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Introduction to Harmful Algal Blooms (HABs) 
	
 

Harmful Algal Blooms (HABs), previously called “Red Tides”, have been recorded 

since ancient history. The Old Testament of the Christian Bible reports a red tide event in 

Egypt (Yiming et al., 2002; Yan and Zhou, 2004; Dierssen et al., 2006). It is believed that 

this is the first reported occurrence of a toxic algal bloom or red tide. It was written in the text 

“. . . and all the waters that were in the river were turned to blood. And the fish that was in the 

river died; and the river stank, and the Egyptians could not drink of the water of the river . . .” 

(Exodus 7: 20-21). The term “Red Tides” was widely used due to the red discoloration of 

surface waters, when an outbreak occurred. However, many microalgal outbreaks show 

different colors, depending on the specific pigmentation of the causative species, including 

green, yellow or brown to reddish (Glibert, 2016). Thus, the term ‘HABs’ has been used 

widely to define outbreak events of microalgae and its toxic and non-toxic negative impacts 

(Anderson, 2009; Ransangan and Tan, 2015). 

The occurrence of high densities (> 106 cells L-1 (Anderson et al., 2008)) of 

phytoplankton cells in the pelagic realm is called an algal bloom. Blooms are formed due to 

the rapid accumulation of cells in time and space both as multiple or single species 

(Pettersson and Pozdnyakov, 2013). When the water is dominated by toxic species, toxin 

production may result in harmful impacts for marine communities as well as human health. 

However, eukaryote algae are not the only group causing HABs. Some events are recognized 

as small animal-like or microbial blooms, whereas other causative species are cyanobacteria 

(CyanoHABs) (Glibert, 2016)). Given the taxonomic variety of species causing HABs, 

Glibert (2016) concluded that the term HAB is an operational term in describing the group of 

species (including non- algae) that can cause harm to health, the environment and the 

economy. 

 
 

Landsberg (2002) calculated that a few percent of the tens of thousands of algal 

species has been identified as toxic species. However, as science develops gradually, possibly 

more new toxic species will be revealed. Toxins are likely to be produced during a bloom 

event. Yet, for highly toxic species, toxins may be produced at low cell densities and after 

which they may already cause problem under non-bloom conditions (Glibert, 2016). Toxins 

will subsequently transfer through food chains and can lead to human illness and sometimes 

fatalities (Lansberg, 2002; Hallegraeff, 2005). HABs do not necessarily have to be toxic: 

dense algal blooms can cause adverse environmental conditions via the production of foams 

or scums that lead to oxygen or nutrient depletion. HAB problems tend to increase 

considerably worldwide. For instance, global Paralytic Shellfish Poisoning (PSP) incidents 

have increased significantly between 1970 and 2005 around the globe (Fig. 1) (Anderson, 

2009). 

Globally, HABs may be responsible for economic declines in utilizable marine 

resources. For example, the razor clam fishery industry in Washington State and the local 

labour force have suffered from HABs due to long-term closures since 1991 (Dyson and 

Huppert, 2010). Roughly, US$75 million was lost annually in the US between 1987 and 2000 

(Hoagland and Scatasta, 2006). Massive fish kills in the Seto Inland Sea (Japan) due to HABs 

damaged fishermen’s incomes to the value of more than one million dollars annually 

(Anderson, 2009). New Zealand has experienced HAB events since about 1990, causing food 

poisoning with more than 180 people hospitalized due to the consumption of contaminated 

shellfish, subsequently followed by several fish kill events (MacKenzie 1991; Chang and 

Ryan 2004; Chang 2011; MacKenzie et al., 2011). In tropical regions such as Florida, 

economic losses were also reported due to bloom events (Morgan et al., 2009). In 1983, 

shellfish poisoning due to a Pyrodinium bahamense var. compressum bloom killed 70 people 

in the Philippines and damaged the economy up to US$500,000 (Maclean, 1989). 
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Fig. 1. The global geographic expansion of Paralytic Shellfish Poisoning events (red dots) 1970 versus 2005 
(Source: US National Office for Harmful Algal Blooms, Woods Hole Oceanographic Institution, Woods 
Hole, MA). Adopted from Anderson (2009). 

 

1. HAB detection and Monitoring 

Phytoplankton blooms and HABs can be monitored by satellite remote sensing 

(McKibben et al., 2012; Mustapha et al., 2014), which detects surface phytoplankton 

chlorophyll-a concentration (Sivri et al., 2012; Shutler et al., 2012; Demarcq et al., 2012). 

Remote sensing is also useful for measuring chemical and physical properties that may 

influence phytoplankton bloom formation, such as Sea Surface Temperature (SST), Sea 

Surface Salinity (SSS), upwelling and nutrient content (Pisoni et al., 2014; Sanial et al., 

 
 

2014). However, the combination of traditional in-situ surveys and satellite remote sensing is 

most widely used to monitor phytoplankton blooms and the development of harmful 

microalgal species (Carvalho et al., 2010; Hu et al., 2011; Dippner et al., 2011; Shen, et al., 

2012; Ogashawara et al., 2014). 

Marine biotoxin monitoring and shellfish toxicity (Van der Felsh-Klerx et al., 2012) 

can be conducted in the field by observing the bio-ecology of toxic species, and in the 

laboratory by analyzing toxin types and concentrations. Marine biotoxin monitoring must be 

implemented in order to generate an early warning system of the occurrences of toxic species 

and to organize aquaculture closure periods. Various methods and monitoring tools have been 

applied to achieve marine biotoxin data, beginning from in-situ quick screening to mass 

spectrometric analysis for quantifying levels of toxins of algal species (Zhang and Zhang, 

2015). 

A simple method for monitoring the occurrences of toxic algal species in the water 

column was developed in 2004, called solid phase adsorption toxin tracking (SPATT) 

(MacKenzie et al., 2004). SPATT was originally designed and recommended to establish an 

early warning system for PSP toxins (Rodríguez et al., 2011; Scholz et al., 2013), Diarrhoetic 

Shellfish Poisoning (DSP) toxins and Azaspiracids (Turrell et al., 2007). Different toxin 

analyses depend on the adsorption substrates used (MacKenzie et al., 2004). More recently, 

this technique has been implemented widely in phytoplankton and HAB monitoring 

platforms (see Pizarro et al., 2013; Scholz et al., 2013; McCarthy et al., 2014) due to its 

simplicity (Jauffrais et al., 2013; Zendong et al., 2014), low cost and toxin information. 

SPATT also provides details on environmental persistence and may identify new toxins, 

(MacKenzie, 2010). In addition, to get precise data of marine biotoxins, the passive SPATT is 

usually coupled to sensitive analytical technology of liquid chromatography-mass 

spectrometry (LC-MS) to extract toxin profiles such as azaspiracids, okadaic acid, 
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pectenotoxins, yessotoxins and spirolides (Rundbergeta et al., 2009; MacKenzie, 2010; 

Scholz et al., 2013). 

2. Toxic species and human poisonings 

Filter-feeding bivalve molluscs that ingest toxic algae as food can accumulate toxins 

to levels that can be fatal to humans and other consumers. The other vectors of algal toxins to 

human health are finfish and crustaceans that have been contaminated by toxic algae, yet, 

incidences of poisoning are relatively rare (James et al., 2010). Syndromes of human 

poisoning from shellfish consumption is derived from six types of shellfish toxicity (Table 1), 

namely Paralytic Shellfish Poisoning (PSP), Diarrhoetic Shellfish Poisoning (DSP), 

Neurotoxic Shellfish Poisoning (NSP), Amnesic Shellfish Poisoning (ASP), Azaspiracid 

Shellfish Poisoning (AZP) and Ciguatera Food Poisoning (CFP). 

PSP is known as a common problem of seafood poisoning, causing human illness due 

to the consumption of contaminated shellfish. The neurotoxins responsible for PSP are 

saxitoxins (STXs), which are produced by species belonging to the dinoflagellate genera 

Alexandrium, Gymnodinium and Pyrodinium (Etheridge, 2010). More specifically, research 

on intracellular species-specific PSP levels both in the natural environment and in culture 

have focused recently on individual species such as A. tamarense, A. catenella, A. minutum, 

A. fundyense, G. catenatum and P. bahamense (Ujevic et al., 2012; Xie et al., 2013; Burrell et 

al., 2013; Navarro et al., 2014). A dose between 1 and 4 mg STXs ingested can already be 

lethal to humans, due to respiratory failure. However, after 24 hours, STXs will clear from 

the blood and therefore it does not cause long-term organ damage (James et al., 2010). 

Generally, headache, nausea, vomiting, diarrhea, muscular paralysis and respiratory difficulty 

characterize the symptoms of PSP. 

 

 

 
 

Table 1. Marine biotoxins and their sources (James et al., 2010; Centikaya and Mus, 2012) 
Effects Toxin Origin Main toxin Food source 
Paralytic Shellfish 
Poisoning (PSP) 

Alexandrium catenella, A. cohorticula, 
A. fundyense, A. fraterculus, A. leei, A. 
minutum, A. tamarense, A. andersonii, 
A. ostenfeldii, A. tamiyavanichii, 
Gymnodinium catenatum, Pyrodinium 
bahamense var. compressum 

Saxitoxins (STXs), 
neosaxitoxin (NEO), 
gonyautoxins (GTXs), and 
18 other analogues 

Clams, mussels, 
oysters, cockles, 
gastropods, 
scallops, whelks, 
lobsters, copepods, 
crabs, fish 

Diarrhetic Shellfish 
Poisoning (DSP) 

Dinophysis acuta, D. caudata, 
D. fortii, D. norvegica, D. mitra, D. 
rotundata, D. norvegica, tripos, 
Prorocentrum lima, P. arenarium, P. 
belizeanum, P. cassubicum, P. 
concavum, P. faustiae, P. 
hoffinannianum, P. maculosum, 
Protoceratium reticulatum, 
Protoperidinium oceanicum, P. 
pellucidum, Coolia sp., Phalacroma 
rotundatum 

Okadaic acid (AO), 
dinophysis toxins (DTXs), 
and pectenotoxins (PTXs) 

Mussels, scallops, 
clams, gastropods 

Neurotoxic Shellfish 
Poisoning (NSP) 

Karenia breve Brevetoxins (PbTxs) Oysters, clams, 
mussels, cockles, 
whelks 

Amnesic Shellfish 
Poisoning (ASP) 

(Pseudo-)Nitzschia spp. Domoic acid (DA) and 
analogues 

Shellfish 

Azaspiracid Shellfish 
Poisoning (AZP) 

Protoperidinium crassipes Azaspiracids (AZAs) Mussels, oysters 

Ciguatera Food 
Poisoning (CFP) 

Gambierdiscus spp. and Fukuyoa 
ruetzleri (Tester et al., 2010; Radke et 
al., 2013; Kibler et al., 2015) 

ciguatoxins (CTXs) Tropical and 
subtropical coral 
fish such as 
amberjack, grouper, 
snapper, barracuda, 
and 
giant clams 

