation for monitoring the marine IAS R. okamurae. This information, if continuously generated, can be key for proper management of this species, with positive implications of this approach in terms of supporting regional, national and European policies, including the EU Biodiversity Strategy 2030, as well as the EU Objectives to restore marine ecosystems. The Spanish Mediterranean coasts and those of the Strait of Gibraltar are a highly favorable environment for the spreading of R. okamurae, which may favor its expansion and concomitant impacts. In this regard, the inherent bureaucratic sluggishness, most certainly influenced by the health crisis during the past couple years, appear not to be able to keep up with this rapidly spreading invasive alien species. In fact, satellite and drone monitoring could be a key tool to be scaled-up and implemented in current management programmes, providing a holistic view to supporting national and European policy in a continuous and cost-effective way (Papathanasopoulou et al., 2019; El Mahrad et al., 2020).
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S01 Fresh R. okamurae collected at 1m depth.

$02 Fresh R. okamurae collected at 2m depth.

S03 In-water floating dead macroalgae (beaching) collected in very shallow waters.
S04_a* Patches of dead macroalgae on the beach.

S04_b* Patches of dead macroalgae on the beach saturated by water.

S04_c* Patches of dead macroalgae on the beach, covered by a thin layer of water.
S05 Fresh R. okamurae collected at 5m depth.

S06 Dead macroalgae along the dry beach.

S07 Samples of sand along the beach.

Calibration sample Black and white target used for drone calibration.

*S04 was sampled along a gradient of water influence with three different conditions (a, b and c).





