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Abstract

:

The bloom of pelagic Sargassum in the Atlantic Ocean has become increasingly problematic, especially when the algae have beached. A build-up of decaying beached material has damaging effects on coastal ecosystems and tourism industries. While remote sensing offers an effective tool to assess the spatial and temporal patterns of Sargassum over large spatial extents, its use so far has been limited to a broad discrimination of Sargassum species from other macroalgae and floating vegetation. Knowledge on the spatial distribution of decayed material will help to support management strategies and inform targeted removal. In this study, we aim to characterise the spectral response of fresh and decayed Sargassum and identify regions of the spectra that offer the greatest separability for the detection and classification of decayed material. We assessed the spectral response of fresh and decayed Sargassum (1) in situ on the beach and (2) in mesocosm experiments where Sargassum samples were allowed to decay over time. We found a decrease in the magnitude of reflectance, noticeably in the visible region (400–700 nm), for decayed, in contrast to fresh, Sargassum. Separability analyses also showed that most spectral bands with a wavelength > ~540 nm will be capable of discriminating between fresh and decayed material, although the near-infrared region offers the greatest degree of separability. We demonstrate, for the first time, that there are clear differences in the spectral reflectance of fresh and decayed Sargassum with potential application for remote sensing approaches.
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1. Introduction


The quantity of seaweed beaching along coastlines around the world has increased substantially in recent years [1]. The build-up of decaying algal biomass can have damaging impacts on coastal ecosystems, livelihoods and tourism industries [2,3,4].



Since 2011, the Caribbean coast has experienced unprecedented influxes of pelagic-drifting Sargassum spp. [5], most commonly Sargassum natans and Sargassum fluitans [6,7]. Chavez et al., 2020 documented monthly averages of 3.2 × 103 and 1.7 × 103 m3/km/month for 2018 and 2019, respectively, along the Mexican Caribbean beaches [8]. Decayed masses cast onshore can also be returned to the sea which can convert the often clear coastal waters to a brown colour, often referred to as Sargassum brown-tide [9].



Therefore, understanding the spatial patterns of Sargassum is critical in order to predict its occurrence and help quantify the impact on coastal environments. Remote sensing provides a tool to monitor and assess Sargassum beaching events which otherwise would require ground-based assessments of Sargassum distribution and abundance which can be both time- and labour-intensive.



Previous studies have differentiated Sargassum in the sea from other floating vegetation (e.g., [10]). Field-measurements have found that Sargassum has a distinctive reflectance response at ~630 nm, due to its chlorophyll c pigments [11], and therefore both satellite and airborne instruments have been used to detect and monitor the distribution of Sargassum in the ocean [5,10,11,12,13,14,15,16].



While the remote detection of Sargassum improves our capacity to assess spatial and temporal patterns (see, [17]), knowledge on the degree of decay will further help to inform management strategies and support the targeted removal of such material. Appropriate management of Sargassum is critical for hoteliers, environmental authorities and those responsible for public health, as decomposition on the coast has potentially harmful effects on human health, as it produces toxic gases such as sulphuric acid and ammonia [8,18,19]. On the other hand, if the Sargassum is harvested when fresh, it could be used for a range of purposes with economic and ecological benefits [20,21,22].



Little research has focused on the remote sensing of decaying Sargassum. Recently, a preliminary assessment of the changing spectral response of Sargassum as it decays was undertaken using multi-spectral Sentinel-2 MSI imagery [23]. Until now, no study has assessed detailed, high-spectral-resolution differences in the spectral response of fresh and decayed Sargassum. Doing so will be a fundamental step in order to detect and assess the extent, movement and distribution of decayed Sargassum using satellite-based remote sensing. Widely available remote sensing platforms such as PlanetScope and Sentinel provide a cost-effective tool to repeatedly assess large spatial areas. This, in turn, will help to provide insights into the mechanisms that drive spatial patterns in the distribution and abundance of Sargassum and will reveal patterns that do not emerge at the scale of field-based measurements.



In this study, we aim to characterise the spectral response of Sargassum in different states: fresh, dry, mixed (fresh and dry) and decayed. We also identify regions of the spectra that are most effective at discriminating between fresh and decayed Sargassum. To achieve this, we assessed spectral measurements taken in situ on the beach as well as in mesocosm experiments where Sargassum samples were allowed to decay over time.




