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Abstract

:

This paper provides a review of toxic algal blooms in the Philippine and Malaysian coastal and marine systems, considering relevant available knowledge, including climate change dimension/s in the assessment of their recorded recent expansion. The first record of human toxicity in the Philippines associated with HABs/toxic algal blooms specifically was during the bloom of Pyrodinium bahamense in the Sorsogon, Samar, and Leyte waters in 1983. Since then, the species has been identified to occur and cause blooms in about 44 sites/areas in the country. Recent government reports, i.e., 2021, 2022, and 2023, have also identified other paralytic shellfish poisoning (PSP) causative organisms (Gymnodinium catenatum, Alexandrium spp.) in the country. New records indicate that the presence of PSP causative species has been reported almost year-round in the Philippines. In Malaysia, PSP caused by P. bahamense was initially confined in 1981 to the state of Sabah, Malaysia Borneo, but since then, blooms of this species have been reported almost annually at different scales across the coastal waters of Sabah. P. bahamense and other cyst-forming dinoflagellates could be transported naturally or through human activities. Other eco-physiological and environment factors from the field and the laboratory have been used to study the bloom dynamics and transport of PSP causative species in several areas in the Philippines and Malaysia. More recently, plastics and other marine litter have been considered potential vectors of invasion/transport or expansion of dinoflagellates with other microorganisms. ENSO events have been observed to be stronger since 1950 compared with those recorded from 1850 to 1950. The extreme phases of the ENSO phenomenon have a strong modulating effect based on seasonal rainfall in the Philippines, with extreme ENSO warm events (El Niño) often associated with drought and stresses on water resources and agriculture/aquaculture. In contrast, cold events (La Niña) often result in excessive rainfall. The La Nina Advisories from 2021 to 2023 (18 advisories) showed the persistence of this part of ENSO, particularly in regions with recurrent and new records of HABs/toxic algal blooms. More studies and monitoring of another type of toxic algal bloom, Ciguatera Fish Poisoning (CFP), are recommended in tropical countries such as the Philippines and Malaysia, which have extensive reef areas that harvest and culture marine fish for local and export purposes, as accelerating reports of this type of poisoning have apparently increased and causative organisms have been identified in several areas. There is an urgent need to enhance HAB/toxic algal bloom research and monitoring, particularly those related to climate change, which has apparently impacted these blooms/occurrences directly or indirectly. Local researchers and managers should be made aware of the knowledge and tools already available for their utilization and enhancement to meet local conditions and challenges for potential recurrence and expansion of HABs/toxic algal blooms. Regional and international HAB research and collaboration should be further advanced for the protection of public health and marine resources.
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1. Introduction


Harmful algal blooms (HABs), i.e., referring collectively to toxic algal blooms and fish-killing blooms/red tides, are not new to the Philippine Archipelago and Malaysia, similar to many other countries in the world. A “Harmful Algae Event Database (HAEDAT) is now being implemented through the UNESCO-Intergovernmental Oceanographic Commission (IOC) International Oceanographic Data and Information Exchange (IODE), which provides a global map of the different HABs. The availability of HAB monitoring and research data and information depends on national priorities, funding, and human resource support.



Globally, the 2021 Global HAB status report [1,2] illustrated varying patterns for trends in HABs. After correcting for levels of monitoring effort, areas such as Central America/Caribbean, South America, the Mediterranean, and North Asia are experiencing increasing HABs, while the incidence of HABs has decreased on the West Coast of America and Australia/New Zealand. No significant change was observed on the East Coast of America, Europe, and Southeast Asia. Despite these varying trends, HABs have caused significant negative impacts on humans and were correlated with increased aquaculture production across regions. This latter relationship could be due to increased HAB monitoring and/or nutrient pollution. It was difficult to ascribe changes to climate change in particular.



The Mediterranean, which has a long history of HAB studies and monitoring, is experiencing increased HABs. Zingone et al. [3], based on Ocean Biodiversity Information System (OBIS) data, observed that in the Mediterranean, reports of toxic species and HABs apparently increased in the region over the last half-century and this is likely related to the “increased awareness and monitoring operation, without an actual increase in toxic or noxious events so far emerging in intensively studied areas, such as the French and Spanish coasts or the Adriatic Sea”. They also reported a decrease in the occurrence of some HAB species, e.g., Alexandrium minutum blooms disappearing from the Harbor of Alexandria. Generally, Zingone et al. [3] state that the main HAB risks derive from cases of massive microalgal biomass production and consequent impacts on coastal water quality and tourism, which represents the largest part of the marine economy in the region. Using the SeaWIFs (1998–2003) dataset to look into algal bloom patterns in the Mediterranean Sea, Barale et al. [4] interpreted the patterns of high chl a/positive trend of chl anomalies at near-coastal hotspots to be linked to continental runoff and a growing biological dynamism at these sites, referring to the “intensification of noxious or harmful algal blooms, in the north-west, and of coastal fisheries, in the south “of the Mediterranean Sea”.