 
In the 1980s, DSPs were first identified as marine biotoxins produced by 

dinoflagellates such as Dinophysis and Prorocentrum (Armi et al., 2012). Okadaic acid (OA), 

the toxin that is responsible for DSP, has been identified in some species namely Dinophysis 

sacculus, D. acuminata, D. cf. ovum, D. acuta and Prorocentrum lima, detected in shellfish 

flesh (Hackett et al., 2009; Kamiyama and Suzuki, 2009; Deeds et al., 2010; Swanson et al., 

2010; Armi et al., 2012). At present, ten species of Dinophysis are known as producers of OA 
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Table 1. Marine biotoxins and their sources (James et al., 2010; Centikaya and Mus, 2012) 
Effects Toxin Origin Main toxin Food source 
Paralytic Shellfish 
Poisoning (PSP) 
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Gymnodinium catenatum, Pyrodinium 
bahamense var. compressum 

Saxitoxins (STXs), 
neosaxitoxin (NEO), 
gonyautoxins (GTXs), and 
18 other analogues 

Clams, mussels, 
oysters, cockles, 
gastropods, 
scallops, whelks, 
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crabs, fish 
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concavum, P. faustiae, P. 
hoffinannianum, P. maculosum, 
Protoceratium reticulatum, 
Protoperidinium oceanicum, P. 
pellucidum, Coolia sp., Phalacroma 
rotundatum 

Okadaic acid (AO), 
dinophysis toxins (DTXs), 
and pectenotoxins (PTXs) 

Mussels, scallops, 
clams, gastropods 

Neurotoxic Shellfish 
Poisoning (NSP) 

Karenia breve Brevetoxins (PbTxs) Oysters, clams, 
mussels, cockles, 
whelks 

Amnesic Shellfish 
Poisoning (ASP) 

(Pseudo-)Nitzschia spp. Domoic acid (DA) and 
analogues 

Shellfish 

Azaspiracid Shellfish 
Poisoning (AZP) 

Protoperidinium crassipes Azaspiracids (AZAs) Mussels, oysters 

Ciguatera Food 
Poisoning (CFP) 

Gambierdiscus spp. and Fukuyoa 
ruetzleri (Tester et al., 2010; Radke et 
al., 2013; Kibler et al., 2015) 

ciguatoxins (CTXs) Tropical and 
subtropical coral 
fish such as 
amberjack, grouper, 
snapper, barracuda, 
and 
giant clams 

 
In the 1980s, DSPs were first identified as marine biotoxins produced by 

dinoflagellates such as Dinophysis and Prorocentrum (Armi et al., 2012). Okadaic acid (OA), 

the toxin that is responsible for DSP, has been identified in some species namely Dinophysis 

sacculus, D. acuminata, D. cf. ovum, D. acuta and Prorocentrum lima, detected in shellfish 

flesh (Hackett et al., 2009; Kamiyama and Suzuki, 2009; Deeds et al., 2010; Swanson et al., 

2010; Armi et al., 2012). At present, ten species of Dinophysis are known as producers of OA 
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and its derivatives (Dinophysistoxins (DTXs)), as well as pectenotoxins (PTXs) (Reguera, et 

al. 2012; Reguera, et al. 2014). DSP is a gastrointestinal illness that is characterized by 

symptoms of nausea, vomiting, diarrhoea, chills and abdominal pain. The incubation times of 

DSP toxins vary since the symptoms can occur within 30 minutes to a few hours after the 

consumption of contaminated shellfish (James et al., 2010; Taylor at al., 2013). 

NSP is known as an illness caused by a type of neurotoxin, called brevetoxin. This 

toxin is produced by the marine dinoflagellate Karenia brevis, formerly known as 

Gymnodinium breve (James et al., 2010; Cetinkaya and Mus, 2012; Wolny et al., 2015). 

Within 1-3 hours after consuming contaminated mussels, combinations of gastrointestinal 

and neurological effects are observed, such as paraesthesia (Bibak and Hosseini, 2013). 

An outbreak of ASP toxin was first recorded in Prince Edward Island, Canada, where 

more than 100 people were hospitalized after consuming contaminated mussels (Blanco et al., 

2010). Pseudo-nitzschia is known as the main diatom genus that produces domoic acid (DA), 

the neurotoxic amino acid responsible for causing ASP (Bates et al., 1998 in Ljubeśić et al., 

2011). Neurological symptoms of ASP include headache, confusion, disorientation, seizures 

and coma within 48-72 hours (Pulido, 2008; James et al., 2010). Since the outbreak of 

domoic acid has been recognized as the potential killer of wildlife, ASP monitoring has been 

done worldwide since the 1980s. This intensive monitoring has resulted in the description of 

an extended number of Pseudo-nitzschia species from 15 to approximately 54, of which 26 

species are known as DA producers (Trainer et al., 2012; Bates et al., 2018). 

Azaspiracids (AZAs), which are known as a group of lipophilic polyether toxins, were 

first observed in blue mussel flesh (Mytilus edulis) in 1995 on the West coast of Ireland 

(Salas et al., 2011). This toxin is known to cause severe gastrointestinal illness in humans 

(Furey et al., 2010), including abdominal cramps, diarrhoea, vomiting and nausea, after 

consuming contaminated shellfish (Śkrabáková et al., 2010). Furey et al. (2010) suggested 

 
 

that AZA is more dangerous than other shellfish toxins, as it may lead to the development of 

lung tumours, combined with slow tissue recovery. Azaspiracid toxins are produced by 

dinoflagellates, namely Azadinium poporum, A. spinosum and Amphidoma languid, which are 

generally found in European, western Pacific and in Chinese coastal waters (Krock et al., 

2014; McCarron et al., 2015; Kilcoyne et al., 2015). 

Ciguatera is a type of marine food poisoning, and it is also known as Ciguatera food 

poisoning (CFP). It is caused by the consumptions of fish that have accumulated ciguatoxins 

(CTXs) (Yang et al., 2016). This toxin is found in fish from tropical and subtropical reef 

areas, including the Pacific Ocean, western Indian Ocean and the Caribbean Sea (Lewis, 

2001). After consuming the contaminated fish, symptoms appear within 6 to 24 hours, 

including gastrointestinal, neurologic and cardiovascular problems (Goodman et al., 2013). 

The potent ciguatera toxin is produced by benthic marine dinoflagellate genera such as 

Gambierdiscus and Fukuyoa, which can grow on seaweed, corals and other surfaces (Tester 

et al., 2010; Goodman et al., 2013; Joyce et al., 2013; Radke et al., 2013; Kibler et al. 2015). 

3. Dinoflagellate cysts 

Phytoplankton (diatoms and dinoflagellates) are abundant primary producers in 

marine environments and their communities as well as abundances have been widely used for 

monitoring ecological degradation or other changes over historical time (Mudie et al., 2001). 

Phytoplankton remains such as diatom frustules and organic-walled dinoflagellate cysts 

(dinocysts) in surface sediments have gained various interests in studying paleoenvironmental 

conditions in a particular area. Distributions and concentrations of these micro-fossils in 

surface sediments serve as parameters to study hydrobiological and sedimentation conditions, 

which thus can be used to reconstruct environmental changes amongst variables such as sea 

surface temperature (SST), salinity (SSS), stratification, productivity and sea ice cover (Van 

Soelen et al., 2010; Obrezkova and Pospelova, 2019 and references therein). 
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Besides their role as primary and secondary producers in marine ecosystems, 

dinoflagellates are able to form HAB events and produce toxins, which triggers much interest 

in their life cycle. More than 200 species of these eukaryotic microorganisms produce resting 

cysts under adverse conditions during their life cycle. These resting cysts sink and are 

deposited in sediments (Head, 1996; Cuellar-Martinez et al., 2018). Lundhollm et al. (2011) 

suggested that before excystment and resuspension of the motile stage in the water column, 

cysts can stay dormant in sediments for a short period (weeks) to centuries. As a result, these 

deposited dinocysts may serve as seedbanks, initiating blooms when favourable water column 

conditions are restored (Usup et al., 2012; Bravo and Figueroa, 2014). Various studies have 

shown that dinocyst production is strongly influenced by anthropogenic discharges 

(Uddandam et al., 2017 and references therein). Thus, in addition to their important role as a 

powerful proxy in paleoenvironmental studies, understanding dinocyst production and 

distribution allows us to trace an integrated record of toxic species occurrences and their 

bloom events as well as potential future outbreaks in a particular area (Aydin and Uzar, 2014; 

Zonneveld and Pospelova, 2015; Uddandam et al., 2017). 

Eutrophic conditions in an area can be determined by its autotrophic and heterotrophic 

dinocyst composition (Dale, 2009). Cyst production of the heterotrophic taxa is known to be 

influenced by nutrient enrichment by both natural and anthropogenic sources (Marret et al., 

2013; Bringuė et al., 2014; Matsuoka et al., 2003; Kim et al., 2009; Price et al., 2017). 

Meanwhile, autotrophic dinocyst production may increase in response to high nutrient 

availability (Zonneveld et al., 2012 and Price et al., 2017), yet other factors such as 

competition with diatoms, light limitation and grazing may hinder autotrophic cyst 

production in nutrient-rich environments (Price et al., 2018). Sea surface temperature and 

nutrient availability showed positive correlations with the density of autotrophic dinocysts 

such as Lingulodinium machaerophorum and Polysphaeridium zoharyi (the toxic Pyrodinium 

 
 

bahamense) (Leroy et al., 2013; Price et al., 2017). Polysphaeridium zoharyi cysts (Fig. 2) 

seem distributed in tropical and subtropical regions, characterized by high water temperatures 

(Furio et al., 2012; Limoges et al., 2015). Summarizing, studies on its production, distribution 

and potential survival in a seedbank in areas where the species is found to thrive are needed 

in order to establish a good management to effectively deal with bloom and toxic events. 

 
Fig. 2. P. bahamense resting cysts (Polysphaeridium zoharyi): A. Empty cyst; B. Living cyst Scale bars = 20 

µm (Source: Morquecho et al., 2012) 
 
 
4. HABs in South East Asian Countries 

Tropical marine regions have experienced HAB events for decades, resulting in 

environment degradation and human illness. The South China Sea, which is surrounded by 

Malaysia, Philippines, Thailand, Indonesia, Brunei, Vietnam and China, is a semi enclosed 

sea in the tropical Pacific Ocean. Bloom events occur frequently in this area, causing various 

negative effects on marine ecosystems, human poisoning and economic losses (Wang et al., 

2008). Liu et al., (2014) calculated 31 HAB species from the coastal sea areas surrounding 

China, and 21 species were found in the tropical region of the South China Sea. Some 

countries in South East Asia are suffering from HAB events. However, due to some 
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limitations such as the availability of research funding and HAB’s expertise, the development 

of HABs in these countries is poorly understood and not well documented. 

