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We present an on-line early warning system that is operational in Scottish coastal waters to minimize the risk to humans and aquaculture businesses in terms of the human health and economic impacts of harmful algal blooms (HABs) and their associated biotoxins. The system includes both map and time-series based visualization tools. A “traffic light” index approach is used to highlight locations at elevated HAB/biotoxin risk. High resolution mathematical modelling of cell advection, in combination with satellite remote sensing, provides early warning of HABs that advect from offshore waters to the coast. Expert interpretation of HAB, biotoxin and environmental data in light of recent and historical trends is used to provide, on a weekly basis, a forecast of the risk from HABs and their biotoxins to allow mitigation measures to be put in place by aquaculture businesses, should a HAB event be imminent.
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INTRODUCTION

Harmful algal blooms (HABs) are primarily natural phenomena that are characterized by increases in the density of certain phytoplankton species that are harmful to human use of the marine environment (Smayda, 1990). In many locations, these blooms are of particular concern to the finfish and shellfish aquaculture industries. The phytoplankton genera that are detrimental to these two related sectors are, in general, distinct.

Some HAB species cause “shellfish poisoning” that results from the human consumption of shellfish that have ingested toxic cells and then bio-accumulated the toxin within their flesh (Davidson and Bresnan, 2009; Berdalet et al., 2016). This significant danger has led to an extensive monitoring effort to minimize human health risk. For example, in the EU it is a regulatory requirement to monitor both the abundance of the causative phytoplankton and the concentration of biotoxins within shellfish flesh on a regular basis (Davidson et al., 2011). Harvesting restrictions are applied until toxins return below safe threshold levels and the shellfish are again fit for consumption.

Farmed fish are impacted, in general, by different HAB species through physical interference, de-oxygenation or ichthyotoxicity. While the vectoring of toxin to humans through fish consumption can occur (Berdalet et al., 2016), this is of most concern to wild fisheries in tropical latitudes (e.g., ciguatera fish poisoning). Hence, the impact of HABs on the large fish aquaculture operations of high latitude fjordic countries (Norway, Scotland, Chile, and Canada) is primarily economic, as a result of fish kills.

Early warning of the timing, location and magnitude of HABs and their associated biotoxins is of great value to coastal zone managers and the aquaculture industry, informing business planning and ensuring the protection of both human and fish health (Anderson et al., 2001, 2016; Davidson et al., 2016). Martino et al. (2020) demonstrated that blooms of the toxin producing dinoflagellate Dinophysis result in the loss of 15% of turnover of the Scottish shellfish industry, a value of ∼£ (GBP) 1.4 million. The Scottish finfish aquaculture sector is considerably larger in value, £ (GBP) 468 million direct gross value added (Scottish Government, 2020), but the financial impact of HABs are less easily determined due to the commercial sensitivity of fish kill data. However, studies in similar fjordic regions elsewhere have demonstrated the significant impact of HABs on the fish farming sector. For example, a HAB event killed eight million salmon in northern Norway in 2019 with a direct value of over 850 million NOK (Davidson et al., 2020), and a massive fish kill in Chile in 2016 following a bloom of the dictyochophyte Pseudochattonella caused the mortality of 39 million salmon with $ (USD) 800 million of economic impact (Anderson and Rensel, 2016).

Regulatory monitoring for shellfish biotoxin producing HAB species and their associated toxins is undertaken in most shellfish producing countries, typically on a weekly basis. In Scotland, this is overseen by the competent authority, Food Standards Scotland (FSS), and operated by CEFAS (biotoxins) and SAMS (phytoplankton), respectively.

The financial cost of HAB and biotoxin monitoring at all shellfish farms is prohibitive. Regulators therefore typically monitor only a representative sub-set of farms. In Scotland, this is carried out according to a “Pod” system. A Pod usually includes a number of relatively closely located shellfish-producing sites, for example, all the farms within a single fjordic sea loch. Within each Pod, a Representative Monitoring Point (RMP) is chosen that is considered representative of the Pod as a whole. A biotoxin result over the regulatory limit at this point will result in the closure of all the farms within the Pod.

While this approach is generally capable of safeguarding human health, it is not infallible. For example, in 2013, a large bloom of Dinophysis impacted the Scottish Shetland Islands where much of the country’s shellfish aquaculture is concentrated. It resulted in a very rapid increase in shellfish toxicity to high levels in less than the 1-week monitoring window (Figure 1). This led to toxin-contaminated mussels being harvested and consumed. Seventy people reported shellfish toxicity symptoms to food safety authorities, although the number affected is likely to be substantially higher. Subsequent analysis of this bloom (Whyte et al., 2014) indicated that it developed offshore and was rapidly advected by strong wind-driven westerly currents to the coastline where it impacted the aquaculture businesses.
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FIGURE 1. An example of the rapid rise of Dinophysis and associated toxins that occurred during the summer of 2013. The plot shown represents the evolution of the bloom in the site, East of Linga, however, this rapid increase was mirrored in sites along the West coast of the Shetland Islands.


Given, the significance of this event in terms of human health and public perception of shellfish safety, it led to increased effort to develop an early warning system for HABs in Scottish waters. Achieving this goal is, however, far from straightforward as different HAB genera exhibit different life cycles and changing density and toxicity (Berdalet et al., 2016; Wells et al., 2020). Variability in local or regional oceanography or hydrography is also thought to be critical to bloom location and timing (Gowen et al., 1998; Smayda, 2002; Paterson et al., 2017).