Moreira [5], in a recent review and editorial, concludes that in the current global climate changes, characterized by heavy rainfall or heat waves that have been attributed as probable causes of HABs with impacts on species diversity and consequently toxin profiles, “discussions on HABs should be considered a primary issue by national governments, international agencies, and scientists. Its understanding and risk evaluation can permit the achievement of safer ecosystems, minimize economic losses, and improve water management strategies without overlooking water quality”.



In the Philippines, the earliest report of an HAB was in 1908 on the coast of Bataan, when a fish kill event was attributed to Peridinium blooms [6]. It was in 1983 that the first outbreak of HABs was recorded in Samar, Philippines, and was caused by the toxic dinoflagellate Pyrodinium bahamense [7]. Since then, the occurrence of HABs has been more frequent and has expanded to several coastal waters in the Philippines [8,9,10]. Filipinos are familiar with the term “red tide,” a misnomer that the populace uses to refer only to toxic algal bloom/HAB events (i.e., those resulting in paralytic shellfish poisoning or PSP). The term “red tide” technically refers to the discoloration of the water due to dense plankton/phytoplankton, which does not necessarily cause human toxicity. So far, the most common reported toxic HAB in the Philippines is paralytic shellfish poisoning (PSP) caused by consuming shellfish that accumulated Pyrodinium bahamense, Gymnodinium catenatum, or toxic Alexandrium spp. from affected waters [11,12,13]. A review of HABs in the Philippines and Malaysia has been published recently [14].



This paper provides an update on this review with a focus on toxic algal blooms in Philippine and Malaysian coastal and marine food systems, considering climate change dimension(s) in the assessment of their sustainability as sources of safe seafood supply in the future. This is significant since these two countries have coastal communities that are dependent on marine resources for their survival and livelihood.



A special issue on Climate Change and Harmful Algal Blooms was recently published [15] and mentioned that “climate change through ocean warming has received the greatest attention in HAB research in mid- and higher latitudes” [16,17,18]. In general, there is a growing belief in a future scenario that increasing sea temperature could lead to possible events wherein HABs migrate toward the poles with progressive warming, a hypothesis put forward and affirmed by some earlier studies [15,19]. HABs that could migrate to new ecosystems may create significant risks to these ecosystems and human communities. How certain HAB species could respond to climate change interests HAB scientists, while HAB managers and the public are concerned with the harm they may cause or manifest within the new coastal zones/habitat.




2. Toxic Harmful Algal Bloom Events in the Philippines and Malaysia


Numerous toxic, harmful microalgal species that can cause human poisonings, such as paralytic shellfish poisoning (PSP), amnesic shellfish poisoning (ASP), diarrhetic shellfish poisoning (DSP), and Ciguatera fish poisoning (CFP), have been documented so far and identified from monitoring and research collections [8,14]. However, only PSP and CFP are the human poisonings that have been well documented. Fish kill events, which are technically referred to as red tides because of the massive discoloration of the water due to the algal bloom, have also been noted in many areas, including aquaculture sites. This review will focus on the two more significant human poisonings (i.e., PSP and CFP) in the two countries.



2.1. Paralytic Shellfish Poisoning


2.1.1. Blooms of Paralytic Shellfish Poisoning (PSP) Causative Organisms in the Philippines


The first record of human toxicity associated with HABs in the Philippines was during the bloom of Pyrodinium bahamense in the Sorsogon, Samar, and Leyte waters in 1983. Since then, the coastal waters of these provinces have been affected by the blooms of this tropical organism, which was first described in the Bahamas and has also been recorded in other waters in Southeast Asia and Central and South America [20,21,22,23,24]. The species and some other PSP causative organisms (Figure 1) have been identified as occurring and causing blooms in about 44 sites/areas in the country since 1983 [8,11]. The Philippine embayment and coastal areas, with records of the presence of PSP causative organisms, are shown in Table 1.




2.1.2. Paralytic Shellfish Poisoning Events and Causative Organisms in Malaysia


In Malaysia, paralytic shellfish poisoning caused by P. bahamense was confined to the state of Sabah, Malaysia Borneo. Blooms of P. bahamense have been reported almost annually at different scales across the coastal waters of Sabah. With numerous sentinel sites identified and monitoring programs established, incidents of PSP have been reduced significantly [27]. PSP in Peninsular Malaysia was primarily caused by two species of the genus Alexandrium, A. tamiyavanichii and A. minutum. Alexandrium tamiyavanichii is a euryhaline species that is widely distributed in the Asia Pacific [28]. The first PSP event was recorded in Sebatu, Malacca in 1991 [29,30,31,32], and later in 2013 and 2014 in Kuantan Port [33,34]. The cellular toxin content of this species is considerably high, reaching up to 180 fmol cell−1 in Malaysian strains [35], which is sufficient to cause poisoning at a low cell density. As such, it is important to monitor the species, and molecular techniques such as real-time PCR [36,37] have provided a reliable tool for early detection.