Lim et al. (2012) reported that HAB events have increased in the last decade in 

Malaysian waters due to increasing mariculture and other human activities that trigger coastal 

eutrophication. Furthermore, these authors reported some shellfish poisoning incidents 

between 2000 and 2010 due to blooms of dinoflagellates such as Alexandrium minutum in 

Tumpat (Kelantan), Cochlodinium polykrikoides at the East coast of Borneo and Pyrodinium 

bahamense at the East coast of Sabah. In addition, Lim et al. (2004) reported human illness 

after consuming contaminated shellfish in 2001 in Tumpat, Kelantan. Here, seven people 

were hospitalized due to paralytic shellfish toxins (PSTs) caused by an A. minutum outbreak. 

The development of HABs in Malaysian waters is presumed to be related with the 

combination of human influences such as coastal development for residences, industries and 

shipping activities, and environmental factors such as chemical (nutrients) and physical water 

properties (Wang et al., 2008). All HAB forming species in Malaysian waters, including the 

recently identified species Gymnodinium catenatum, are associated with seasonal monsoons, 

nutrients, physical parameters and geomorphology (Adam et al., 2011). 

Massive environmental destruction, economic losses (fish kills) and toxin poisoning 

(human health) due to HABs are also reported in the Philippines. A bloom of the 

dinoflagellate Prorocentrum minimum in the Northern Philippines in 2002 led to economic 

losses of approximately six million pesos (US$ 120,000) due to massive fish kills (Azanza, et 

al., 2005; San Diego-McGlone et al., 2008). Another outbreak of Alexandrium spp. and 

Skeletonema costatum in June 2010 in the Northern Philippines affected milkfish farms, 

resulting in fish kills and roughly a US$ 1.1 M loss (Escobar, et al., 2013). These kills 

occurred after the bloom, indicating that fish mortalities were due to anoxic conditions. 

 
 

Molecular techniques and Confocal Laser Scanning Microscopy have confirmed 

Pyrodinium bahamense var. compressum, Alexandrium affine, Gymnonidium catenatum, 

Prorocentrum signoides, P. micans, and P. rhathymum as toxic species in Philippine waters 

(Onda et. al., 2013). PSP is the major marine biotoxin causing problems in the Philippines, 

and this is associated with the development of P. bahamense var. compressum blooms, 

affecting coastal areas since 1983 (Azanza and Benico, 2013). Furthermore, Alexandrium 

minutum is another PSP species that is spreading in Philippine waters (Bajarias et al., 2003). 

Both species are recognized as the major threat to aquaculture industries and seafood 

consumers in the country (Montojo et al., 2014). PSP cases in Asia occur frequently, and the 

Philippines have recorded the largest number of events with 2124 cases and 120 deaths 

reported from 1983 to 2002. Here, nutrient enrichment through run-off of sewage and 

agricultural fertilizer increases phosphorous and nitrogen loads which stimulate 

phytoplankton blooms and PSP outbreaks (Ching et al., 2015). In addition to shellfish 

poisoning, the tropical diatom Nitzschia navis-varingica is widely distributed in coastal areas 

of the Philippines, causing ASP (Romero et al., 2012). 

In Singapore, a single toxic bloom in December 2009 caused great economic losses 

due to massive fish kills (Leong et al., 2012). The raphidophyte Heterosigma spp. was the 

toxic species, which is routinely found in Singapore’s waters (Kok and Leong, 2012). 

Outbreaks of HAB species were recorded along the South Vietnamese coasts, in the Binh 

Thuan and Ninh Thuan Provinces. Monitoring platforms of HAB events, from 1993 to 2007 

in this area showed a significant change of dominant species from Trichodesmium 

erythraeum in 1993-1999 to Phaeocystis globosa in 2002-2007 (Wang et al., 2008; Liu et al., 

2009; Dippner et al., 2011). Doan-Nhu et al. (2003, 2010) reported that the blooms of P. 

globosa in Southern Vietnam waters were associated with upwelling events during the 

southwest monsoon. Some harmful dinoflagellate species were also identified in Myanmar 
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coastal waters such as the PSP causative species Alexandrium tamiyavanichii Balech and 

Gymnodinium catenatum; DSP species Dinophysis caudata and Dinophysis miles (Su-Myat 

et al., 2012). A bloom event was first recorded at the southern coast of Myanmar on the 14th 

of March 2012 near Kadan Island, dominated by dinoflagellates such as Prorocentrum 

rhathymum, P. shikokuense, and Alexandrium affine (Su-Myat and Koike, 2013). 

5. HAB outbreaks in Indonesian waters 

In Indonesia, HAB outbreaks have been observed by the Indonesian Institute of 

Science since the early 1970s (Adnan, 1989). This phenomenon was recognized to rapidly 

spread around Indonesian waters and predicted to deteriorate marine environments and to 

cause human illness and economic loss. Thus, since that time, many observations and surveys 

have been conducted to tackle further negative impacts caused by HABs. However, research 

was focused only on the ecology of potential HAB species due to the limitation of funding 

provided by the government, lack of local HAB experts, lack of knowledge and lack of 

awareness (Sidharta, 2005). Two reported blooms in Jakarta Bay in 1977 and 1980 were 

dominated by Noctiluca spp. and Dinophysis spp, respectively (Sutomo et al., 1977; Praseno, 

1981). Subsequently, fish mortality events due to phytoplankton blooms were reported in the 

same area in May and November 2004, 3 events in 2005 and 2 events in 2007 (Wouthuyzen 

et al., 2004: Thoha et al., 2007). Sidabutar et al. (2016) concluded that nutrient enrichment 

was the main factor regulating these frequent HAB outbreaks and altering phytoplankton 

composition in Jakarta Bay. 

Since a few decades, HABs in Indonesia have become dominated by the PSP species 

Pyrodinium bahamense var. compressum, and these outbreaks have led to environmental 

deterioration, economic loss and human illness (Aditya et al., 2013). More than 427 PSP 

cases and 17 deaths have been reported in the country (Azanza and Taylor, 2001). A bloom 

of this species was recorded in 1994 in Ambon Bay, eastern Indonesia, causing more than 30 

 
 

cases of human illness. Moreover, three children died after consuming contaminated shellfish 

(Wiadyana et al., 1996). Outbreaks continue to occur in the bay, and it is not only causing 

human illness, but also economic problems. For example, in 2012, seven people were 

hospitalized and more than one million Rupiahs were lost by fish farmers due to fish kills in 

the inner bay (Likumahua, 2013). Nutrient enrichment from agricultural run-off and sewage 

during the southeast monsoon season with high precipitation was assumed to trigger the 

proliferation of Pyrodinium bahamense var. compressum in the bay (Likumahua, 2013). 

Similar HAB events were recorded in other coastal Indonesian waters, where various land 

activities contribute to eutrophication (Aditya et al., 2013; Widiarti et al., 2013). Tropical 

seas such as the archipelagos of Indonesia and the Philippines are potential areas of Ciguatera 

Fish Poisoning (CFP) outbreaks, which are caused by dinoflagellates such as Prorocentrum, 

Gambierdiscus and Ostreopsis (Skinner et al., 2011; Skinner 2012). However, CFP is not 

widely observed in Indonesia. 

6. Algal proliferations and potentially toxic species in Ambon Bay 
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Indonesia), which is resided by roughly 450,000 people. The island has a tropical climate 

where annual rainfall is high during the wet season, associated with the southeast monsoon 

occurring from March to September. The dry season is associated with the northwest 

monsoon between October and March, and it is characterized by relatively low precipitation 

and relatively high air temperatures. The island has a silled estuarine bay, known as Ambon 

Bay, which opens to the Banda Sea. A narrow and shallow sill (Fig. 3) divides the bay into 

two parts (Inner and Outer bay), limiting water circulation and flushing to the open ocean 

(Banda Sea). This restriction results in water stagnation in the inner bay, where only 50% 

replacement of deep water occurs, whereas the residence time is projected to be 4.5 months 

(Anderson and Sapulete, 1981). 
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Fig. 3. Ambon Bay cross-section 

The dinoflagellate P. bahamense var. compressum is known as the PSP causative 

species in Ambon Bay (Maluku Province). This species frequently occurs in the area, where 

it sometimes causes human illness. The first report of a P. bahamense var. compressum 

bloom was in 1994, which occurred in July during the wet season when precipitation was 

high (Wiadnyana et al., 1996). This resulted in coastal eutrophication, which subsequently 

triggered P. bahamense var. compressum proliferation. After this event, there were no reports 

of outbreaks in the bay, since a horizontal riot happened in Ambon and lasted for almost 10 

years. This condition completely stopped research activities in Ambon and some islands due 

to security issues. However, some water discoloration events in the bay were seen by local 

people, which were believed as signs that the community would undergo a bad fortune 

regarding the riot (S. Likumahua, unpublished results). 

Another outbreak of P. bahamense var. compressum in Maluku province was 

observed in Kao Bay, which occurred in the same year as the first Ambon Bay event (1994). 

 
 

However, human illness and fatalities were not reported. In July 2012, a massive proliferation 

of P. bahamense var. compressum occurred in Ambon Bay, leading to human illness (seven 

people were hospitalized after consuming shellfish). Since then, more P. bahamense var. 

compressum outbreaks have occurred, as reported in the present thesis. 

In Ambon Bay, phytoplankton composition and distribution have been monitored on a 

monthly basis since 2008 by the Centre for Deep Sea Research, Indonesian Institute of 

Science (LIPI). In the monitoring program, water physicochemical parameters are also 

analysed in order to follow water quality variability and changes, for example related with 

eutrophication caused by waste water discharges from the surrounding densely inhabited 

coastal area. The bloom of P. bahamense var. compressum in 2012 was registered as a result 

of this monitoring program. During the monitoring program, potentially toxic algal species 

are determined from phytoplankton samples collected using a plankton-net (100 cm long, 30 

cm diameter and 100 µm mesh size). Apart from P. bahamense, other toxic species are 

sometimes found in high densities: these include the diatom genus Pseudonitszchia, and some 

dinoflagellate species such as, Alexandrium spp., Gymnodinium catenatum, and Dinophysis 

spp. (monitoring results, data unpublished). However, information regarding toxins (level and 

composition) produced by these species was completely lacking for Ambon Bay. In addition, 

no studies had been done to reveal relationships between toxin producing species (including 

toxin levels) and environmental drivers in the bay. 
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Thesis outline 

Given the fact that potentially toxic algal species have been determined in field 

samples forming both blooms and toxic events, further studies on bio-ecology of toxic algal 

species were urgently needed to support the establishment of an effective HAB management 

plan for Ambon. As explained in the above sections, there were some major gaps in 

knowledge that prevented a comprehensive understanding of bloom development and its 

underlying factors. Wagey (2002) suggested that it is crucial to examine the physical factors 

(oceanographic processes) that influence phytoplankton ecology in Ambon Bay. In addition, 

toxin profiles from the locally occurring toxic species were urgently needed. At the beginning 

of this PhD project, no studies had been done before to fill those major gaps in Ambon Bay 

and Indonesian waters at large. Therefore, the present study aims were: I: to investigate the 

dynamics of HAB species (both potentially toxic and non-toxic species) in the area; II: to 

reveal toxin components and levels produced by potentially toxic species from plankton 

samples; III: to observe environmental drivers that underlie outbreaks and toxin production in 

Ambon Bay, and IV: to investigate if Ambon Bay serves as a seedbank due to the presence of 

dinoflagellate cysts. 