In Scottish waters there are eight different species/genera of HABs that are of concern in relation to their capacity to cause shellfish poisoning (Davidson et al., 2011), the most prevalent being Dinophysis, Pseudo-nitzschia, and Alexandrium; responsible for diarrhetic, amnesic and paralytic shellfish poisoning, respectively. The dinoflagellate Karenia mikimotoi (Davidson et al., 2009) and dense (spiny) diatom blooms (Bruno et al., 1989; Treasurer et al., 2003) are of greatest concern in relation to the health of farmed fish.



MATERIALS AND METHODS

The EU FP7 “Applied Simulations and Integrated Modelling for the Understanding of Harmful Algal Blooms” (ASIMUTH) project developed a prototype HAB alert system for various locations on the western seaboard of Europe. This was achieved by combining regulatory phytoplankton monitoring and biotoxin data with satellite remote sensing and other information on current, recent, or modelled future marine conditions. In Scotland, HAB risk bulletins were prepared weekly, based on expert interpretation of the various data streams, for use by the aquaculture industry. Through a number of subsequent grants plus Scottish Government and aquaculture industry funding, we have further developed these early warning tools to provide a more advanced HAB and biotoxin alert system for Scottish waters as described here.

We produce four linked products all freely available to the aquaculture industry, other stakeholders and the general public through the https://www.HABreports.org/website. These are:

(1) An interactive, web-map based, spatial and temporal display of current and historical trends in HABs and biotoxins.

The website is written in HTML5, PHP and JavaScript: it utilizes the OpenLayers JavaScript Library to provide the main mapping functionality, along with the Proj4 JS Library to provide on-the-fly projection functionality between GPS Longitude\Latitude and the British National Grid projection. In addition, it uses a number of other JavaScript libraries to provide layout and charting capabilities. The backend data source for the map data is a PostgreSQL\PostGIS database, hosted on the SAMS Scientific Database server.

The monitoring data used to create the interactive web map are updated weekly from two sources: an excel format report detailing FSS regulatory monitoring biotoxin results generated by CEFAS, and the most recent regulatory HAB counts generated by SAMS. The data are consolidated by loading both into a single Microsoft Access database, where the data are checked for errors. Static map images (png) can then be bulk-exported for each species and toxin, for use in the weekly PDF bulletin (see section “Materials and Methods” below).

Forecast data for areas of interest, in the form of modelled particle tracking (see section “Discussion” below) is retrieved from the SAMS modelling cluster and incorporated into the Access database. These data are then uploaded to the backend database of the HABreports website, along with the PDF report, and are made available for download.

(2) A detailed risk assessment and HAB/biotoxin forecast bulletin for the Shetland Islands, which has the country’s greatest density of shellfish aquaculture.

The content of the bulletin, and the approach to data interpretation and display within it, was determined through discussion with industry (primarily the trade association Seafood Shetland) at a range of stakeholder meetings over several years. The bulletin takes the form of a PDF document that is available for download from the HABreports website and is also emailed directly to registered stakeholders.

The bulletin summarizes the current information relating to HAB and biotoxin concentrations in the Shetland Islands and includes a suite of data products that industry have indicated are of use to them when making harvesting and husbandry decisions.

Harmful algal bloom events can be advective in nature with blooms developing offshore and then being driven to the coast by means of winds and currents. While we can use a combination of remote sensing and modelling to forecast high biomass, fish killing K. mikimotoi, the low biomass shellfish toxin producers such as Dinophysis are not suitable for this approach as they cannot be detected by satellite. The bulletin therefore includes information on their densities at coastal monitoring sites and meteorological and oceanographic conditions, to provide an indication of when conditions may be suitable to promote onshore advection of these genera and hence when risk is elevated. Wind information is updated, using a combination of the wind direction and speed from the Shetland meteorological stations at Sumburgh and Scatsa. These data are presented as wind roses for the current time and for the preceding 3 weeks. A summary of the previous month is also provided. We also subset forecast currents from the Mercator-IBI36 model (Sotillo et al., 2015).

Industry is also interested in water temperature, as temperature-based stratification can often promote harmful blooms and relates to, for example, increases in the abundance of the parasites that cause amoebic gill disease. Hence, daily sea surface temperatures maps produced with the Multi-Satellite aggregated MUR-SST 1 km gridded dataset (Armstrong et al., 2012) provided by NASA Jet Propulsion Laboratory in Pasadena CA are also presented for the previous 5 days.

Charts of six-hourly wind, rain and temperature predictions for the next 3 days over the Shetland and Orkney region are based on localized implementation of a high-resolution 3-level nested Weather Research Forecasting WRF v4 model (Skamarock et al., 2008) run operationally at SAMS.

Satellite chlorophyll images that provide an indication of total phytoplankton biomass are generated using the OCEANCOLOUR_ATL_CHL_L4_NRT_OBSERVATIONS_009 _0937 product obtained from the CMEMS1 portal and based on satellite observations daily interpolated onto a 1 km grid by merging data from sensors on board SeaWiFS, MODIS-Aqua, MERIS, VIIRSN, and OLCI-S3A satellites.

These data also assist in the provision, within the bulletin, of an “expert interpretation” based forecast that applies our ecological understanding of HAB dynamics in Scottish waters. Expert interpretation is by its very nature at least a partially qualitative process, but one that relies on scientific understanding of the ecological and hydrodynamic processes underpinning blooms of the different harmful genera impacting a region.