Alexandrium minutum is an euryhaline species whose distribution is known to be confined to estuarine, with salinity fluctuating diurnally, depending on tidal cycles and freshwater plumes. The occurrences of A. minutum reported in the Asia Pacific region were recorded from brackish environments or areas with strong influences of freshwater. The species found in this region are also genetically different from those reported from the temperate region [38]. The Malaysian strains of A. minutum are a toxic species that form high biomass blooms, with cell abundances reaching up to 4 × 107 cells/L. This species was known to cause shellfish contamination and is not safe for consumption. The species produces a suite of PSTs, with GTX4 and GTX1 as the dominant toxin congeners [35]. On rare occasions, the species was reported to cause mass mortality of lobster (South Africa), but the actual cause of mortality due to the toxicity or induced hypoxia conditions during the blooms was not determined.



Lim et al. [35] reported that A. minutum exhibited a shade-adapted strategy that allowed the species to proliferate in turbid estuarine waters. Furthermore, the species can tolerate high ambient ammonia nitrogen concentrations, and uptake of this form of nitrogen [39,40] provides an edge compared with other bloom-forming dinoflagellates. With increasing coastal eutrophication due to mariculture, chemical fertilizer from agricultural activities, and discharge derived from land or sea-based activities, the increase in nutrients in coastal environments and nutrient imbalance will be driving factors for the increased occurrence of algal blooms, in particular species that have an ecological advantage and cellular adaptation toward this type of environmental changes. The life cycle and bloom dynamics of A. minutum were fully clarified during a 2015 prolonged bloom event [41]. The species tends to induce gamete formation to form planozygotes once the populations are subjected to unfavorable conditions [41]. Laboratory studies also confirm the heterothallism of A. minutum, of which compatible gametes are required to have successful fusion and formation of zygotes [33].



With the rapid expansion of mariculture, especially in coastal embayment, these species should be assessed and monitored not only with the conventional microscopy method but also with advanced molecular detection methods (e.g., [36,37]) and in the event of the presence of these species, it should be included in the shellfish monitoring program in the area.





2.2. Ciguatera Fish Poisoning (CFP)


The causative species of Ciguatera fish poisoning (CFP) or Ciguatera poisoning (CP) in the genus Gambierdiscus have been well-studied, with representatives widely distributed in the Pacific, western Indian Ocean, Caribbean waters, Mediterranean Sea, Western Atlantic waters [42,43]. The causative organisms grow on seaweeds and other benthic substrates, where marine fish feed on them and accumulate the toxins in their tissues. Human poisoning, namely CFP, occurs upon consumption of affected fish.



The incidence of CFP is estimated at approximately 10,000 to 50,000 cases annually worldwide [44], and many are believed to go unreported or misdiagnosed. The increase in demand for live reef fish trades from Southeast Asian countries and other regions in the Indo–Pacific to the Global hub of live reef fishes in Hong Kong has contributed to an increase in the occurrence of ciguatera poisoning cases outside the region of origin or the hotspot of CFP [45].



Yogi et al. [46] documented two reports of ciguatera caused by barracuda in 2001 (50 subjects affected) and 2006 (33 subjects affected) and four reports of unknown types of fish poisoning. Further, Yogi et al. [46] observed that based on an extensive search of journal databases, the Internet, and government websites, no reports of ciguatera in Brunei, Cambodia, Indonesia, Myanmar, and North Korea, were encountered and hence, included in their publication are the following countries with at least one report of ciguatera: China including Hong Kong and Macau, East Timor, Japan, Malaysia, Philippines, Singapore, South Korea, Taiwan, Thailand, and Vietnam. Based on their extensive literature research, Yogi et al. [46] found that the earliest Philippines CFP ciguatera incidence could have been in Basilan Province in August 1988, involving 19 subjects from four families: further, the Philippines dataset reviewed by the Department of Health website showed that of the 60 foodborne disease outbreaks in 1995–2004, 38 ciguatera cases were identified. The authors concluded that “In the coastal countries of East Asia and Southeast Asia, ciguatera should be common as well for several reasons. There are extensive tropical and subtropical coral reefs along the coasts and in the neighboring seas”.