2. Materials and Methods


2.1. Study Area


The study area is situated along the Mexican Caribbean coastline near Puerto Morelos, in the state of Quintana Roo (Figure 1). Puerto Morelos (20.8662°N, 86.8686°W) is located 20 km south of the tropical beach resorts of Cancun and has a large, protected area (21 km length and 5 km width) which supports a biodiverse ecosystem and attracts a large number of tourists each year. The beach is NE–SW oriented (20°), composed of carbonate sand of biogenic origin. The region has a microtidal regime with semidiurnal spring and neap tidal ranges of 0.32 and 0.07 m, respectively. The region has a tropical climate with two seasons (summer and winter). In summer, easterly winds are dominant with speeds of 3–9 ms−1. The maximum air temperature is in August with a monthly average of 29 °C [24].



Field data were collected between May and August 2021. A total of 17 locations were chosen at random along the coast of Puerto Morelos (Figure 1). Each location was visited at least twice, and in some cases three times, in order to capture spectral measurements in different states (Table S1). At each sampling location, a transect line was set up perpendicular to the coastline. The sampling area was defined as five metres either side of the transect line.



Since 2011, this coastline, and surrounding areas, have experienced repeated large influxes of Sargassum spp., notably Sargassum fluitans and S. natans, making this a suitable location to assess the spectral characteristics of Sargassum at varying abundances and stages of decomposition. Dense seagrass meadows cover the bottom of the reef lagoon areas [25].




2.2. Spectral Data Collection


Spectral data collected from the beach were obtained using an Analytical Spectral Device (ASD) FieldSpec Pro spectroradiometer (NERC Field Spectroscopy Facility, University of Edinburgh, UK) which acquired high-resolution data from a wide spectral range (350–2500 nm). Spectral data were sampled at intervals of 1.4 nm within the visible-to-near infrared (VNIR) range (350–100 nm), and 2 nm within the shortwave infrared (SWIR) range (1000–2500 nm). The spectral resolution was 3 nm at 700 nm and 10 nm at 1400 nm. The field-of-view was 18 degrees at a distance of approximately 10 cm between the ground surface and the sensor.



Spectral data collected from controlled mesocosm environments were obtained using a GER1500 spectrometer with a spectral range of 350–1050 nm. Data were sampled at 1.5 nm intervals to produce a spectral resolution of 3.2 nm. The field-of-view was 15 degrees and the distance between the surface and the sensor was kept at 10 cm. The use of two different spectrometers was used to avoid unnecessarily moving equipment once the mesocosm experiment was set up. Two different sensors also allowed a comparison of spectra reflectance from two independent sources.



The condition of Sargassum was visually assessed to locate samples within four different states: fresh, dry, mixed (mix of fresh and dry), or decayed (see Supplementary Materials for further information on the different states). A quadrat was randomly placed to define an area to subsample within each class. Within each quadrat, we obtained 25 spectral measurements. Prior testing showed that 25 spectral samples was a sufficient number in order to derive an average spectral signal with no substantial further decrease in the standard deviation of the mean with additional measurements (Figure 2). We randomly selected two spectral measurements and measured the mean value of reflectance for each wavelength and averaged this to calculate an overall mean value. This was repeated 100 times and then the standard deviation of all 100 values was calculated to derive the variation of the mean. This entire process was repeated for increasing samples of spectral measurements, specifically 5, 10, 15, 20, 25, 30, 35, 40, 45, 50. The resulting standard deviation of the means was then plotted to visualise the point at which the variation does not substantially decrease with an increasing sample size (Figure 2).



Optimisation, including dark current readings, was carried out before recording spectral reflectance at each quadrat (approximately every 15 min) to adjust the sensitivity of the instrument’s detectors to illumination conditions at the time of the measurements. A white reference was also obtained, using a calibration plate (Spectralon, Labsphere, Sutton, NH, USA), before recording spectral measurements and after every five measurements to ensure that the quality of white reflectance was maintained for an accurate calculation of reflectance data. All measurements were taken on days with sunny weather conditions, between 11 am and 2 pm (UTC-5), to decrease variation in irradiance which could impact the spectral data collected. However, when frequent optimisation and white reference scans were recorded, we found that changeable weather conditions did not appear to have a large impact on the spectral response (F(1,34) = 1.516, p = 0.227; Figure S1).