The following research questions were formulated for this thesis in order to address 

these gaps of knowledge: 

1. Which toxic species inhabit Ambon Bay and what are their toxin components and 

levels? 

2. What environmental drivers govern species abundance and toxin dynamics? 

3. Does Ambon Bay serve as a seedbank, favouring future toxic HABs in the bay?  

To answer these questions, two short and two large field campaigns were executed in 

the inner and outer bay. The first short campaign was executed to investigate the presence 

and composition of marine bio-toxins contained in phytoplankton samples, and to test 

 
 

sampling and analytical procedures. During the two extensive and long campaigns, in total 

encompassing a 1.5-year sampling period, phytoplankton and toxin samples were coupled to 

data collected for water physicochemical properties and weather parameters. The fourth field 

sampling was designed to collect sediment samples and water physicochemical parameters 

during the wet season. 

In chapter 2, a massive P. bahamense var. compressum bloom is described for 

Ambon Bay, occurring in 2012. Species abundance and distribution coupled with water 

physicochemical parameters during the bloom event were studied. In addition, a later toxin 

analysis using liquid chromatography – tandem mass spectrometry (LC-MS/MS) was done to 

reveal paralytic shellfish toxin profiles in phytoplankton samples containing P. bahamense 

var. compressum cells. 

In chapter 3, the variability of the potentially toxic marine diatom Pseudo-nitzschia 

spp. and its neurotoxin domoic acid (DA) in Ambon Bay is described. Liquid 

chromatography – tandem mass spectrometry (LC-MS/MS) was used to detect particulate 

DA (pDA). Phytoplankton and toxin samples, water physicochemical as well as 

meteorological (precipitation and wind speed) parameters were collected during the wet and 

dry season of 2018. This approach was designed to investigate dynamics of cell abundance 

and toxin level in conjunction with environmental conditions. A non-parametric Spearman 

rank analysis was employed to reveal their relationships. 

In chapter 4, a seven-month sampling campaign, encompassing the dry and wet 

season of 2018 was executed to study the variability of dinoflagellates and their associated 

toxins in Ambon Bay. Liquid chromatography – tandem mass spectrometry (LC-MS/MS) 

was used to detect both lipophilic and hydrophilic toxins in pellet samples. During the 

sampling period, weather and water physicochemical data were collected, and subsequently 

combined with cell abundances and toxin levels for extensive statistical analyses. A non-
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parametric Spearman rank correlation analysis was applied to investigate relationships among 

parameters. 

In chapter 5, an extended 1.5 year sample set (January 2018 – June 2019) was 

analysed to facilitate the investigation of Dinophysis spp. and their pectenotoxins over a 

prolonged period. Lipophilic toxins in phytoplankton net samples were analysed using liquid 

chromatography – tandem mass spectrometry. Multivariate analysis (Principal Component 

Analysis (PCA)) and Spearman’s rank were employed to study correlations between 

biological (cell abundance and toxin level) and water physicochemical parameters. 

In chapter 6, dinoflagellate cyst (dinocyst) composition, abundance and spatial 

distribution in the surface sediment of Ambon Bay were studied to reveal whether the bay 

may serve as a seedbank. Water physicochemical parameters and sediment samples were 

collected at 10 stations during the wet season of 2019. To observe the difference between the 

two parts of the bay, seven stations were set in the inner bay and three stations in the outer 

bay. The palynological method was applied to obtain dinocyst samples, after which they were 

prepared on microscope slides. Geochemical parameters such as total organic carbon (TOC), 

total nitrogen (Ntot) and total phosphorous (Ptot) were analysed from the remaining dried 

sediment samples. The relationship among dinocyst species, water physicochemical and 

geochemical parameters were evaluated using multivariate Principal Component Analysis 

(PCA) as well as Pearson correlation analysis. 
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Abstract 

Saxitoxin is the toxin responsible for Paralytic shellfish poisoning (PSP) produced by some 

dinoflagellate genera such as Pyrodinium, Gymnodinium and Alexandrium. In Indonesia, 

Pyrodinium bahamense var. compressum (Pbc) was first recorded in Kao Bay in 1994. Later 

that year, the illness of more than 30 people and the death of three children were reported 

after shellfish consumption in Ambon Bay. In 2007, a monitoring program was installed 

encompassing physiochemical parameters and plankton abundance measurements to monitor 

the potential threat for shellfish poisoning in the bay. The present study was aimed to convey 

and discuss a massive bloom of Pbc in Ambon Bay. Pbc cells were detected in plankton 

samples during the wet season in June and July 2012, during which a human poisoning event 

was reported by a local hospital. A massive bloom (up to 2,496 cells mL-1) of the species 

followed by water discoloration was observed on July 12, a few days after the hospital report. 

This bloom formed an area of approximately 110 acres, which was close to a local dense 

residential area where most of the patients live. Additional toxin measurements were installed 

in 2017, and during that year, the presence of PSP toxins in plankton samples was 

demonstrated. These toxins were dominated by saxitoxin and gonyautoxin, which can both be 

responsible for human poisoning. This is the first preliminary study that provides evidence of 

shellfish toxins detected in plankton samples related to Pbc occurrences in eastern Indonesia.   

 

Key words: Pyrodinium bahamense var. compressum, water discoloration, human illness, 

saxitoxins, gonyautoxins, paralytic shellfish poisoning. 

 

 

 

 

 

 

 

 

 
 

1. Introduction 

Ambon is a small island in the eastern part of Indonesia, populated by roughly 

600,000 people. The island has a tropical climate, which is influenced by southeast and 

northwest monsoons determining the wet and dry season respectively. The southeast 

monsoon (wet season) is characterized by a low air temperature and a high rainfall (between 

April and September). The dry season is associated with the northwest monsoon occurring 

between October and March, which is characterized by high air temperature and less rainfall. 

The island has a semi-enclosed estuary, Ambon Bay, that has  a narrow and shallow sill (12 

m deep and 300 m wide) dividing the area into an inner and outer part. The sill restricts water 

circulation and limits flushing processes resulting in water stagnation in the inner bay. 

Anderson and Sapulete (1989) revealed that water replacement in the inner bay was about 

50% and the residence time was 4.5 months. This condition tends to trigger nutrient 

enrichment in the inner bay during the wet season as high precipitation causes a high run-off 

into bay. In addition, increased population size, land development and agriculture on the 

island can be associated with increased pollution input over time, which may enhance 

eutrophication and levels of pollutants in the inner bay. 

Tropical marine regions have experienced Harmful Algal Bloom (HAB) events for 

many years, resulting in environmental degradation and human illness. The South China Sea, 

which is surrounded by Malaysia, Philippines, Thailand, Indonesia, Brunei, Vietnam and 

China, is a semi-enclosed sea in the tropical Pacific Ocean. Bloom events occur frequently in 

this area, causing various negative effects on marine ecosystems, human poisoning and 

economic losses (Wang et al., 2008). High performance liquid chromatography (HPLC) 

revealed 31 HAB species from the coastal sea areas in China, and 21 species were found in 

tropical region of South China Sea (Liu et al., 2014). In Indonesia, HAB outbreaks are 

dominated by the PSP species Pyrodinium bahamense var. compressum (Pbc), and it has led 
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to environmental deterioration, economic loss and human illness (Aditya et al., 2013). More 

than 427 PSP cases and 17 deaths have been reported in the country (Azanza and Taylor, 

2001). 

Paralytic shellfish poisoning (PSP) is known as a common problem of seafood 

poisoning causing human illness due to the consumption of contaminated shellfish. The 

neurotoxins responsible for PSP are saxitoxins (STXs), and are produced by Alexandrium, 

Gymnodinium and Pyrodinium (Etheridge, 2010). Paralytic shellfish toxins (PSTs) are 

generally divided into three groups: highly toxic carbamoyls (saxitoxin (STX), neosaxitoxin 

(NEO) and gonyautoxins (GTX1-4), intermediately toxic decarbomoyls (dcSTX, dcGTX and 

dcNEO); and the least toxic N-sulfocarbamoyls (C1-4, B1 and B2) (Costa et al., 2010). An 

armored, bioluminescent and chain-forming dinoflagellate, Pyrodinium bahamense var. 

compressum (Pbc), is known to be distributed in tropical and subtropical latitudes (Usup et 

al., 1994). This toxic species appears to be endemic in Southeast Asia, as it occurs frequently 

in some countries including the Philippines, Malaysia and Indonesia (Usup et al., 2012). 

In Indonesia, water discoloration caused by high cell densities of Pbc was first 

recorded in Kao Bay in 1994 (Mizushima et al., 2007). Subsequently, in the same year, a 

fatal paralytic shellfish poisoning (PSP) event occurred in Ambon Bay, initiated by a high 

abundance of Pbc in the water column. Wiadnyana et al., (1996) reported that more than 30 

people were hospitalized and three children died after consuming shellfish (Hiatula 

chinencis) collected in the bay. In the years following this outbreak, bloom events and human 

illness due to Pbc were not detected and reported. The present paper specifically describes a 

massive bloom of Pbc, occurring in Ambon Bay in 2012, causing human illness and fish kills. 

In addition, PSP toxins were measured in phytoplankton samples in 2017 to provide valuable 
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Parsons (1968), and dissolved oxygen was measured using the Winkler method. Plankton 

samples were collected using the same bottle sampler deploying at the surface where 

concentrated algae were found. Samples were concentrated in 1 L plastic bottles and 

preserved with formalin to  4% final concentration after adding filtered seawater. One mL 

fixed sample was fully inspected under a Nikon Eclipse 50-i microscope using a 200 x 

magnification to determine Pbc cells. Other environmental parameters, including 

temperature, salinity, chl a, and turbidity were recorded using a CTD, model ASTD687 (Alec 

Electronics, Japan). As a comparison with the affected area, the CTD was deployed at station 

3 as well where no bloom and water discoloration occurred. 

2.2. Toxin analysis in 2017 

Plankton samples for toxin analysis were collected at five stations (1, 2, 3, 4, and 5 

(Fig. 1)) in the inner bay on the 15th of July 2017. Phytoplankton samples were collected 

from the upper 20 m using a Hydro-bios plankton net (Ø 40 cm, length 100 cm, 20 µm mesh 

size). The net was deployed twice vertically at a constant pulling speed, following the 

manufacturer’s guidelines. Samples were transferred to 500 mL bottles and concentrated to a 

final volume of 400 mL, and kept at ambient temperature in the dark in an insulated box. For 

microscopic inspection and cell counting, 40 mL of sample was fixed with acidic lugol iodine 

solution and a drop of formalin (4 % final concentration) to inactivate bacteria. The fixed 

samples were kept in the dark at 4 ᴼC until sample analysis. One mL fixed sample placed in a 

Sedgewick rafter was used to inspect Pbc cell numbers using a Nikon Eclipse 50-i 

microscope at 200 x magnification. A compact Alec Electronic CTD, model ASTD687 was 

deployed to measure temperature, salinity, turbidity, density, and Chlorophyll-a fluorescence. 