(3) A web-based application of the FSS Toxin Traffic Light Guidance (TTLG) that quantifies risk at individual shellfish harvesting sites.

In 2014 FSS (then as part of the United Kingdom wide Food Standards Agency) developed a decision matrix to help food business operators (FBOs) in Scotland assess the safety of the shellfish they produce for human consumption (FSA, 2014). The matrix is populated with FSS Official Control monitoring program data from the Access database outlined in Section “Introduction” above. A flow diagram outlining the steps required to calculate the index (for Dinophysis) is presented in Supplementary Figure 1. The calculated output of the matrix known as the “Toxin Traffic Light Guidance” (TTLG) indicates the harvesting action and testing considerations that should follow. Based on the outcome of the TTLG decision matrix a green, amber or red risk is generated. Associated actions are:

• Green: no increase in end-product testing, the FBO should maintain routine verification checks.

• Amber: increased frequency of end-product testing or positive release.

• Red: cease harvesting unless there is evidence available that the product is safe.

(4) A mathematical model/satellite/coastal monitoring-based early warning system for advective HABs.

Our approach to achieve early warning of blooms that develop offshore is the satellite remote sensing-based detection of the bloom, followed by the application of a mathematical model to predict its subsequent temporal and spatial evolution. Within the HABreports website, we therefore currently provide an early warning system for fish killing K. mikimotoi, as this species can reach sufficiently high cell densities that it can be detected by satellite.

Remote sensing is undertaken using the HAB classification methodology of Kurekin et al. (2014), in which a linear discriminant analysis classifier is trained to identify ocean colour characteristics of known K. mikimotoi bloom events. The classifier is designed to identify HAB species in satellite images that dominate the phytoplankton ensemble and have a high cell concentration. It uses a machine learning approach to identify classification features from example satellite images of algal blooms, selected manually by browsing for matchups with historical records of HAB events. Visual masking of the location of “harmful bloom,” “non-harmful bloom,” and “no bloom” pixels forms the training dataset that is applied to calculate the parameters of the LDA classifier.

The classification is based on spectral features of the target phytoplankton species. In this study, the set of features comprised combinations of remote sensing reflectance (Rrs) from specific spectral bands of the MODIS sensor and spectral ratios of Rrs. A reduced subset of the most relevant features was automatically identified by an iterative Stepwise Discriminant Analysis (SDA) algorithm implemented in the statistical package “klaR” (Weihs et al., 2005). The selected features were used to classify satellite image pixels into “no bloom,” “non-harmful,” and “harmful” categories. An “unknown” class was added to represent water classes that are significantly different in spectral characteristics from any of known classes (Kurekin et al., 2014).

This classification methodology demonstrated its efficiency in solving complex HAB discrimination tasks with many unknown factors and errors in satellite measurements. The statistical approach based on the LDA classifier reduced the effect of errors in ocean colour measurements. Training of the classifier using examples of HAB events allowed us to incorporate different HAB properties and adapt to variability in pigment content and community size structure. Introduction of the “unknown” class contributed to better discrimination of water classes with high sediment or dissolved organic matter concentration, resulting in fewer false alarms.

We then classify each MODIS ocean colour scene in near-real time and compile a median composite HAB risk map for the last 7 days, in order to gain cloud-free coverage of most areas. We identify ‘particles’ that represent areas with an elevated HAB risk from the satellite classifier using a three-stage algorithm. Firstly, the “HAB risk” and “unknown class” likelihood maps are smoothed by applying a median filter of size 10 × 10 pixels (11 × 11 km). Secondly, map regions with “HAB risk” >0.6 and “unknown” likelihood <0.5 are selected as regions of elevated HAB risk. Finally, the image pixels in the selected regions are replaced with particles located on a regular grid of 22 km spacing. Each particle records the coordinates, HAB risk (“harmful” likelihood) value, date and time.

Shellfish biotoxin producing genera do not reach a sufficiently high cell density in Scottish waters to be visible from satellite remote sensing and hence their offshore detection is not possible. However, weekly cell counts obtained from the FSS regulatory monitoring program can be used to identify developing blooms in coastal locations. Modelling of the development of these blooms gives information on their potential to impact other aquaculture sites through transport on the coastal current.

Harmful algal bloom alerts from either remote sensing or coastal monitoring are then used to initiate the mathematical model-based HAB alert systems that predict the offshore-onshore advection or along-coast movement of these blooms within the aquaculture regions of Scotland.

On the west coast of the mainland (and adjacent islands) we use the WeStCOMS v2 model (Aleynik et al., 2016). This unstructured grid, free-surface, hydrostatic model is based on the open source Finite Volume Community Ocean Model (FVCOM) (Chen et al., 2011). As the WeStCOMS domain does not reach the Shetland Islands, an alternative approach was taken for this region using the 1/36° Iberian-Biscay-Irish Mercator-Ocean daily forecasting model IBI36QV5R1 with a regular horizontal grid spacing of approximately 2 km (Sotillo et al., 2015). This model will be referred to as Mercator-IBI36.

WeStCOMS-FVCOM provides the flexibility in mesh size distribution required to resolve the complex fjordic coastline and islands of the region, allowing enhanced predictions of bloom progression. The model’s open lateral boundaries are forced with output from a relatively high resolution (2 km) North-East Atlantic ROMS operational model, provided by the Marine Institute, Ireland (Dabrowski et al., 2016). Tides at the boundaries are derived from the Oregon State University inverse barotropic tidal solution (Egbert and Erofeeva, 2002). Fresh-water discharge and sea-surface forcing are supplied from a coupled regional Weather Research Forecasting (WRF v4) (Skamarock et al., 2008) system which we run simultaneously using a High Performance Computing system at SAMS.