Spectral measurements of Sargassum were also obtained outside, in a controlled environment (mesocosms), to determine the differences between the spectral responses of fresh and decayed seaweed. By conducting the experiment in a mesocosm, the impact of external factors such as weather conditions could be reduced in an attempt to highlight changes in spectral characteristics.



Sargassum was collected from the sea and added to 16 mesocosm units (18 L). The experiment consisted of four sets, each containing four individual units. The temperature within each experiment varied, specifically Experiment 1: 22 °C; Experiment 2: 25 °C; Experiment 3: 28 °C; and Experiment 4: 31 °C. Spectral measurements were recorded at the beginning of the experiment and after 10, 15 and 20 days to assess the effect of degradation on the spectral response. We obtained the average spectral measurements across different temperatures and species to capture the variation in spectral responses. Thus, the results show the average spectral responses for each four sets of experiments across four time periods. Three spectral measurements were removed due to equipment errors.




2.3. Identifying Spectra Regions of Greatest Separability


To identify bands that may be most effective at discriminating between classes, we assessed the Jeffries–Matusita (J–M) distance [26]. The J–M distance is a function of separability that directly relates to the probability of how good a resultant classification will be. The J–M distance is asymptotic to 2, whereby values of 2 suggest complete separability between classes. Spectra from fresh samples (n = 4) and decayed samples (n = 4) collected from the mesocosm experiment were used to assess for separability. The separability was assessed for each band (n = 511) and plotted against the wavelength to identify bands of the greatest importance. The degree of separability was also assessed in relation to commonly used remote sensing platforms such as Planet Scope and Sentinel-2 sensors to determine which spectral bands may be most beneficial when using multispectral satellite-derived imagery. The separability metric was calculated using the ‘spatialEco’ package [27] in R [28].



A principal component analysis (PCA) was also conducted to assess the contribution of spectral bands to principal components. A PCA was performed using the prcomp function in R [28]. The standardisation (μ = 0) of variables was performed prior to the PCA. The contribution of the variables was determined using the ‘factoextra’ package [29].





3. Results


3.1. Spectral Response of Sargassum: Field Data


We found spectral differences between Sargassum in varying stages of freshness and decay. Fresh Sargassum exhibited a distinctive spectral response with two peaks in reflectance at 600 nm and 645 nm and a noticeable reflectance trough around 630 nm (i.e., chlorophyll C). As Sargassum dries or decays, the spectral response curve in the visible region changes considerably (Figure 3). In addition, while dried Sargassum showed a high reflectance in the near-infrared and shortwave-infrared regions in comparison to fresh material, the difference between the spectral reflectance of decayed and fresh material was less pronounced in the shortwave-infrared region (Figure 3).




3.2. Spectral Response of Sargassum: Mesocosm Experiment


Spectral data collected from controlled mesocosm experiments revealed similar results to the spectral responses measured in the field. All four experiments showed the same distinctive reflectance curve (~600–645 nm) for the fresh material (Figure 4). A flattening of this curve, as well as an overall reduction in reflectance, was observed for the decayed material. Ten days after the start of the experiment, an overall decrease in reflectance was observed although the spectral shape remained. After 15 days from the start of the experiment, a flattening out of the spectra was observed.




3.3. Regions of the Spectra That Offer the Greatest Separability


A change to the magnitude of reflectance, as well as the spectral shape, in response to decay demonstrates that remote sensing can be used to determine the state of Sargassum decay. All spectral bands (350–1050 nm) were evaluated to determine which regions offer the most potential for the separation of different states of Sargassum decay. The Jeffries–Matusita (J–M) distance revealed that all bands with an approximate wavelength of 540 nm or greater were likely to offer a similar degree of separability and resultant classification potential (Figure 5).



Results from the PCA also confirmed a clear separation between the fresh and decayed classes (Figure S2). This was also evident in the reflectance (Figure 6a) and standardised reflectance (Figure 6b), which showed greater separability between classes for wavelengths greater than ~540 nm. Standardised reflectance can more clearly show areas of greater separability as the magnitude of reflectance is removed such that relative differences in regions of the spectrum are more apparent. Standardised reflectance revealed a slightly greater separability between classes for wavelengths greater than ~690 nm as shown by a decrease in the overlap of standard deviations.