Dissolved nutrients, Nitrate (NO3), Phosphate (PO4) and Silicate (SiO2) were measured using 

a spectrophotometer (UV-Vis Shimadzu 1700) following Strickland and Parsons (1972), and 

Ammonium (NH4) following APHA (1998). Mixed layer depth (MLD) and stratification 

 
 

index were determined using the threshold method as described by Somavilla et al. (2017) 

and González-Pola et al. (2007). 

Liquid chromatography – tandem mass spectrometry (LC-MS/MS) was used to detect 

PSP (C1/2, dcGTX2/3, GTX2/3, GTX1/4, B1, dcSTX, STX, and NEO) toxins according to 

Krock et al. (2008). Net sample was concentrated by centrifugation at 12,100 x g for at least 

20 minutes and transferred to 2 mL Eppendorf tubes. Pellets were then stored at -20 ᴼC prior 

to analysis. Approximately 0.9 g lysing matrix D was added to the pellets followed by 500 

µL ethanol. Toxin extraction was performed at maximum speed (6.5 m/s) for 45 seconds 

using a Bio101 FastPrep (Thermo Savant, Illkirch, France). Homogenized samples were 

centrifuged at 16,100 x g at 4 ᴼC for 15 minutes, after which the supernatants were 

transferred  to 0.45 µm pore size spin filters (Milipore Ultrafree, Eschborn, Germany) and 

centrifuged for 30 seconds at 5700 x g. Filtrates were transferred to HPLC vials for toxin 

analysis, expressed in ng.NT-1.  

3. Results 

During the monitoring in 2012, average nitrate concentrations showed an upward 

trend, ranging between 0.08 µM and 0.61 µM, and reaching the highest level in June. A high 

nitrate concentration was found in January before decreasing considerably in the following 

month. (Fig. 2). In contrast, the average phosphate concentration showed an unclear trend and 

varied during the monitoring of 2012. The concentration ranged between not detected and 

0.18 µM (Fig. 2). 
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Fig. 2. Average concentrations (18 stations) of nutrients at the surface and average phytoplankton abundance in 

Ambon Bay during the monitoring of 2012. 

 

The average of total phytoplankton (diatom and dinoflagellate) abundances from the 

18 stations ranged between 1.40×102 cells L-1 and 22.76×102 cells L-1 in 2012, of which the 

highest level was found in July (Fig. 2). Pbc cells were observed between the mid of June and 

the first week of July 2012, but only in the inner bay (station 1, 2, 4 and 5). Here, average Pbc 

cell concentrations of 1.30×102 cells L-1 and 5.99×102 cells L-1, respectively (data not 

shown). Meanwhile, during the peak of the bloom on the 12th of July 2012, Pbc abundance 

reached 2,496×103 cells L-1 in station 2, resulting in water discoloration in the inner bay. The 

bloom area of Pbc was estimated to occupy approximately 110 ha area in the inner bay (Fig. 

3). Cells of Pbc in Ambon Bay were easily distinguished, forming chains of up to 24 cells 

with a conspicuous cingular list and antapical spine especially in the posterior cell of the 

chain (Fig. 3).  

 

 
 

 
Fig. 3. Light microscopic photographs of Pyrodinium bahamense var. compressum (34-35 µm long and 39-41 

µm in wide) as occurring in Ambon Bay, 12th of July 2012 (A-E). 

 

Sea surface temperature (SST) and sea surface salinity (SSS) during the Pbc bloom 

were 29.13°C and 30.56 respectively for station 1 and 2 (Fig. 4 A&B). The lowest SSS was 

found at station 3. Maximum SST and minimum SSS levels were detected at 0.75 m depth. 

High chl-a concentrations and turbidity levels were detected at the same depth, which were 

27.84 ppb and 13.25 NTU, respectively (Fig. 4 C&D). Similar to SSS, surface chl-a and 

turbidity were also low at station 3. 

Phosphate concentrations were low at the surface for both stations during the bloom, 

ranging between 0.03 µM and 0.08 µM while being higher at the bottom (Table 1). In 

contrast, nitrate was not detected at the surface for both stations. Nitrate near the bottom 

ranged between 1.13 µM and 1.29 µM (Table 1). Dissolved oxygen (DO) levels ranged 

between 6.00 ppm and 6.03 ppm at the surface and 3.63 ppm and 4.22 ppm near the bottom. 
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Fig. 4. Vertical profiles of temperature (A), salinity (B), chl-a (C) and turbidity (D) for stations 1-3 during the 

Pyrodinium bahamense var. compressum bloom in Ambon Bay, 12th of July 2012. 
 
Table 1. Concentrations of phosphate (PO4), nitrate (NO3) and dissolved oxygen (DO2) 
during the bloom of Pyrodinium bahamense var. compressum in Ambon Bay, 12th of July 
2012. 

Station Depth PO4 (µM) NO3 (µM) DO2 (ppm) 

1 Surface (0 m) 0.03 nd 6.00 
Near Bottom (B-1m) 0.11 1.13 4.22 

2 Surface (0 m) 0.08 nd 6.03 
Near Bottom (B-1m) 0.21 1.29 3.63 

Remarks: nd (not detected) 
 
 

 
 

Table 2. PST profiles, Pbc abundance and physiochemical surface characteristics at five 
stations in the inner bay, July 2017.  

Station 
PSP toxin profiles (ng NT-1) Pbc 

(×103 NT-1) C1/2 GTX1/4 GTX2/3 dcGTX2/3 B1 NEO dcSTX STX 
1 32.50 nd 9.50 7.50 33.50 nd nd 32.50 1.03 
2 28.00 nd 7.00 5.50 23.50 nd nd 19.00 0.86 
3 26.00 nd 7.00 1.95 20.00 nd nd 20.50 0.81 
4 15.50 nd 2.65 nd nd nd nd 3.45 0.08 
5 28.00 nd 2.35 3.20 nd nd nd 2.90 0.08 

Station 
Chlorophyll-a fluorescent and environmental parameters 

Chl-a 
(mg m-3) 

Temperature 
(ºC) Salinity  

PO4 
(µM) 

NO3 
(µM) 

SiO3 

(µM) 
NH3 
(µM) 

Stratification 
(kg mg-3) 

MLD 
(m) 

1 1.36 28.13 31.85 0.61 2.66 19.94 7.16 0.80 0.50 
2 0.77 27.81 32.12 0.84 1.29 3.27 7.16 0.42 3.00 
3 1.02 27.98 30.56 0.42 9.13 21.57 11.76 0.47 2.50 
4 1.12 27.61 31.14 0.75 9.95 21.24 6.13 0.53 2.50 
5 0.30 28.21 31.90 0.66 5.55 31.70 3.58 0.78 0.50 

 
During the wet season of 2017, phytoplankton communities were numerically 

dominated by diatom genera such as Chaetoceros, Skeletonema and Pseudonitzschia. These 

genera formed more than 70% of the total abundance based on the net samples (> 20 um) 

(data not shown). Cells of Pbc were successfully determined at the five stations, ranging 

between 0.08×103 NT-1 and 1.03×103 NT-1 (Table 2). Highest concentrations of the species 

were found between station 1 and 2, similar to the bloom as observed in 2012. Five of eight 

PSP toxins were detected in phytoplankton samples. The highest toxicity carbamoyl group 

was dominated by STX (ranging between 2.90 ng NT-1 and 32.50 ng NT-1) and GTX2/3 

(ranging between 2.35 ng NT-1 and 9.50 ng NT-1), while NEO was absent (Table 2). 

Meanwhile, the less toxic PSTs of C1/2 and B1 were detected at high levels whereas the 

decarbamoyl dcGTX2/3 was low. Surface water temperature ranged between 27.61 and 28.21 

ºC while salinity ranged between 30.56 and 32.12 (Table 2). Phosphate concentrations were 

comparable among stations and other nutrients varied in the inner bay. Shallow MLDs were 

found in station 1 and 5 (0.5 m) while deeper in station 3 (3 m). Stratification index was 

comparable among stations and ranged between 0.42 kg mg-3 and 0.80 kg mg-3 (Table 2). 
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4. Discussion 

A massive bloom of Pbc was documented in Ambon Bay for 12 July 2012. This was 

the first report of a Pbc bloom in Indonesian waters associated with a substantial economic 

loss due to massive fish kills observed in local aquaculture. In addition, the bloom was 

associated with a human poisoning case after consuming shellfish collected in the area 

affected by the bloom.  

As a part of the monitoring program, phytoplankton communities have been analyzed 

monthly since 2008 to study their composition, abundance and community structure in 

Ambon Bay. Generally, diatoms including Chaetoceros spp., Bacteriastrum sp., Rhizosolenia 

spp., dominate the phytoplankton community. One species of Cyanobacteria, Trichodesmium 

sp., was also found frequently in the bay, and occurred in high abundances in certain months, 

however, no bloom and/or water discoloration events were observed. Dinoflagellates were 

dominated by genera such as Ceratium, Protoperidinium, Dinophysis, and Pyrodinium. 

During the bloom of Pbc, the abundance of this species reached more than 2,000 cells 

mL-1. More than hundred fish, e.g., Caranx sp. and Chromileptes altivelis were found dead 

and floating in the bloom area several weeks before the massive bloom. This event occurred 

between the mid to the end of June 2012, just before harvesting time, resulting in the loss of 

million Rupiahs. Fish kills might be due to DO depletion around the aquaculture area. Thus, 

it was likely that phytoplankton (Pbc) had formed blooms before the event in July 12, which 

caused anoxia in the inner bay. Interestingly, this was the first report of fish killing related to 

a phytoplankton (Pbc) bloom in Ambon Bay. 

 During the first week of July 2012, some people including two children were found to 

have food poisoning and were hospitalized in a local hospital. They were local inhabitants 

who lived in villages located near the coast around the inner bay such as Lateri, Waiheru and 

Latta. Medical checks revealed that these people were intoxicated by unknown toxins 

 
 

contained in seafood. To trace the source of the toxin, these observations were followed by 

conducting an interview of their family members. This revealed that patients showed 

symptoms of nausea, vomiting, headache and diarrhea several hours after consuming 

shellfish collected in the bay.  Thus, it was likely that these patients were suffering from 

Paralytic Shellfish Poisoning (PSP) due to Pbc since their cells had been detected in 

phytoplankton samples earlier in June 2012. When shellfish poisoning was reported, Pbc cells 

were found at a low density between June and the first week of July 2012. Thus, the recent 

event reconfirmed human illness after shellfish consumption that was reported before in 

Ambon Island in 1994, related to Pbc cells (Wiadnyana et al., 1996). In their study, the cell 

concentration of Pbc was very low, ranging between 0.4×103 cells L-1 and 1.6×103 cells L-1, 

and its species abundance represented up to 41% of total phytoplankton abundance. Based on 

their findings and the presently described event, Pbc could form PSP events even at low cell 

density.  