To have confidence in our model predictions we validated the predictions and reliability of each model. Statistical evaluation of WeStCOMS performance is presented in Aleynik et al. (2016). A further validation of diffusion characteristics was performed in October 2019 in Loch Linnhe on the Scottish west coast using Rhodamine-WT dye, which was released into surface waters near the eastern shore (Dale et al., 2020). A CTD equipped with a rhodamine fluorometer was used to trace the dye during sequential transects.

To validate the performance of the Mercator-IBI36 model in Scottish waters, we undertook the deployment of 16 drifters east of the southern tip of Shetland, between 3°W and 4°W on 28th September 2015. The drifters consisted of eight Coastal Ocean Dynamics Experiment (CODE) style surface drifters and eight Surface Velocity Program (SVP) style drifters, drogued to follow the water at 15 m. Drifters were released in pairs of ‘surface’ and ‘drogued.’ Both styles of drifter followed the water with a downwind slip of approximately 0.1% of the wind speed (Niiler et al., 1995; Poulain and Gerin, 2019). In the model, we seeded the same number of neutrally buoyant virtual drifters at the same times, depths and locations as the actual drifters.

In the “Results” Section below, we demonstrate the use of the HABreports products through a series of examples.



RESULTS


Map and Time Series Display

The right-hand panel of the front page of the HABreports website consists of an interactive map of Scotland. Two exemplar versions of the front page are presented in Figure 2.
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FIGURE 2. Views (a) of front page of the of HABreports.org website for (a) the week of 1st of July 2019 at which time the selected site (Loch Eishort) had a red TTLG alert due to elevated concentration of Dinophysis and its associated toxins and (b) an enlarged view of the map component of the HABreports web site in which the abundance concentration of Karenia mikimotoi exceed 2.5 M cells⋅L–1 for the week of 26th of August 2019 at the Arisaig site (star).


For easy interpretation, each monitored site is identified by one of three symbols. A green circle indicates that all HAB genus/species and associated biotoxins are below regulatory threshold. An amber diamond indicates that at least one HAB species or shellfish biotoxin is elevated, but still below regulatory threshold. A red star indicates that a parameter (HAB or biotoxin) exceeds regulatory threshold at the site (Figure 2a).

A drop-down menu allows the user to interrogate this information more closely by selecting any monitored species or toxin using a further system of colour- and size-coded circular symbols (Figure 2b). Blue indicates that the site was not monitored for the particular parameter in the week of interest. Green represents a zero count, yellow represents non-zero but low concentration, amber represents elevated concentrations that remain below regulatory threshold, and red indicates that the site is above regulatory threshold. The size of these red symbols increases with concentration, to allow easy identification of areas with the greatest risk. By hovering the cursor over a particular site in the map view, the user is able to confirm the site name and its unique FSS Site Identification Number (SIN). Information is also presented on the indicator shellfish species, the date of sample collection and the concentration of the parameter of choice (i.e., HAB genus/species or biotoxin).

There is also an option to interrogate the data for specific areas of the country in more detail. For any selected site, the HABreports website displays an 8-week summary of the status of each toxin and HAB organism (Figures 2a,b left-hand panel). By clicking on a specific parameter it is then possible to see the time series in both graphical and numerical form back to 2005 when monitoring began in its current form (not shown). This facility allows users to evaluate the inter-annual trends at particular locations.



Risk Assessment Forecast

On the basis of current funding, the detailed weekly risk assessment and forecast “bulletin” for the shellfish and finfish aquaculture industries is produced for the Shetland Islands, which account for ∼75% of Scotland’s shellfish production, but is easily extendable to other regions.

The bulletin currently runs to 12 pages summarizing HAB, biotoxin and environmental information and hence is not fully reproduced here. Rather, the pages that summarize HAB and shellfish biotoxin concentrations from the week of 1st July 2019 are presented as an example. These data are displayed in both map (Figure 3A) and schematic (Figure 3B) form. This graphical display allows industry to easily interpret results at their farm(s) in light of data from adjacent sites. Maps are also produced for the previous 3 weeks to allow easy visualization and interpretation of temporal trends. Maps of each HAB organism and associated toxin are displayed on an individual page, one above the other, to allow comparison between cells and associated toxicity and their temporal and spatial evolution.


[image: image]

FIGURE 3. Exemplar pages from the detailed Shetland Islands bulletin for the week of 1st of July 2019 representing (A) a map based view of paralytic shellfish toxins and their causative phytoplankton (Alexandrium sp.) and (B) a schematic “donut” presentation of the Shetland Islands representing the locations and concentrations of the different species and toxins present.


Each weekly bulletin contains a summary page that reports the current state of the major HAB organisms and shellfish toxins. Based on expert interpretation of these data and the associated environmental information detailed above we provide a forecast for the following week of the HAB/biotoxin risk for the region. Figure 4 illustrates the combination of different relevant data streams that an “expert” might use in conjunction with their ecological understanding of a harmful species to produce a bloom/biotoxin forecast for the following week. Our success rate for predicting incidences of the three major shellfish toxin syndromes [Diarrhetic Shellfish Poisoning (DSP) from Dinophysis, Paralytic Shellfish Poisoning (PSP) from Alexandrium and Amnesic Shellfish Poisoning (ASP) from Pseudo-nitzschia] is presented in Table 1.
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FIGURE 4. Data streams that contribute to the expert interpretation based HAB/biotoxin forecast.