Transboundary CFP occurred for various reasons, including the absence of an effective ciguatoxin detection method and the unavailability of ciguatoxin reference materials. Furthermore, high toxicity variation in individual fishes makes toxicity screening a challenging task. Only about 5% of reef fishes from 600 individuals tested positive and no clear relationship was observed among the species or size of fishes [47]. In comparison to the monitoring of planktonic harmful algae species, where a good correlation in plankton cells and toxicity in vector shellfish was observed, monitoring of benthic Gambierdiscus cell numbers and the toxicity of vector reef fishes using conventional approaches seem unreachable.



2.2.1. CFP Events and Causative Organisms in the Philippines


In the Philippines, the presence of the two toxic benthic dinoflagellates, i.e., Gambierdiscus carpenteri and G. balechii, was definitively established for the first time through the examination of samples collected in Bolinao, Pangasinan, and Guian Eastern Samar, employing morphological and phylogenetic analyses [48,49]. It is noteworthy that these two coastal areas area had no historical records of Ciguatera fish poisoning (CFP) incidents. In contrast, four verified CFP cases were documented across the country from 1989 to 2017, involving barracuda-related poisonings in Metro Manila in 2001, Iloilo City in 2006 (central Philippines), and Zamboanga in 2014 (southern Philippines) [50]. Additionally, CFP linked to snapper consumption was identified in Iloilo, with confirmation by the Bureau of Fisheries and Aquatic Resources (BFAR) using the Cigua-Check Kit (Oceanit Test System, Inc, Honolulu, HI, USA). The 2014 Zamboanga CFP case was confirmed using mass spectrometry methods [50].



Difficulty in preventing CFP comes from the lack of reliable methods for analysis of Ciguatoxins (CTXs) in contaminated fish, aggravated by the normal appearance, taste, and smell of CTX-contaminated fish. Tsumuraya et al. [51] successfully developed protocols using Monoclonal antibodies (mAbs) specific against major CTX congeners (CTX1B, 54-deoxyCTX1B, CTX3C, and 51-hydroxyCTX3C) using rationally designed synthetic haptens-KLH conjugates instead of the natural CTXs. Haptenic groups with a surface area greater than 400 Å2 are required to produce mAbs that can strongly bind to CTXs. Furthermore, a highly sensitive fluorescence-based sandwich enzyme-linked immunosorbent assay (ELISA) was developed. The protocol can detect and quantify four major CTX congeners (CTX1B, 54-deoxyCTX1B, CTX3C, and 51-hydroxyCTX3C) with a limit of detection (LOD) of less than 1 pg/mL. No cross-reactivity was observed against other marine toxins tested (Brevetoxinx A and B, Okadaic Acid, and Maitotoxin). In countries such as the Philippines, where fish are a staple food, particularly in coastal communities, CFP detection and management using reliable methods such as the protocol developed by Tsumuraya et al. [51] should be given more attention.



In our recent publication authored by Yñiguez et al. [14], multiple instances of CFP were detailed, resulting in 123 confirmed cases and 274 suspected cases or affected individuals. It is important to highlight that a significant portion of the information concerning these cases is sourced from newspaper articles or referenced within previously published works, particularly the study conducted by Mendoza et al. [50], where two entire families became ill in 2010. The limited availability of data regarding the presence of causative organisms and authenticated medical reports associated with CFP poses a challenge in identifying discernible patterns or trends in the associated hazards or risks.




2.2.2. CFP Events and Causative Organisms in Malaysia


In Malaysia, the first suspected CFP case was recorded in 2010, with 22 victims from five families feeling sick after consuming red snapper on 8 September 2010; 11 were admitted with symptoms that resembled those of CP poisoning [52]. The batch of contaminated red snapper was imported, frozen, and sold at a local market. Unfortunately, no fish samples from this poisoning event were available for chemical confirmation.



CFP cases reported in the state of Sabah before 2000 were not investigated or never confirmed, partly because of no clinical information on the victim and a lack of fish samples for chemical confirmation. The first CFP incident with chemical confirmation was documented by Lee et al. [53], which occurred in 2017 in Sabah and involved two victims from a family admitted after consuming two species of red snapper, Lutjanus sebae, and Lutjanus bohar. One of the victims showed severe symptoms, including cardiovascular and muscle weakness and itchiness that lasted nearly two months, whereas other family members showed mild poisoning [53]. The fish samples collected from the victim’s leftovers were confirmed later to contain Pacific-Ciguatoxins (P-CTXs) [54]. Since then, new CP incidents have been reported from the state, involving local folks and tourists visiting Sabah (Department of Fisheries Malaysia). Other reef fishes, including coral groupers, were confirmed to be positive and responsible for one of the CP cases in the state (unpublished data).