In the present study, Pbc was found at very high concentrations, and its abundance 

exceeded 106 cells L-1. The highest cell concentration of Pbc was detected in the area near the 

local villages of Lateri and Latta. These areas were inundated by red-brown to dark surface 

water discoloration, occupying roughly 110 ha area in the inner bay (Fig. 5 & 6). Water 

discoloration was not observed during the first PSP event in 1994. During the present bloom 

event, the discolored water caused skin-itching on hands and legs of the observers during the 

plankton and water sample collections. The exact causative species was not known at that 

time, yet, it might be the result of bacterial activity during the bloom. Another reason might 

be due to the cyanobacterium Thrichodesmium erithrium (Fukuyo, pers. comm.), since it had 

been found frequently in high abundances during plankton monitoring.  
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contained in seafood. To trace the source of the toxin, these observations were followed by 

conducting an interview of their family members. This revealed that patients showed 

symptoms of nausea, vomiting, headache and diarrhea several hours after consuming 

shellfish collected in the bay.  Thus, it was likely that these patients were suffering from 

Paralytic Shellfish Poisoning (PSP) due to Pbc since their cells had been detected in 

phytoplankton samples earlier in June 2012. When shellfish poisoning was reported, Pbc cells 

were found at a low density between June and the first week of July 2012. Thus, the recent 

event reconfirmed human illness after shellfish consumption that was reported before in 

Ambon Island in 1994, related to Pbc cells (Wiadnyana et al., 1996). In their study, the cell 

concentration of Pbc was very low, ranging between 0.4×103 cells L-1 and 1.6×103 cells L-1, 

and its species abundance represented up to 41% of total phytoplankton abundance. Based on 

their findings and the presently described event, Pbc could form PSP events even at low cell 

density.  

In the present study, Pbc was found at very high concentrations, and its abundance 

exceeded 106 cells L-1. The highest cell concentration of Pbc was detected in the area near the 

local villages of Lateri and Latta. These areas were inundated by red-brown to dark surface 

water discoloration, occupying roughly 110 ha area in the inner bay (Fig. 5 & 6). Water 

discoloration was not observed during the first PSP event in 1994. During the present bloom 

event, the discolored water caused skin-itching on hands and legs of the observers during the 

plankton and water sample collections. The exact causative species was not known at that 

time, yet, it might be the result of bacterial activity during the bloom. Another reason might 

be due to the cyanobacterium Thrichodesmium erithrium (Fukuyo, pers. comm.), since it had 

been found frequently in high abundances during plankton monitoring.  
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Fig. 5. Water discoloration (A, B and C) caused by Pyrodinium bahamense var.  compressum bloom on 12th of 

July 2012  and floating fish cages (D: at Passo and E: at Lateri) in Ambon Bay. 

 
Fig. 6. Horizontal distribution of the Pyrodinium bahamense var. compressum bloom (abundance of the red area 

>106 cells L-1) in inner Ambon Bay, 12th of July 2012. 
 

Some dinoflagellates are able to produce cysts in their life cycle when environmental 

conditions become adverse. These temporary cysts will sink to the upper sediment where they 

 
 

can survive for certain periods followed by re-suspension, thereby serving as a local seed 

population (Matsuoka and Fukuyo, 2000). Based on sediment core analysis, Mizushima et al. 

(2007) revealed that the first occurrence of Pbc cysts in Ambon Bay was recorded around 

1850. Furthermore, they found that the cyst became more abundant in the top 2 cm sediment, 

reaching 3,431 cysts g-1 dry sediment. High abundances of the cysts in Ambon Bay may have 

caused seeding of the water column, facilitating rapid accumulation of Pbc cell density in the 

bay, which eventually led to human poisonings in 1994 and later years, including the 2012 

bloom. In Manila Bay, resuspension of Pbc cysts triggered by wind-induced vertical mixing 

and tidal currents were found to initiate bloom events (Sombrito et al., 2004; Siringan et al., 

2008). In addition, these typical water movements increased bottom current velocity, which 

may stimulate nutrient release to the water column and favor the cysts to germinate (Villanoy 

et al. 2006).  

The monitoring data in 2012 showed a significant increase in nitrate concentration 

from May to June. Nutrient concentrations in June and July were measured before and after 

the bloom of Pbc, respectively. During the wet season, high precipitation contributes to 

nutrient enrichment in the inner bay through runoff. The increase in nutrients, during this 

period may have contributed to the favorable environment required by Pbc vegetative cells to 

develop rapidly. During the bloom itself, nutrients were detected at very low concentrations, 

indicating that Pbc vegetative cells massively consumed nitrate and phosphate. However, 

given the low number of data points, correlations between nutrient and Pbc could not be 

established statistically at present.   

Regardless of nutrient availability, high germination rates of Pyrodinium cysts and 

bloom initiation were mostly found to be influenced by temperature (Hallegraeff, 2010; 

Karlen and Campbell, 2012; Morquecho et al., 2014; Onda et al. 2014; Banguera-Hinestroza 

et al. 2016). When the bloom of Pbc occurred, SSS and SST were relatively low (29.56 and 
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29.13°C, respectively). These low levels might be due to freshwater input through small 

rivers around station 1 and 2. Interestingly, a bloom of Pbc also occurred during the dry 

season in the subsequent year, with cell densities exceeding 2×106 cells L-1 (monitoring data 

of 2013, unpublished). Average SST and SSS during the dry season in Ambon Bay range 

between 28.58 °C and 30.12 °C; and between 32.22 and 34.15, respectively (Saputra and 

Lekalette, 2016). According to Gedaria et al. (2007), fluctuations in temperature (23 – 36 °C) 

and salinity (26 – 36), are favorable for Pbc growth. Yet, the optimum conditions for Pbc 

growth were found at a relatively high salinity at a broad temperature range. Usup et al. 

(2012) also reported that Pbc forms blooms only under conditions with salinities higher than 

20 psu and temperatures above 20 °C. Moreover, Garate & Gonzales (2011) reported that 

solitary cells of P. bahamense emerged at temperatures ranging between 24.5 and 31.0 °C in 

the southern coast of the Baja California Peninsula confirming its tropical nature. Salinity and 

temperature levels during high Pbc occurrences in Ambon Bay (2012 and 2017) were 

relatively similar with these previous studies, implying that the bay is a risk area for Pbc 

blooms and PSP events. 

The toxin analysis executed in 2017 showed the presence of Pbc coinciding with the 

PSTs in plankton samples collected in the inner bay. The detection of saxitoxin in 

phytoplankton samples undoubtedly suggest the cause of human illness and fatality after 

consuming contaminated shellfish. Generally, headache, nausea, vomiting, diarrhea, muscular 

paralysis and respiratory difficulty characterize the symptoms of PSP (Costa et al., 2010; 

James et al., 2010). Similar symptoms were shown by all patients in the 2012 PSP event, 

implying that there was a strong relation among Pbc, saxitoxin production and human illness 

in Ambon. Generally, Pyrodinium species only produce simple toxin profiles such as STX, 

NEO, dcSTX, GTX and B toxins (Wiese et al., 2010; Usup et al., 2012). The detection of 

decarbamoyl (dcGTX2/3) and C groups in the present samples strongly indicated that other 

 
 

PSP causative species were also present. Even though Pbc was the main target of this study, 

two PSP genera were also observed. These include species belonging to the genera 

Gymnodinium and Alexandrium. Thus, decarbamoyl and C groups in the present samples 

were likely to be produced by Gymnodinium spp., given the fact that some strains of the 

genus were found to generate dcSTX, dcGTX2/3, C1 and C2 (Costa et al., 2010; Band-

Schmidt et al., 2010 and references therein). However, the recent finding related to 

Gymnodinium needs to be confirmed by more studies both in field and lab culture 

experiments. 

5. Conclusion 

 Pbc was found in Ambon Bay during the wet season of 1994 and it formed a second 

bloom in the same season in 2012, both associated with shellfish poisoning cases. In addition, 

monitoring data showed a massive bloom of Pbc during the dry season of 2013, indicating 

that the species may form PSP events in both seasons or throughout the year. Economic loss 

due to fish kills related to massive algal blooms in Ambon Bay, in particular Pbc, was 

reported for the first time (2012). With respect to human poisoning, PSTs responsible for PSP 

events were detected in phytoplankton samples collected in the inner bay, which was 

dominated by N-sulfocarbamoyls, saxitoxins and gonyautoxins. However, the present study 

provides only preliminary information regarding the species abundance and distribution in 

the area. Hence, further studies on environmental impacts on Pbc both in field studies and 

laboratory experiments are needed to understand the dynamics of the species in order to 

predict its present and future outbreaks. In addition, investigations on environmental 

influences on PST production, level and profiles from the Ambon strain are highly 

recommended. Results of these future studies are expected to generate baseline data in order 

to install a HAB management plan in Ambon Bay, with the aim to provide an early warning 

system to minimize impacts on local ecosystems and human health. 
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PSP causative species were also present. Even though Pbc was the main target of this study, 

two PSP genera were also observed. These include species belonging to the genera 

Gymnodinium and Alexandrium. Thus, decarbamoyl and C groups in the present samples 

were likely to be produced by Gymnodinium spp., given the fact that some strains of the 

genus were found to generate dcSTX, dcGTX2/3, C1 and C2 (Costa et al., 2010; Band-

Schmidt et al., 2010 and references therein). However, the recent finding related to 

Gymnodinium needs to be confirmed by more studies both in field and lab culture 

experiments. 

5. Conclusion 

 Pbc was found in Ambon Bay during the wet season of 1994 and it formed a second 

bloom in the same season in 2012, both associated with shellfish poisoning cases. In addition, 

monitoring data showed a massive bloom of Pbc during the dry season of 2013, indicating 

that the species may form PSP events in both seasons or throughout the year. Economic loss 

due to fish kills related to massive algal blooms in Ambon Bay, in particular Pbc, was 

reported for the first time (2012). With respect to human poisoning, PSTs responsible for PSP 

events were detected in phytoplankton samples collected in the inner bay, which was 

dominated by N-sulfocarbamoyls, saxitoxins and gonyautoxins. However, the present study 

provides only preliminary information regarding the species abundance and distribution in 

the area. Hence, further studies on environmental impacts on Pbc both in field studies and 

laboratory experiments are needed to understand the dynamics of the species in order to 

predict its present and future outbreaks. In addition, investigations on environmental 

influences on PST production, level and profiles from the Ambon strain are highly 

recommended. Results of these future studies are expected to generate baseline data in order 

to install a HAB management plan in Ambon Bay, with the aim to provide an early warning 

system to minimize impacts on local ecosystems and human health. 
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Abstract 

Within the past few decades, harmful algal blooms (HABs) have occurred frequently in 

Indonesian waters, resulting in environmental degradation, economic loss and human health 

problems. So far, HAB related studies mainly addressed ecological traits and species 

distribution, yet toxin measurements were virtually absent for Indonesian waters. The aim of 

the present study was to explore variability of the potentially toxic marine diatom genus 

Pseudo-nitzschia, as well as its neurotoxin domoic acid as a function of environmental 

conditions in Ambon Bay, eastern Indonesia. Weekly phytoplankton samples, oceanographic 

(CTD, nutrients) and meteorological (precipitation, wind) parameters were analyzed at 5 

stations in the bay during the dry and wet seasons of 2018. Liquid chromatography – tandem 

mass spectrometry (LC-MS/MS) was used to detect particulate DA (pDA). Vegetative cells 

of Pseudo-nitzschia spp. and pDA were found in 98.6% and 51.4% of the samples, 

respectively. pDA levels were low, yet detected throughout the campaign, implying that 

Ambon Bay might potentially be subject to amnesic shellfish poisoning. The highest levels of 

both Pseudo-nitzschia spp. cell abundance and pDA were found in the wet season, showing a 

strong positive correlation between both parameters, compared to the dry season, (r = 0.87 

and r = 0.66 (p < 0.01), respectively). Statistical analyses revealed that temperature and 

mixed layer depth positively correlated with Pseudo-nitzschia spp. and pDA during the dry 

season, while ammonium showed positive correlations in both seasons. This study represents 

the first successful investigation of the presence and variability of Pseudo-nitzschia spp. and 

its neurotoxin DA in Indonesian waters. 