4. Discussion


Here, we show, for the first time, that there is a clear spectral contrast between fresh and decayed Sargassum. As Sargassum decays over time, a decrease in the magnitude of reflectance and a change to the spectral pattern are observed. Separability analyses suggest that most spectral bands greater than ~540 nm will be capable of discriminating between fresh and decayed material.



Two different methodologies were employed in order to assess spectral differences between fresh and decayed material. The spectral data from mesocosm experiments and that were recorded in situ revealed similar spectral differences between fresh and decayed Sargassum. This work therefore extends previous research that has focused on the detection of Sargassum and its discrimination from other vegetation [5,11,12,14].



A noticeable decrease in spectral reflectance for decayed Sargassum in contrast to fresh material was observed in the visible region (400–700 nm) due to a decrease in light absorption by the degraded pigments (Figure 6). For example, reflectance troughs at 630 nm and 670 nm have been linked to strong absorption by Chlorophyll (Chl)-c and Chl-a, respectively [30,31,32] (see also Figure 6). Pigments (Chl-a and Chl-b) absorb the majority of light in the blue-violet as well as the red wavelengths and this is evident from the local minima in the reflectance spectra between 350 nm and 450 nm for fresh Sargassum in comparison to decayed (Figure 3, Figure 4 and Figure 6). It is also known that as Chl pigments degrade, reflectance in the red region increases, producing a yellow senescent appearance. This difference is not observed in the spectral response of decayed material. However, an increase in red reflectance is observed for dry Sargassum in comparison to fresh (Figure 3). Further, a clear increase in reflectance across the near-infrared and shortwave-infrared regions (>1100 nm) is observed for dry Sargassum in comparison to fresh due to a decrease in the vegetation water content (Figure 3). Understanding the differences in the spectral reflectance of fresh and dry material [33] will be a useful step in order to achieve an accurate classification of fresh and decayed material.



Our analysis of the spectral differences between fresh and decayed Sargassum revealed that the majority of spectral bands are capable of discriminating between fresh and decayed material. The Jeffries–Matusita distance was used as a metric for separability whereby the degree of separability relates directly to the quality of a resultant classification. Separability was assessed for spectra collected in the mesocosm experiment and from material in situ on the beach. The results revealed the lower wavelengths (<540 nm) to have the lowest degree of separability and the near-infrared region to have the greatest degree of separability (Figure 5). Both methodologies showed similar reductions in separability at around 470 nm and 670 nm and greater separability around 600 nm and throughout the near-infrared region (Figure 5). In relation to the spectral regions of two different satellite-based sensors (Sentinel-2 and Planetscope), the band with lowest separability was limited to the blue region of the spectra (see Figure 5). A principal component analysis (PCA) was also conducted to support the results from the separability analysis. The contribution of spectral bands from the PCA output (Figure S3) also corroborated the results from the separability analysis, suggesting the blue region of the spectra is likely to be least effective, while all other bands may prove to be equally effective at discriminating between fresh and decayed spectra. This suggests that a machine learning approach may be the most appropriate method to capture variation across all spectral bands and achieve an accurate classification of fresh and decayed Sargassum. Machine learning approaches are also attractive for their ability to effectively manage mixed pixels in order to detect Sargassum at a sub-pixel scale [34,35,36].



The ability to accurately detect fresh and decayed Sargassum using satellite-based remote sensing will significantly improve our capability to predict the occurrence of decayed material and inform its targeted removal. While the spectra have revealed distinct differences between fresh and decayed material, results from the mesocosm experiment have also highlighted the length of time before fresh Sargassum begins to decay and the point at which this change is manifested in its spectral response. The early detection of decayed material will substantially improve efforts to control future beaching events. Clear differences in the spectral response of fresh Sargassum and Sargassum with early signs of decay (10–11 days after the experiment began) were observed. However, separability increased when fresh Sargassum was compared with Sargassum that had fully decayed over a 21-day period (Figure 4).