TABLE 1. Expert interpretation success for the HABreports system 2017–2019.

[image: Table 1]


Case Study: Combining Data Sources and Expert Interpretation to Forecast Risk

Supplementary Figure 4 illustrates a range of the predictive tools included within HABreports that may be used when determining the likelihood of an algal bloom. Below follows an example of how these sources of data may be used to support the development of a risk forecast. Supplementary Figures 4B,C show the forecasted sea surface currents for two consecutive days during week 26 (22–28 June 2020). A strong shelf-edge current can be seen in the top left of the diagram. Within the region of interest for forecasting, shown in close up in Supplementary Figure 4C, relatively strong surface currents can be seen flowing around the top of the Shetland Islands and down the eastern coast. Experience tells us that these currents often bring phytoplankton cells into the eastern voes. Additionally, from chlorophyll concentration measured in the waters around the Shetland Islands on the 23rd of June (Supplementary Figure 4A), we can see what appears to be a tongue of chlorophyll stretching along the edge of the Faroes-Shetland trough and extending around the northern coast of the Shetland Islands. This corresponds to an area of warmer, stratified surface water that can be seen in Supplementary Figure 4E. Finally, Supplementary Figure 4D shows the mean wind direction observed at the meteorological stations at Sumburgh and Scatsa airports on Shetland for the previous week. We can see that the prevailing winds came from the South East. Indeed, the prevailing wind for the previous 2 weeks was also from the East. Combining information from these various sources led us to predict that there would be a moderate to high probability of an accumulation of Pseudo-nitzschia cells in the north-easterly facing voes on Shetland during Week 26. As we can see in Supplementary Figure 4F, such an event did indeed occur with Pseudo-nitzschia reaching high concentrations in Dales Voe (red dot).



Toxin Traffic Lights

The TTLG decision matrix is presented in Figure 5. The left-hand side of the front page of the HABreports site (Figure 2) displays the calculated value of the TTLG for any selected location as red/amber/green.
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FIGURE 5. The TLTG decision matrix: separate specific matrices are used for each toxin/phytoplankton group based on their relevant trigger levels. Each matrix is split into two sections. The top three rows describe the information that should be available to the shellfish farmers regarding phytoplankton and toxin analysis at their site and in adjacent sites. The bottom two rows describe the recommended actions taken following a toxic outbreak.


Should there be a red or amber warning, the HABreports site also displays which parameters are elevated in concentration and hence have led to this result. In the example presented in Figure 2a the data generate a red TTLG warning on the basis of elevated Dinophysis and its toxins. Figure 2b demonstrates high abundance of K. mikimotoi, but this organism is not a shellfish toxin producer and hence does not influence the TTLG. Pseudo-nitzschia abundance is somewhat elevated, but only modestly, and as ASP toxins are low, the TTLG index is green in this case.

The TTLG and the map/time series displays give information on the current and historical status of HAB and biotoxin concentrations within a Pod. From this, a user can identify the course of action to take based on the current HAB/biotoxin status of their site, and assess current trends (for example, identify a developing harmful bloom) or evaluate historical precedent for harmful events at a particular location or time of year. However, while valuable, these tools are effectively a “now-cast.” To provide a forward-looking forecast it is necessary to utilize both mathematical modelling and expert interpretation, as discussed below.



Satellite/Mathematical Model Early Warning

The WeStCOMS model domain extends from the Isle of Man in the south to Cape Wrath in the north and about 30 miles west of the Hebrides (Figure 6). As noted above, validation of this model is reported by Aleynik et al. (2016). In the additional dye release experiments reported here, winds increased substantially from 2–3 ms–1 to 10 ms–1, with direction favorable for driving fresh surface waters across the loch toward the experimental region. This led to freshening of surface waters and downward displacement of dye-laden water, the timing of which were well represented in the model (Figure 7).
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FIGURE 6. The West Scotland Coastal Ocean Modelling System (WeStCOMS-FVCOM) model domain.
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FIGURE 7. Subsurface maximum concentration of Rhodamine-WT Dye under the tide and prevailing wind (vectors) predicted by WeStCOMS v2 model on 21st October 2019 at 10, 12, 18, and 23 GMT. The site where dye was released at 09:21 is marked with a star.


For the Mercator-IBI36 model, validation also demonstrated good agreement between the reported drifter GPS location every hour from deployment as they tracked toward and beyond Shetland (Supplementary Figure 2). The tracks from real drifter fixes were sub-sampled to the nearest mid-day (12:00) and a ‘virtual drifter’ was advected for the next 24 h starting from the observed drifter location, then the iterations were repeated over several days as shown in Supplementary Figure 3. Thus, the model has a finite-difference scheme in space and an explicit 4th order Runge-Kutta scheme in time with the assumption that the modelled velocity field was stationary during discreet (hour-long) tracking time intervals. The distances between observed and ‘virtual’ drifter positions are summarized in Table 2. Good agreement between model and experiment was achieved with the modelling performance of the deeper drifters exceeding the shallow ones in terms of the virtual-observed separation distances after 2–3 weeks with averaged values (deep) Δr15 = 8.4 ± 6.0 and (shallow) Δr0 = 11.3 ± 8.7 km. After removal of the outliers (>2σ exceeding the averaged), model prediction deviations from the observed tracks further reduced (5.7 ± 2.9 and 7.3 ± 3.8 km, respectively, for lowered and sub-surface drifters). These estimates provide the expected error range in the predictions of virtual particle advection using the daily-averaged, sub-surface velocity field of the Mercator-IBI36 model. In complicated coastal environments, unstructured grid solutions often demonstrate better skill and a narrower range of separation distances (2.7–8 km) was achieved for WeStCOMS-based simulations of SVP drifters released during the summer 2013 FASTNET experiment (Aleynik et al., 2016), which remained within the cloud of virtual drifters over several days in relatively calm weather and tide conditions.