Key words: Harmful Algal Blooms (HABs), neurotoxin, Ambon Bay, Pseudo-nitzschia spp. 

 

 

 

 

 

 

 

 

 
 

1. Introduction 

Pseudo-nitzschia, a pennate and chain forming microalga is a cosmopolitan diatom genus 

that can cause harmful algal blooms (HABs) around the world (Trainer et al., 2000; Pan et al., 

2001; Bates and Trainer, 2006). Some species of this genus produce a potent neurotoxin, 

known as domoic acid (DA). This toxin can be transferred via the food web, eventually 

causing amnesic shellfish poisoning (ASP) in humans due to the consumption of 

contaminated shellfish (Bates et al., 1998; Scholin et al., 2000; Bejarano et al., 2008; Mafra 

Jr. et al., 2010; Zabaglo et al., 2016). Human illness and fatalities due to DA outbreaks were 

first recorded in Canada in 1987, revealing symptoms such as gastrointestinal distress, 

confusion, disorientation, memory loss, coma and death (Bates et al., 1989; Lefebvre and 

Robertson, 2010). DA accumulated in filter feeders can also be fatal to higher marine trophic 

levels, such as mammals, leading to mortalities of sea lions and whales (Schollin et al., 2000; 

reviewed by Bejarano et al., 2008; Fire et al., 2010). The total number of described Pseudo-

nitzschia species in the 2010s was 37 of which 12 were thought to be capable of producing 

DA (Trainer et al., 2010; reviewed by Trainer et al., 2012). This number recently increased to 

52 species, of which 26 are capable of producing DA (Bates et al., 2018). 

Environmental properties that promote the proliferation of Pseudo-nitzschia are very 

complex and vary between regions and seasons (Trainer et al., 2012; Umhau et al., 2018). 

This complexity and ambiguous causative factors may be related to natural climate variability 

(Sekula-Wood et al., 2011). Yet, in some cases, Pseudo-nitzschia was found to be correlated 

with nutrient availability. For example, cold upwelled and nutrient-rich waters were 

associated with Pseudo-nitzschia blooms in Californian coastal waters (Anderson et al., 2006; 

Schnetzer et al., 2007; Sekula-Wood et al., 2011). Eutrophic waters carrying high levels of 

nitrate derived from local groundwater favoured Pseudo-nitzschia to form blooms in the 

northern Gulf of Mexico (Macintyre et al., 2011).  
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Regardless of the complexity of the blooms and environmental properties, some factors 

are likely to be associated with cell specific toxin production. Phosphate and silicate 

limitation enhanced DA production in Pseudo-nitzschia species such as P. australis, 

P.pungens and P. fraudulenta (Lelong et al., 2012; Lema et al, 2017). Other factors that 

might regulate cell specific DA production were found to be pH, CO2, irradiance, salinity, 

bacteria and temperature (Macintyre et al., 2011; Lelong et al., 2012; Zhu et al., 2017). Rue 

and Bruland (2001) found that Pseudo-nitzschia produces DA to bind trace metals in order to 

increase micronutrient availability (iron) or to reduce intracellular harmful copper. DA was 

found to accumulate in copepods (Leandro et al., 2010; Tammilehto et al., 2012), indicating 

grazing on Pseudo-nitzschia cells. Tammilehto et al. (2015) found that Pseudo-nitzschia 

seriata toxicity increased in the presence of grazers such as copepods, implying that 

zooplankton may trigger cell specific DA production. 

In Indonesian waters, HAB outbreaks and their impacts on marine environments and 

human wellbeing have been observed since the early 1970s. However, due to a lack of 

experts, knowledge and awareness of HABs, studies in the country so far focused mainly on 

general species abundance (Sidartha, 2005). Indonesia has been suffering from paralytic 

shellfish poisoning (PSP) events caused by Pyrodinium bahamense var. compressum, which 

were associated with 427 cases of human illness and 17 deaths (Aditya et al., 2013; Azanza 

and Taylor, 2001). Other phytoplankton blooms were reported in the country coinciding with 

massive fish kill events due to dissolved oxygen depletion (Thoha et al., 2004; Wouthuyzen 

et al., 2007). To our knowledge, no particular studies addressed Pseudo-nitzschia spp. and its 

neurotoxin DA in Indonesian waters, including the eastern part of the country.  

Ambon Bay is a semi-enclosed eutrophic bay in eastern Indonesia (Fig. 1), where 

proliferations of HAB species have frequently been observed. Human illness and fatalities 

were reported in the surrounding areas due to frequent occurrences of high densities of the 

 
 

toxic dinoflagellate Pyrodinium bahamense var. compressum (Likumahua, 2013). 

Phytoplankton monitoring is conducted in the bay since 2008 revealing other potentially toxic 

genera, such as Alexandrium, Gymnodinium, Dinophysis, and Pseudo-nitzschia, which was 

formerly determined as Nitzschia spp (data not published). However, the monitoring program 

was only focused on the abundance and distribution of phytoplankton with particular 

attention to dinoflagellates, nor did it include associated toxin analyses. 

Given the complete lack of information on Pseudo-nitzschia occurrences and potential 

DA impacts in eastern Indonesian waters, the present study first of all addressed the possible 

presence and variability of DA producing Pseudo-nitzschia in Ambon Bay. Secondly, 

environmental factors that might regulate the variability of Pseudo-nitzschia and DA 

concentrations were investigated. To this end, a seven-months field campaign was executed 

in the bay, encompassing both the dry and the wet season, during which weather (wind, 

precipitation) and physicochemical water column properties (mixed layer depth, 

stratification, temperature, salinity, irradiance attenuation, nutrients) as well as phytoplankton 

composition and toxins were analysed. 

  2. Materials and methods 

2.1 Study area and stations 

Ambon Island (3°38′17′′S and 128°07′02′′E) (Fig. 1) is located in Maluku Province, 

eastern Indonesia, which is resided by roughly 450,000 people. The island has a semi-

enclosed estuary, known as Ambon Bay, which opens to the Banda Sea. A narrow and 

shallow sill (Fig. 2) divides the bay into two parts (Inner and Outer bay), which restricts 

water circulation and limits the flushing process to the open ocean (Banda Sea). The area has 

a tropical climate with high rainfall during the wet season, which is associated with the 

southeast monsoon occurring from March to September. The dry season is associated with 
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toxic dinoflagellate Pyrodinium bahamense var. compressum (Likumahua, 2013). 

Phytoplankton monitoring is conducted in the bay since 2008 revealing other potentially toxic 

genera, such as Alexandrium, Gymnodinium, Dinophysis, and Pseudo-nitzschia, which was 

formerly determined as Nitzschia spp (data not published). However, the monitoring program 

was only focused on the abundance and distribution of phytoplankton with particular 

attention to dinoflagellates, nor did it include associated toxin analyses. 

Given the complete lack of information on Pseudo-nitzschia occurrences and potential 

DA impacts in eastern Indonesian waters, the present study first of all addressed the possible 

presence and variability of DA producing Pseudo-nitzschia in Ambon Bay. Secondly, 

environmental factors that might regulate the variability of Pseudo-nitzschia and DA 

concentrations were investigated. To this end, a seven-months field campaign was executed 
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precipitation) and physicochemical water column properties (mixed layer depth, 

stratification, temperature, salinity, irradiance attenuation, nutrients) as well as phytoplankton 
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  2. Materials and methods 

2.1 Study area and stations 

Ambon Island (3°38′17′′S and 128°07′02′′E) (Fig. 1) is located in Maluku Province, 

eastern Indonesia, which is resided by roughly 450,000 people. The island has a semi-

enclosed estuary, known as Ambon Bay, which opens to the Banda Sea. A narrow and 

shallow sill (Fig. 2) divides the bay into two parts (Inner and Outer bay), which restricts 

water circulation and limits the flushing process to the open ocean (Banda Sea). The area has 

a tropical climate with high rainfall during the wet season, which is associated with the 

southeast monsoon occurring from March to September. The dry season is associated with 
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the northwest monsoon between October and March, and it is characterized by relatively low 

precipitation and increased air temperature. 

 
Fig. 1. Map of Ambon Bay with the location of the five sampling stations (A-E). The red star is LIPI, the Centre 

of Deep Sea Research in Indonesia. The red triangle is the sill. 
 

 
Fig. 2. Ambon Bay cross-section 

 Four sampling stations (B, C, D, and E) were chosen in the inner part of the bay whereas 

a fifth station (A), with higher oceanic water influence, was set up in the outer bay (Fig. 1). 

 
 

Stations C and D are permanent stations, which have been monitored by the Center for Deep 

Sea Research Institute (LIPI) since 2008. Those stations are characterized by nearby dense 

mangrove vegetation and some small river outflows. Two blooms of toxic dinoflagellates had 

been recorded before at those stations during the wet season (Likumahua, 2013). Stations E 

and B were chosen close to moderately sized river outflows, which flush massive agricultural 

waste water into the inner bay during the wet season. These stations had experienced an 

extensive dinoflagellate bloom during the dry season in March 2013 (data unpublished). 

Some fish farms are located in the inner bay, close to stations C, D and E. At the LIPI 

research institute (Fig. 1), a weather station was installed to continuously measure 

precipitation, air temperature, wind and humidity. Daily average precipitation and wind speed 

were calculated and calibrated with the data obtained from the local Meteorological and 

Climate Bureau.  

2.2 Field sampling 

The five stations were sampled weekly throughout the dry and wet season, between 

January and July 2018. During the alleged phytoplankton bloom periods, both in the peak of 

dry (February-March) and wet (June-July) season, samples were collected twice a week. The 

period between end of March and mid- May was considered as the transition phase from the 

dry to wet season. Irradiance attenuation was measured using a LiCor Li1400 light meter, at 

1, 2, 4, 6, 8, 10, 12, 16 and 20 (m depth). At each station, a Compact Alec CTD Model ASTD 

687 was deployed to measure temperature, salinity, turbidity, density, and chlorophyll-a 

fluorescence. 