The state of Sabah is a popular tourist destination because of its rich marine biodiversity and seafood delicacy. Sabah is also popular for enthusiasts of deep-sea sport fishing. The rich marine resources also contributed to the export of live reef fish valued at USD50 million (estimated about 1700 MT in 2010). Live reef fish from Sabah have been previously reported to cause CFP cases in Hong Kong [55,56]. Delays in the diagnosis of CFP will lead to unnecessary investigations and management, including delayed public health intervention. As a public health measure, people are advised to avoid eating large coral reef fish that were previously known to be associated with CFP incidents in the Pacific region. However, this advisory might not help to resolve the risk posed by CFP in seafood products in Sabah since some small reef fishes can be highly contaminated with ciguatoxins. Therefore, identifying the CP hotspots in the state has been an urgent issue.



In Malaysia, three species of Gambierdiscus, G. balechii, G. caribaeus, G. pacificus, and a new ribotype Gambierdiscus sp. type 7 have been documented [57,58,59]. The strains of G. balechii, G. caribaeus, and Gambierdiscus sp. type 7 analyzed by cytotoxicity assay (neuro-2a and hemolytic assay of fish erythrocytes) and high-resolution mass spectrometry showed detectable ciguatoxicity [60].



The distribution and abundance of benthic harmful dinoflagellate species, including Gambierdiscus species, were known to be influenced by the microhabitats in coral reef ecosystems [29,58,59,61]. The relationships between benthic harmful algal blooms (BHABs) and microhabitat preferences, based on non-quantitative anecdotal observations, are inconsistent or contradictory [62], owing to the differences in the selection of macroalgal substrates and inconsistency in the quantification of cell abundance that was normalized to either surface areas or biomass (dry or wet weight) of macroalgal substrates. A non-destructive sampling method using artificial substrates has been introduced to overcome the limitations [63,64]. Although the sampling method is laborious and requires SCUBA diving to deploy the artificial substrate (fiberglass), it has been demonstrated to be a promising tool in routine monitoring programs. Gambierdiscus exhibited the most restricted range of microhabitats, primarily inhabiting warm-water reefs dominated by turf algae, hard coral, and fleshy macroalgae [58]. It is apparent that bottom substrate perturbations, such as the degradation of coral reefs and climate change, will have a significant impact on the abundance of Gambierdiscus.






3. Early Explanations on the Expansion and Origin of Philippine Toxic Blooms


The expansion of the mussel industry in the Philippines beginning in the 1970s [65] could have likely transported shellfish with HAB causative species from affected sites to new mariculture sites, thus serving as vectors for the cysts of P. bahamense [66]. However, many of the HABs in these new areas have not been studied to verify this hypothesis since relatively few sites have been sampled and studied (Figure 2). The presence of the species’ cysts in the sediments in some of these areas [67] could mean that the potential for their bloom could have been there long before the introduction of the mussel industry. The viability of dinoflagellate cysts and the role they play in the life cycle of P. bahamense, the main PSP culprit in the country and many tropical areas, have been elucidated both in the laboratory and the field [68,69]. The role, behavior, or physiological–ecology and potential for transport of dinoflagellate cysts have also been well studied in other areas in North America [68,70,71]. These seeds can be carried from their “seed banks” through natural and artificial means and initiate new blooms in other areas. Marine litter and boats can also serve as HAB transport vectors [72].



Advection plays an important role in the development and expansion of HABs across sites in many different parts of the world [73,74]. Previous studies have shown the role of advection in the blooms of cyst-based dinoflagellates such as Pyrodinium bahamense and Alexandrium [75,76]. Cysts such as those of Pyrodinium (Figure 1) could withstand long-distance transport [68] and act as progenitors of bloom in new areas. In previously affected areas, the presence of seed beds has been well documented for P. bahamense, Alexandrium spp., and other species here and in other countries [67,68,77,78,79]. In Manila Bay, the advection of cells and/or cysts from cyst beds could spread the bloom of P. bahamense around the bay following oceanographic and/or environmental conditions [80]. A similar dynamic has also been shown in other embayments in the Philippines, such as Sorsogon Bay [81] and Murcielagos Bay [82]. A recent study illustrated for the first time the important role of advection across a larger seascape in the Philippines [83]. They showed that blooms across adjacent embayments in the Samar and Leyte areas are likely due to the transport of cells across this area, and certain sites could be where cysts are situated and develop local blooms, which then serve as the source of blooms for other bays.



The linkage between the eutrophication in Philippine coastal waters and the occurrences and apparent expansion of harmful algal blooms (HABs) remains insufficiently substantiated or not thoroughly grasped. As a rapidly developing nation in the region with over half of its population residing in close proximity to the coastline, the pace of coastal development in the Philippines has been rapid. Notably, the management of wastewater, especially its discharge into the ocean, lacks comprehensive strategies, and routine surveillance of water quality is notably absent, as seen in instances such as Manila Bay and the renowned tourist destination Boracay [84].