TABLE 2. Statistical estimates of the Mercator-IBI36 daily-averaged model skill based on the 24-h track separation distances of 16 observed and model drifters and their averaged <Δr> values shown separately for deep (15 m) and the near-surface (0.5 m) layers for all samples (left) and excluding values exceeding 2 standard deviations (right).

[image: Table 2]
Should a developing harmful bloom be flagged by either remote sensing analysis or from in situ samples from coastal monitoring, the timing, location and magnitude of this event is identified. An example satellite derived HAB risk map is shown in Figure 8. The map uses colour coding to represent the risk for three classes: “harmful” bloom in red; “non-harmful” bloom in green and “no bloom” in blue. The saturation of red and other colours in the map indicates the degree of HAB risk. The “unknown” class in Figure 8 is shown in gray, representing data with spectral signatures that cannot be discriminated by the classifier, for example water types with high concentration of suspended particulate matter (SPM) and coloured dissolved organic matter (CDOM), coccolithophore blooms, etc. Land and missing data over water due to cloud cover or sun glint are shown in black. This automatically initiates a model run, with virtual particles being placed at the center of bloom location. The trajectory of these particles is then displayed as an animation on the HABreports website. In 2019 three K. mikimotoi events were detected, allowing us to provide 5-day early warning simulations of their predicted trajectories. Simulation of cell advection over 5 days with the Mercator-IBI36 model (left) and with enhanced details in WeStCOMS-FVCOM model (right) are shown in Figure 9.
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FIGURE 8. An exemplar remote sensing based HAB risk map: elevated HABs-risk for Karenia mikimotoi was detected in Modis-satellite sea-surface colour analysis charts over 2 weeks (35 and 36) in August–September 2019 along the western coast of Hebrides and the ‘false alarm’ in the Sea of Clyde.
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FIGURE 9. Advection of virtual particles driven by surface currents in the Mercator-IBI36 (A–C) and WeStCOMS-FVCOM (D–F) hydrodynamic models. The colours show the forecast over next 5 days since after noon of 2019/08/27. Modelled particles were launched from the locations with the highest abundances of Karenia-mikimotoi near the Isle of Barra (A,D), on Arisaig (B,E) and in Loch Kinnaird (C,F). The areas on the right hand WeStCOMS simulations are highlighted in the left-hand Mercator-IBI36 plots by a dashed rectangle.




DISCUSSION

Harmful algal bloom prediction has many similarities to weather forecasting. In the same way as we expect northern hemisphere summers to be warmer than winters, we expect most HAB events in these regions in summer months as a result of the increased temperature, irradiance and resultant stratification of the water column: conditions that promote (harmful) dinoflagellate growth (Smayda and Reynolds, 2003). However, for useful forecasts we require more spatially and temporally resolved predictions of short-term harmful events and a methodology to rapidly inform interested stakeholders.

While the HAB and biotoxin monitoring that is required in the EU and by other food safety authorities is generally sufficient to safeguard human health, as demonstrated by the 2013 Scottish shellfish poisoning event, it is not capable of providing 100% consumer protection. As the costs and logistical constraints of monitoring all aquaculture sites are significant, in Scotland sentinel sites (RMPs) that represent a number of farming locations (Pods) are sampled. A risk assessment by FSS indicated that the current weekly monitoring program reduces risk of HAB generated human illness from shellfish poisoning to less than 1% (Holtrop et al., 2016). As FBOs, the responsibility to ensure that harvested shellfish is safe for human consumption falls on the shellfish growers and hence methods to further reduce this risk are required.

As illustrated by the 2013 human toxicity incident, it is possible for shellfish to become toxic very rapidly and hence the industry often undertakes end-product testing of shellfish toxicity as a positive release system. However, such testing is both time consuming and expensive and hence HAB forecasts allow this to be undertaken in a targeted rather than blanket manner.

Regulatory HAB monitoring does not safeguard shellfish aquaculture businesses from the economic impacts of HAB events such as extended farm closures or product recalls. Furthermore, as fish killing HAB events in Scotland and Europe are not thought to have human health implications, regulatory monitoring does not extend to finfish aquaculture. HAB and biotoxin forecasting systems are therefore required to minimize health and business risk, allowing operators to take mitigation measures such as extra end-product testing, moving harvesting to a different location until toxins have depurated from shellfish, or deploying barrier methods such as bubble curtains or tarpaulins at fish farms (Brown et al., 2019; Gallardo-Rodríguez et al., 2019).