Our findings have demonstrated for the first time that there are distinct differences in the spectral characteristics of fresh and decayed Sargassum, suggesting that remote sensing technologies should be capable of accurately discriminating between fresh and decayed Sargassum. The use of remote sensing for the detection and management of Sargassum and other macroalgae has proven to be an effective tool [10,36,37,38,39,40,41,42,43,44,45]. However, in order to align ground observations of Sargassum distribution with satellite-derived imagery, large areas on the ground (greater than the size of pixels) are required in order to accurately classify different Sargassum states at the pixel level. The use of widely available multispectral sensors such as Sentinel-2 would therefore require large Sargassum patches in order to obtain a pixel with a good coverage of Sargassum. While the satellite-based detection of Sargassum would therefore underestimate the abundance of Sargassum, it would provide a tool to identify areas of large accumulation of both fresh and decaying masses over time. This would ultimately help to provide efficient and effective management of Sargassum at a landscape-level. Determining the location of large areas of fresh or decayed Sargassum will help to prioritise areas that require cleaning or where Sargassum can be harvested fresh for a range of purposes. Future work should focus on assessing the spatial and temporal units at which decayed Sargassum can be detected, and for which sensors offer the greatest potential for the effective detection and management of Sargassum. Future work should also look to collect a large dataset of satellite-derived spectral data relating to fresh and decayed Sargassum patches on the ground. A large dataset will be required in order to fulfil the training requirements of a machine learning approach. Data collection should also include the effect of the occurrence of other species of vegetation, such as sea grass [39,46,47,48], on the ability to accurately detect decayed Sargassum using remote sensing methods.




5. Conclusions


Characterising the spectral response of fresh and decayed Sargassum is a fundamental step in our ability to remotely detect decayed Sargassum and minimise its undesirable impacts. By utilising two different methodologies, we have demonstrated clear differences in the spectral responses of fresh and decayed Sargassum. We suggest that the near-infrared region may offer the greatest degree of separability for discriminating between fresh and decayed Sargassum. Subsequently, the use of multispectral sensors will likely be necessary to achieve a high classification accuracy. This study increases our understanding of the spectral characteristics of Sargassum and provides a first step in our ability to differentiate and detect fresh from decayed Sargassum. Being able to detect decayed Sargassum will provide a valuable tool for targeted beach cleaning action and effective management focused on Sargassum assessment and control.
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Figure 1. (A) Sargassum data collection sites near Puerto Morelos, (B) photograph showing an example of a sampling location and (C) the location of the study area. 
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Figure 2. Standard deviation of mean spectral reflectance against an increasing sample size for Sargassum in three different states: dry, fresh and mixed (dry and fresh). 
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Figure 3. Spectral reflectance of Sargassum for the four states observed. The lines represent mean reflectance values for fresh (n = 531), mixed (n = 430), dry (n = 680) and decayed (n = 228) (shading ± 1 SD). Black arrow indicates the region where a noticeable difference in the spectral response is observed between fresh vs. dry or decayed Sargassum. 
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Figure 4. Spectral reflectance of Sargassum sp. obtained from mesocosm experiments over time across wavelength range 350–1050 nm. Experiments were controlled at varied temperatures. Experiment 1: 22 °C, Experiment 2: 25 °C, Experiment 3: 28 °C and Experiment 4: 31 °C. Lines are mean reflectance values (shading ± 1 SD) for Sargassum (n = 30) ranging from fresh (purple) to dry (yellow). 
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Figure 5. The Jeffries–Matusita (J–M) distance, as a function of separability, between the spectral reflectance of fresh (n = 50) and decayed (n = 50) Sargassum. The lines represent the J–M distance for Sargassum collected by the analytical spectral device (ASD) in situ on the beach (beach: shown in purple) as well as in mesocosm experiments (mesocosm: shown in green) across a wavelength range of 350–1050 nm. The coloured vertical bars represent the wavelength regions for Planet Scope and the grey vertical bars represent the wavelength regions for Sentinel-2. Black vertical lines correspond to regions of reduced (470 nm and 670 nm) and increased (600 nm) separability and the black horizonal line corresponds to a J–M distance of 1.8. 
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Figure 6. Spectral reflectance (A) and standardised reflectance (B) for fresh and decayed Sargassum. Lines are mean reflectance values for fresh (red) and decayed (blue) Sargassum (shading ± 1 SD). Coloured vertical bars represent the spectral regions for Planet Scope and grey vertical bars represent the spectral regions for Sentinel-2. 
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