The impact of eutrophication on HAB occurrences has been more robustly established in Bolinao–Anda, an area with a prolonged history of challenges related to the proliferation of fish pens/cages, stocking densities, and the quantity and quality of feed [85,86,87,88]. Unregulated practices in mariculture and the expansion of culture sites contribute to the accumulation of unconsumed feeds and waste rich in phosphorus, rendering the culture systems/sites vulnerable to blooms when nitrogen is introduced through river run-off, particularly during the rainy season [87]. In some areas in the Philippines, decreased DO is usually observed when fish-killing blooms/red tides are common, such as in Bolinao, Pangasinan fish pens, and fish cages [89]. Recent use of more sensitive and culture-independent high throughput methods (i.e., sequencing) has also revealed a previously unappreciated diversity of dinoflagellates and diatoms occurring in many areas in western Luzon [90,91]. Within this group, many previously unreported taxa or those that had never been reported to bloom before had been detected. Their detection posits potential threats, with several studies suggesting that they may be favored under climate change scenarios [5].



Plastic is now considered a major pollutant in marine ecosystems, which mainly enter via major riverine bodies [92]. These new floating substrates can be colonized and host-microbial biofilms that sustain the growth of different attaching organisms [93]. Their attachment will allow them to disperse and be transported to areas far from where they originated, thus increasing the dispersal of harmful species. For example, Masó et al. [72] showed the presence of viable vegetative cells and cysts of harmful algal species, such as Ostreopsis sp., Coolia sp., and Alexandrium sp. in the Mediterranean Sea, while Zettler et al. [93] reported Alexandrium sp. in the Atlantic, and Reisser et al. [94] with Ceratium sp. in Australian waters in the Pacific. Pasqualini et al. [95] further that such attaching communities are also influenced by season, habitat, and polymer types. In the Philippines, the HAB-causing species Gymnodinium sp. and Protoperidinium sp. cells were found on floating plastics collected from the coasts of Manila Bay [96]. This makes the plastics and other marine litter capable of serving as vectors for the dispersal of many microorganisms, including HAB-causing species [72,96], and posits a new and emerging threat to different marine environments.




4. Climate Change Hypothesis/Predictions on Toxic Algal Blooms


In 2021, the IPCC stated that ENSO events have been observed as stronger since 1950 compared with those recorded from 1850 to 1950. El Niño and La Niña episodes typically occur every two to seven years and usually last nine to 12 months, not necessarily alternating with one another with La Niña events are less common than El Niño episodes. The IPCC concluded that there is no clear evidence that climate change has affected these events [97]. The extreme phases of the ENSO phenomenon have a strong modulating effect on seasonal rainfall in the Philippines, with mature ENSO warm events (El Niño) often associated with drought and stresses on water resources and agriculture, while cold events (La Niña) often result in excessive rainfall. There are also impacts on the onset and length of the rainy season and, importantly, the number of tropical cyclones. Since 1949, there have been 17 El Niño events based on the National Oceanic and Atmospheric Administration’s classification [97,98].



The Philippine Atmospheric, Geophysical, and Atmospheric Services and Administration (PAGASA) issues Advisories about ENSO considering both the El Niño and La Nina parts. The La Nina Advisories from 2021 to 2023 (18 advisories) showed persistence of this part of ENSO, particularly in regions 6 (Western Visayas), 7 (Central Visayas), 8 (Eastern Visayas), 9 (Zamboanga Peninsula), 10 (Northern Mindanao), 11 (Davao Region), and the CARAGA region and MIMAROPA. La Niña Advisory No. 8 mentioned that in April 2022, La Niña strengthened, and three rainfall stations in the Visayas, namely Baybay Leyte; Mambual, Capiz, and Guiuan, Samar, recorded 536.0 mm, 338.0 mm, and 207.8 mm of rain, respectively. Advisory No. 14 again advised that the La Niña strengthened and will continue up to December 2022 or even up to January 2023, affecting most parts of the country, particularly Western Visayas and the Bicol Region, which both face the Pacific Ocean. El Niño Advisories (for January 2021 to December 2023) reports in Advisory No. 4 that the tropical Pacific still shows warmer-than-normal sea surface temperatures, signifying a moderate El Niño; however, a strong El Niño was predicted for late 2023, an event likely to continue until the second quarter of 2024. El Niño Advisory No. 5 A moderate-to-strong El Niño is present in the tropical Pacific, showing signs of further intensification in the coming months as sea surface temperature anomalies (SSTAs) reach more than 1.5 °C. Recent analyses from global climate models suggest that El Niño will likely continue until the second quarter of 2024 (PAGASA).