Regulatory monitoring results are released by the regulator in a spreadsheet format that can be difficult to interpret spatially and includes no temporal information. Hence, in discussion with the aquaculture industry, we developed our map-based approach so that information can easily be interpreted in time and space. The TTLG system was evaluated by McLeod and McLeod (2016), who found that it provided an improved level of protection for consumers of shellfish in Scotland. However, the work also highlighted that only around 50% of Scotland’s FBOs undertook their own calculation of the TTLG. Given that negative public perception of shellfish related human health events will impact the industry indiscriminately, this low take-up was of concern. McLeod and McLeod (2016) demonstrated that smaller FBOs were less likely to follow the TTLG. This may be through lack of confidence in their ability to undertake the calculations on a weekly basis, and/or lack of staff resource. Hence, the calculation and dissemination of the TTLG index for all actively monitored shellfish harvesting sites in Scottish waters via HABreports mitigates risk for all operators.

For some HAB organisms, we have sufficient data to be able to forecast regional or even local patterns and trends at a seasonal level. For example, a link between the initiation of Dinophysis blooms and the upwelling season in north west Spain has been established (Diaz et al., 2016), as has a seasonal separation of Pseudo-nitzschia delicatissima and seriata taxonomic groups. The former is thought to be non-toxic in Scottish waters and is primarily observed in spring and the latter is potentially toxic and primarily observed in summer and autumn (Fehling et al., 2006; Rowland-Pilgrim et al., 2019). However, this understanding is rarely sufficient to allow forecast of risk in a specific location. As many HAB events are spatially and temporally variable, often differing in magnitude and location from year to year, “useful” HAB risk assessment requires a greater resolution than seasonal. An understanding of the underlying ecology and drivers of bloom events, along with the observational platforms and predictive approaches to identify and forecast developing blooms, is therefore necessary for useful expert interpretation.

Scotland has not experienced the major raphidophyte blooms that impact other salmon farming regions. The last reported incident was a bloom of “flagellate X” in 1982 (Smayda, 2006). The dinoflagellate Karenia mikimotoi is the organism of greatest concern, with periodic blooms being observed in Scotland and adjacent regions (Silke et al., 2005; Davidson et al., 2009). Spiney diatoms may also cause fish kills (Bruno et al., 1989; Treasurer et al., 2003) in the region, but these are typically identified by “in house” fish farm cell counts and are not routinely reported in the scientific literature or regulatory monitoring and are therefore less easy to include in our forecasts.

In contrast to shellfish biotoxin producing species there are no accepted threshold densities of concern for fish killing HABs. Karenia mikimotoi is thought to result in fish kills at cell densities in excess of 10 million cells L–1 (Davidson et al., 2009), but clearly industry wishes an early warning before this density is reached. Hence, when our satellite classifier “HAB risk” exceeds > 0.6 with “unknown” likelihood of less than 0.5 a bloom is identified as being of elevated HAB risk, triggering a model run. When K. mikimotoi densities in coastal monitoring samples exceed background levels this is reported in the bulletin, with cell densities exceeding 100,000 L–1 generating a model run.

Harmful algal blooms may develop in situ or be advected from another location. In Scottish waters blooms of at least three of the four most important genera, Dinophysis, Pseudo-nitzschia, and Karenia are thought to develop offshore and be advected to the coast (Fehling et al., 2012; Whyte et al., 2014; Gillibrand et al., 2016; Paterson et al., 2017). While the fourth important genus, Alexandrium, develops from local cyst beds, Alexandrium blooms have been shown to be advected long distances when conditions are favorable (Anderson et al., 2014). Historically, the use of mathematical models in HAB forecasting was limited by physical and biological constraints (Davidson et al., 2016). Shelf wide physical oceanographic models lacked the necessary spatial resolution of model grid to resolve the complexities of the near coast environments where aquaculture is located. The physiology of many HAB organisms is insufficiently understood to produce credible operational biological models, particularly if they exist as a minor component of the biomass of a complex food web. Hence, while the development of biologically based operational HAB models remains a major challenge, even for high biomass blooms, physical models have developed such that robust operational models exist for most shelf seas. The use of such models to simulate the Lagrangian transport of known HABs provides a further potential mechanism for HAB early warning. However, as HAB events are controlled by the biological response to the environment, detailed forward prediction is limited to the timescale that we might hope to predict environmental change to a reasonable level of accuracy, i.e., likely a maximum of ∼1–2 weeks.

Examples of operational forecast systems are relatively few, but those that exist typically include a combination of monitoring, modelling and expert interpretation. For example, the Gulf of Maine Alexandrium catenella (as. A. fundyense) forecasts include both cyst surveys and high-resolution mathematical modelling of the region (McGillicuddy et al., 2005; He et al., 2008) to predict transport of excysted cells. In the Gulf of Mexico and the east coast of Florida, NOAA produce HAB nowcasts of Karenia brevis bloom location and 3- to 4-day forecasts of respiratory irritation risk from the aerosols that are generated by this species (Stumpf et al., 2009). Similarly, the California-Harmful Algae Risk Mapping (C-HARM) model estimates the probability of Pseudo-nitzschia blooms on the basis of physical circulation models, satellite remote-sensing of the ocean colour and chlorophyll and statistical models (Anderson et al., 2016). In Ireland, the Marine Institute releases alerts similar to those we report here for Scotland, including modelled HAB prediction for Bantry Bay for the following 3 days, based on a detailed understanding of the water exchange in that location (Raine et al., 2010; Cusack et al., 2016; Dabrowski et al., 2016).

The Scottish west coast is the second longest coastline in Europe and the waters to the west of Scotland, in common with other fjordic aquaculture regions, are complex. The region contains water masses from the Irish Sea and Atlantic (Ellett, 1979; McKay et al., 1986) supplemented by local freshwater runoff and Irish shelf waters (Fernand et al., 2006). Existing medium and low-resolution hydrodynamic models that use a structured (i.e., evenly spaced) computational grid are incapable of resolving important features (islands, fjords) and interconnections (straits). The development of the WeStCOMS unstructured grid model was therefore crucial to our ability to forecasts HABs in this region as it provided the necessary resolution on the fjordic coastline. While the coast of Shetland is also complex, it does not exhibit the large number of coastal islands that are found adjacent to the Scottish mainland and hence adequate simulation of HABs advecting from offshore to the coastal zone was achieved with the Mercator-IBI36 model.

Expert interpretation is a critical component of our forecasts, allowing the synthesis of a number of different (and sometimes contradictory) indicators to evaluate risk. In the three full years of operation of our system (2017–2019) our mean success rate for predicting incidences of the three major shellfish toxin syndromes, DSP from Dinophysis, PSP from Alexandrium and ASP from Pseudo-nitzschia, was 74% (Table 1). Greatest success (97%) has been with Pseudo-nitzschia mediated events that are often related to periods of poor summer weather in which water stratification may partially break down. Our lowest success rate is for Alexandrium mediated PSP toxicity. However, this is partly due to the severity (possible fatality) of PSP and hence the need to take a very conservative approach to risk assessment, in this case resulting in a higher proportion of false positives. This ensures that false negatives, that have a potentially serious health implication, are minimized.

Regulatory HAB monitoring is conducted to genus level, but the three HAB genera of greatest concern to the shellfish aquaculture industry in Scotland all exhibit variable toxicity at the species level. For example, Swan et al. (2018) demonstrated different shellfish toxicity resulting from blooms of Dinophysis acuminata and Dinophysis acuta in the Clyde Sea. Touzet et al. (2010) found both toxic and non-toxic strains of Alexandrium in the Shetland Islands, and Fehling et al. (2005, 2004) demonstrated that the toxicity of Pseudo-nitzschia can vary in response to the availability of nutrients and change in other environmental conditions. Hence alerts and forecasts are undertaken on a precautionary basis on the assumption that a bloom may be toxic.

For our Lagrangian particle models to be effective, they require accurate information on bloom size and location sufficiently far in advance that early warning can be provided. Satellite derived remote sensing is currently able to report areas of high phytoplankton biomass in near surface waters, and in some cases identify which organism is present. A challenge is therefore to develop complementary observational approaches, particularly for the shellfish biotoxin producing organisms that rarely dominate the phytoplankton biomass. For example, studies have demonstrated that some HAB species can be present in thin (potentially <1 m in thickness) layers of limited geographical extent, often associated with strong density interfaces in the water column, and at a depth not detectable by satellite remote sensing (Gowen et al., 1998; Touzet et al., 2010).

Developments in marine autonomous vehicles offer the potential for advances in HAB detection, potentially being able to identify HABs that display such sub-surface maxima (Seegers et al., 2015) or occur in thin layers (Farrell et al., 2012). For example, Siemering (2017) was able to identify a Phaeocystis bloom to the west of Scotland from a sea-glider deployment in 2015. Going forward, sensors capable of discriminating harmful from benign phytoplankton at low concentrations are required. Examples of this technology include the Environmental Sample Processor developed that provides in situ collection and analysis of water samples (Scholin et al., 2017) and the imaging Flowcytobot (Olson and Sosik, 2007), although further development is required to make such instruments affordable for routine application.

Our system is currently operational for Scottish waters. However, most of the techniques are easily applied elsewhere. The TTLG approach is being trialed in other European countries thought the Atlantic Arc Interreg project PRIMROSE and we are currently developing a HABreports system for Malaysia to provide enhanced early warning of HAB events in that country.
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Supplementary Figure 1 | This flow chart illustrates the steps taken to determine the toxin traffic light guidance status for a given week for the toxin/causative phytoplankton pair Okadaic acids/Dinophysis.

Supplementary Figure 2 | The paths of drifters released to the west of Shetland in September 2015. Black shows 15-m-drogued SVP-style drifters. Magenta shows surface CODE-style drifters.

Supplementary Figure 3 | Daily tracks of the observed (red) and virtual (blue) drifters seeded into (a) the surface and (b) 15 m depth at the times and locations of observed drifters. Virtual drifters were advected by currents derived from the daily-averaged Mercator-IBI36 model velocity field.

Supplementary Figure 4 | This figure displays the various panels referred to in the case study (see section “Case Study: Combining Data Sources and Expert Interpretation to Forecast Risk”). Panel (A) shows chlorophyll concentrations observed around Shetland on the 21st June 2020, data courtesy the CMEMS (marine.copernicus.eu) portal. Panel (B) shows forecasted sea surface currents for the 23rd June 2020. Data courtesy Mercator-IBI36 model (Sotillo et al., 2015). Panel (C) shows a magnified section of panel (B). Panel (D) shows a wind rose of wind directions and wind speeds around the Shetland Islands during week 26. Panel (E) illustrates sea surface temperatures around the Shetland Islands on the 22nd of June, data courtesy Multi-Satellite aggregated MUR-SST 1 km gridded dataset, JPL, NASA (Armstrong et al., 2012). Panel (F) is a map of Shetland with the concentrations of observed Pseudo-nitzschia in actively monitored shellfish harvesting sites indicated by yellow and red dots. Yellow dots indicate locations where low concentrations were found whereas red dots indicate locations where concentrations were in excess of official control monitoring trigger levels.
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