The influence of the El Niño Southern Oscillation (ENSO) suggests that conditions during prolonged and stronger El Niño (e.g., warmer sea surface temperatures) seem to be correlated with HAB occurrences in Southeast Asia [14,20]. However, this needs to be further substantiated with more studies in the region. Climate, which is a significant contributor to periodic shifts in temperature and rainfall in the region [99,100], could influence phytoplankton/plankton ecology/eco-physiology. For example, considering the mechanisms promoting Pyrodinium blooms, it has been shown that transitions from dry to rainy conditions, which promote increased nutrient run-off and a more stable water column, can be the triggering factors that initiate and promote Pyrodinium blooms [8,14,80,101].



The climate of the Philippines is highly influenced by the El Niño Southern Oscillation (ENSO). El Niño is associated with an increased chance of drier conditions, and La Niña is associated with an increased chance of wetter conditions. Changes in rainfall are associated with changes to tropical cyclone activity in the western equatorial Pacific, the strength of the monsoon, and changes in the onset and/or termination of monsoon rains.



The tropical monsoonal system is strongly influenced by the El Niño and La Niña events [102]. In the Southeast Asian regions, coastal blooms are often regulated by tropical monsoonal shifts, with distinctive precipitation patterns and wind-driven coastal upwelling events affected by the wet northeast and dry southwest monsoons. During strong El Niño episodes, maximum air temperature increased, and rainfall decreased significantly. In Malaysia, phytoplankton blooms have been consistently observed during the dry season [103,104,105]; during this period, the water was strongly associated with elevated water temperatures. In addition, more bloom episodes with high biomass were observed in the El Niño period of 2015/2016 concurrently with the positive Indian Ocean Dipole phenomenon [106].



Hallegraeff [19] has made predictions for other HAB species in connection with climate change. He stated that we can expect (1) range expansion of warm-water species at the expense of cold-water species, which are driven poleward; (2) species-specific changes in the abundance and seasonal window of growth of HAB taxa; (3) earlier timing of peak production of some phytoplankton; and (4) secondary effects for marine food webs, notably when individual zooplankton and fish grazers are differentially impacted (“match-mismatch”) by climate change.



HABs are site-specific and species-specific, which generally means that HABs occur only in areas where the causative organism could adjust to the environmental conditions based on their inherent or genetic capacity. Whether an organism, Pyrodinium bahamense, for example, would be able to bloom in a bay or coastal area depends on how it can successfully adjust to the conditions of the bay [68]. Understanding the bloom dynamics (what, when, and how specific HABs occur or recur) is based on scientific understanding/knowledge about the organism’s pre-bloom, bloom, and post-bloom behavior in a specific area [68,70,71].




5. National and International Networking on HAB Research and Monitoring


The Scientific Committee on Oceanic Research (SCOR) and the Intergovernmental Oceanographic Commission (IOC) of UNESCO developed the program Global Ecology and Oceanography of Harmful Algal Blooms (GEOHAB), the first international research program on harmful algal blooms. A country-level HAB research program was part of GEOHAB and was implemented in the Philippines in 2009–2014. The research results of the Philippine program called Philippine Harmful Algal Blooms (PhilHABs) were useful inputs into the Asian component of the GEOHAB Program. Global Harmful Algal Blooms (GlobalHAB) is the current program being implemented by the UNESCO IOC and SCOR. Whereas GEOHAB aimed to understand the biology and chemistry of causative organisms and the environmental conditions before, during, and after the blooms and use this information to manage these blooms, the GlobalHAB adopts the partially accomplished GEOHAB objectives and extends them into brackish and freshwater systems and to a variety of harmful groups, including benthic microalgae, cyanobacteria, and macroalgae [107]. GlobalHAB also addresses several issues related to the effects of HABs on human societies, such as health, socio-cultural aspects, and economic impacts, under collaboration with other international programs (e.g., [108]).



A number of areas (Figure 2) in the Philippines have been studied through the PhilHABs project using several tools, and some applications have been initiated. In order to obtain more in-depth results, the PhilHABs concentrated in areas where HAB incidences were highest, such as Anda and Bolinao, Pangasinan, Manila Bay, Juag Lagoon, and Sorsogon Bay, Sorsogon. The recently concluded Hazard Detection and Mitigation Tools for Algal Blooms in a Changing Environment (HABHazard) program built on the PhilHABs program and previous efforts. HABHazard enabled the initial development of a HAB early-warning system through enhanced HAB detection methods, a better understanding of dynamics, operational HAB models, and stakeholder engagement [109]. HAB detection methods involved the development of cost-effective sensors for real-time ocean condition monitoring, the use of biotoxin adsorption toxin tracking techniques (BATTs) for cheaper and more rapid toxin measurements, and the development of local toxin standards. Machine learning models for fish kills and toxic blooms were also developed for forecasting. This information and these components were integrated into the HABHub informatics system (https://habhub.philhabs.net/#/) (accessed on 27 November 2023), which helped disseminate the information from real-time sensors, standardized databases, and models. These, together with the BFAR HAB monitoring and management program, are the seeds for a more comprehensive and operational HAB early-warning system in the country [109].



Past and current efforts in HAB research and monitoring in the Philippines focus on the long-affected sites and some newly affected ones. Research collaboration and networking to correlate HABs with the rampant coastal and marine pollution have started, for example, in the ongoing work on plastic litter that serves as vectors for the transfer of harmful algae and other organisms [96,110].



Synthesis and Recommendations


HABs, which have a long recorded history, could persist or would always be part of coastal communities’/humanity’s existence. Their recurrence is complicated by heightened anthropogenic activities in the coastal areas, and climate change will only exacerbate their impacts. Some tropical dinoflagellate species benefitting from anthropogenic inputs (i.e., nutrient run-off from land and rain, increased seawater temperatures, coral reef destruction) are expected to become more successful and can continue to recur and expand even in colder areas [19,42,43]. Cold water-loving species may be pushed or driven pole-ward (i.e., they would become more limited by temperature rise brought about by climate change).



Blooms of the tropical species Pyrodinium bahamense have been recurring in several areas. The species’ cysts have been found almost globally; hence, it could be the organism that would most likely have expanded blooms in time and space with the predicted climate change-induced increase in temperature. The presence of cysts in the geologically dated sediment is evidence indicating that they existed or could have bloomed in these environments in the past and that they may once again bloom and cause problems. This PSP causative organism also dominated the phytoplankton in areas of Southeast Asia, South America, and the South Pacific [111], and there is evidence that the organism exhibited expansion during prolonged/strong El Niño/ENSO [20,101]. This species has been reported in Malaysia and Indonesia together with other PSP-causative organisms in the Southeast Asian region, including Alexandrium spp. and Gymnodinium catenatum.



Another public health hazard caused by HABs, i.e., ciguatera fish poisoning (CFP), has been sparsely studied in the Philippines and Malaysia. The causative organisms for ciguatera fish poisoning have been reported in both countries, especially in mariculture areas such as Sorsogon and Bolinao, Pangasinan. However, CFP detection and management have to be seriously considered for implementation by the national and local governments with the support of relevant international bodies. As rightfully stated by Tsumuraya et al. [51], where fish are a staple diet in local populations or commercially sold to other communities, CFP could pose a great health problem.



There is an increasing need to define the niche (specific role in its living space) of HAB species, remembering the fact that HABs are species-specific and area-specific, which are important in the prediction of “winners” and “losers” in a changing environment. Long-range data sets about the organisms and their bloom/growth preference should be gathered and analyzed/modeled for forecasting and hind casting.



Aligazaki [112] discussed “microalgal invasions” and “tropicalization“ of environments favoring CFP-causing organisms in the warmer southern areas (e.g., Egypt, Tunis, and Lebanon, as shown in the increased records in recent years, in number of species, abundance, and geographical distribution. The author believes that the situation is most probably related to climate change, but many issues have to be examined to come to accurate conclusions and cooperation among Mediterranean countries to understand the environmental changes occurring to protect human health and other human activities.



Since many of the toxins produced by HAB organisms are new or not yet identified, they must be characterized to make them more available as standards for testing of samples, monitoring, and research. Efforts for innovation can also be accelerated with the isolation and culture of causative organisms, where culturing in large amounts can result in the application of knowledge and development of technologies.



The multi-media identification of HAB species through electronic information systems can provide guided identification of causative organisms. For example, Linnaeus II, a software created by the Expert Center for Taxonomic Identification (ECTI) of UNESCO, is available on CD and online (HAEDAT).



Local researchers and managers should be made aware of the knowledge and tools already available for their utilization and enhancement to meet local conditions and challenges for potential recurrence and expansion of HABs/toxic algal blooms vital to the life of coastal communities and over-all economies of countries such as the Philippines and Malaysia.
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Figure 1. Cyst-forming PSP causative organisms in the Philippines: (A) Pyrodinium bahamense L. Plate, (B) Gymnodinium catenatum Graham, (C,D) Alexandrium spp. Halim. (A). SEM micrograph captured using S-4800 SEM (JEOL, Tokyo, Japan) (B–D). Light micrographs captured using a BX60 (Olympus, Tokyo, Japan). Scale bar = 10 µm. 
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Figure 2. Areas in the Philippines where HAB monitoring and research have been performed or initiated, from [8]. 
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