A 3.5 L Nansen bottle was used to collect water samples for nutrient analysis at 2 and 20 

m depth, which represented the water above and below the thermocline. Since the water in 

the Inner bay is often turbid, the water samples were pre-filtered on board through a 20 µm 

filter mesh to eliminate large plankton, other organic materials and sediment particles. The 
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water samples were then transferred to 600 mL bottles and placed in a dark insulation box, 

containing seawater at ambient temperature. The bottles were pre-cleaned several times using 

distilled water and rinsed with double distilled water (ddH2O) prior to sampling.  

At each station, a Hydro-bios plankton net with 40 cm diameter, 100 cm length, and 20 

µm mesh size was deployed twice vertically to collect plankton samples from 0-20 m depth, 

with total pulling time ranging between 60 and 70 seconds, following the manufacturer’s 

guidelines. The difference of approximately 10 seconds pulling speed (between 0.33 m/s and 

0.29 m/s) potentially caused variability of sampled volumes, which was calculated to be less 

than 12 %. This net tow method has been used to reveal a semi-quantitative comparison of 

cell abundances and particulate toxin concentrations as described by Fabro et al. (2016) and 

Almandoz et al. (2017). Plankton samples were transferred to 500 mL bottles and kept in the 

dark at ambient temperature in the insulation box. The final volume of concentrated plankton 

samples obtained from two net tows was 400 mL, which was processed in the lab for toxin 

analysis, microscopic observations and spectrophotometric chlorophyll-a analysis. 

2.3 Sample processing 

2.3.1. Nutrients. 

The pre-filtered water samples were filtered immediately after sampling through a 0.2 

µm pore size, 47 mm Ø Fisherbrand nylon membrane filter using a vacuum pump with a 

maximum pressure of 0.3 bar and stored at -20 ºC until analysis. Samples were analyzed 

fortnightly using a Spectrophotometer (UV-Vis Shimadzu 1700) to measure Nitrate (NO3), 

Phosphate (PO4) and Silicate (SiO2) following Strickland and Parsons (1972), and 

Ammonium (NH4) following APHA (1998). 

2.3.2. Chlorophyll-a (≥ 20 µm). 

A five-channel filtration set up was used to process the samples from the five stations 

immediately after arrival in the lab. Sixty mL of net sample was filtered through 25 mm Ø 

 
 

GF/F Whatman filters using a 0.2 bar vacuum pump. Filters were transferred to darkened 

glass tubes filled with 10 mL of 90% acetone. After mixing, the samples were kept at 4 °C in 

a refrigerator. After a few hours, the filters were ground to optimize extraction efficiency 

using a mini glass spatula and subsequently refrigerated overnight. Samples were centrifuged 

for 8 minutes at 8,400 x g, and measured in a spectrophotometer (UV-Vis Shimadzu 1700) at 

wavelengths of 750, 665, 645 and 630 nm. Chlorophyll-a (Chl-a) was calculated using the 

equations as described by Strickland and Parsons (1972). 

2.3.3. Pseudo-nitzschia spp. abundance. 

Forty mL of net sample were fixed with acidic lugol iodine solution, and a drop of 

formalin (4% final concentration) was added to inactivate bacteria. The fixed samples were 

stored in a 4 °C refrigerator prior to analysis. Samples were settled in an Uthermöhl 10 mL 

sedimentation chamber and inspected at 200x magnification using an Olympus LH50A 

inverted microscope. To achieve quantitative cell abundances, a minimum of 400 Pseudo-

nitzschia spp. cells was counted. The whole chamber was counted when cell densities were 

low and at higher cell densities a number of randomly chosen fields was inspected until 400 

cells were counted. The total abundance of Pseudo-nitzschia spp. was calculated in cells per 

net tow (NT-1). Qualitative microscopic information for the dominant Pseudo-nitzschia 

species was obtained by an Olympus IMT-2 inverted microscope at 1000x SPlan APO. The 

cell size was calibrated and treated using Adobe Light Room and Microscope Image Capture 

and Measurement (MICAM) software, version 2.4. 

2.3.4. Toxin analysis. 

Pellets were obtained from 300 mL of the net samples, concentrated by centrifugation 

steps at 12,100 x g for 20 minutes and transferred to 2 mL Eppendorf tubes. Pellets were 

stored at -30 °C until further analysis. Particulate domoic acid (pDA) was analysed by liquid 

chromatography – tandem mass spectrometry (LC-MS/MS). Briefly, cell pellets were 
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transferred to tubes containing ca. 0.9 g lysing matrix D, and 500 µL methanol were added. 

Extraction was performed at maximum speed (6.5 m/s) for 45 seconds using a Bio101 

FastPrep instrument (Thermo Savant, Illkirch, France). Homogenized samples were 

centrifuged for 15 minutes at 16,100 x g at 4 °C. Supernatants were transferred to spin filters 

with a pore size of 0.45 µm (Milipore Ultrafree, Eschborn, Germany) and centrifuged for 30 

seconds at 5700 x g. The filtrate was subsequently transferred to HPLC vials for the pDA 

analysis, according to Krock et al. (2008). The detection limit of pDA in this study was 0.60 

ng NT-1. 

2.4 Statistical analysis.  

Three hour averages were calculated for wind speed and the rainfall just prior to the 

sampling trip and used as environmental variables for the statistical analysis. The light 

extinction coefficient (kd) was calculated by linear regression of log transformed data. Mixed 

layer depth (MLD) and stratification index were determined using the threshold method as 

described by González-Pola et al. (2007) and Somavilla et al. (2017). Tidal elevation data 

were obtained from the Hydrography and Oceanography Centre, Indonesian Navy. 

PCA multivariate analysis score plot was employed to distinguish variation among 

stations and between seasons. The analysis involved all parameters including weather 

(precipitation and wind speed), physicochemical parameters (the average temperature and 

salinity (0 - 20 m), light attenuation coefficient (kd), MLD, stratification, tidal elevation and 

nutrients at both depths (2 and 20 m)) and biological parameters (Chl-a from both net and 

CTD, pDA and Pseudo-nitzschia spp.). The correlation analysis between Pseudo-nitzschia 

spp. cell abundance, pDA and environmental factors was performed using a non-parametric 

Spearman’s rank, as the data were not normally distributed. Statistical analysis was done 

using R and the Minitab18 package. 

 

 
 

3. Results 

3.1 Weather variability 

Low average rainfall was found during the dry season, with only six rainy days, ranging 

between 0.01 and 0.7 mm of total daily precipitation. Precipitation occurred more frequently 

during the wet season, starting with two high rainfall days (1.8 and 2.0 mm of total daily 

precipitation), respectively (Fig. 3). High wind speeds were recorded at the beginning of the 

year, after which a slightly decreasing trend was observed towards the transition period (Fig. 

3). An upward trend in wind speed occurred during the wet season, ranging between 1.0 m.s-

1 on day 158 and 4.6 m.s-1 on day 190. 

 

Fig. 3. Weather conditions recorded as average values for 3 hours prior to sampling. The grey area refers to the 
transition period between dry and wet season. The vertical red line separates the two distinct seasons, 
as determined by statistical PCA analysis of environmental conditions in 2018. 

 

3.2 Physicochemical characteristics 

Average (0 – 20 m) water temperatures showed a downward trend during the sampling 

period, ranging between 30.2 ºC (day 78 at Station D) and 26.0 ºC (day 141 at Station A). 

During the dry season, the average temperature increased slightly from 29.2 ºC to 29.9 ºC and 

started to decrease during the transition period (Fig. 4A). A steady temperature decrease was 

found during the wet season reaching lowest values at the end of the sampling period. 
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Throughout the campaign, lowest temperatures were found at Station A (Fig. 4A). During the 

dry and transition seasons, Station D was warmer than the other stations, but was cooler 

during the subsequent wet season. Similar conditions were observed for the surface water 

temperature, being slightly warmer than the average at 20 m. Surface temperatures ranged 

between 31.1 ºC (day 106 at Station D) and 26.4 ºC (day 200 at Station A).  

Average salinity 0 - 20 m overall showed a slightly upward trend, ranging between 32.5 

(day 141 at Station E) and 33.8 (day 197 at Station A). Meanwhile, surface salinity was much 

lower than the average over 0-20 m, ranging between 27.4 (day 16 at Station D) and 33.6 

(day 200 at Station A). Salinity was relatively stable during the dry season, even though there 

was a slightly downward trend before the transition period (Fig. 4B). During the dry season, 

the average salinity 0-20 m ranged between 33.0 and 33.3, and in the transition period 

between 33.0 and 33.1. A gradual upward trend occurred during the wet season (Fig. 4B), 

with the average 0-20 m ranging between 33.0 and 33.5. Highest salinities were recorded at 

Station A throughout the campaign. Lowest salinities were found for station D during the dry 

season, whereas station B and E showed lower salinities during the wet season (Fig. 4B). 

These lower salinities were also observed at the surface. 

During the dry season and the transition period irradiance attenuation was stable, ranging 

between 0.03 (day 71, Station A) and 0.29 (day 134, Station D). An upward trend in kd was 

observed for all stations during the wet season (Fig. 4C), reaching highest levels towards the 

end of the campaign (day 207; Station C = 0.37 and Station D = 0.38). Lowest kd values were 

found for Station A throughout the season, while Station D had the highest kd for both dry 

and wet seasons. 

 
 

 
Fig. 4. Temporal variability of physical properties for the five sampling stations. A: Average water temperature 

0-20 m; B: Average salinity 0-20 m; C: Irradiance attenuation kd 0-20 m; D: Mixed Layer Depth 
(MLD) (m); E: Stratification Index. The grey area refers to the transition period between dry and wet 
season. The vertical red line separates the two distinct seasons, as determined by statistical PCA 
analysis of environmental conditions in 2018. 
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Mixed layer depth (MLD) was highly variable in space and time. However, a slightly 

downward trend was found from the dry to the wet season (Fig. 4D). MLD was roughly 

above 10m depth during the wet season for the inner bay stations, interrupted by deep mixing 

events. Deepest MLDs were found at Station A in the outer bay. Stratification index showed 

an overall increasing trend from the dry to the wet season (Fig. 4E). During the dry season 

and the transition period, the stratification index was found below 1 kg.m3, increasing to 2.9 

kg.m3 at day 190 (Station E) in the wet season. The water column in the inner bay was much 

more stratified than in the outer bay (Station A:  ≤ 0.5 kg.m3), which showed the lowest 

stratification index throughout the sampling period. Highest indices were found at stations B 

and E during the wet season. 

Phosphate concentration ranged between not detected and 3 µM throughout the sampling 

period. Surface (2 m) phosphate showed a high variability over time and space, with 

pronounced peaks in both seasons, yet a gradual decreasing trend was observed for all 

stations (Fig. 5A). Phosphate concentrations were higher at the inner bay stations compared 

with station A in the outer bay (Fig. 5A) except for days 16 and 162. Phosphate 

concentrations at 20 m, showed similar variability and overall trends as surface levels (Fig. 

5B). However, concentrations were generally higher at 20 m. Stations C, D and E showed the 

highest phosphate levels at 20 m, and station A the lowest. 

Generally, surface silicate concentrations were higher (mostly ≥ 10 µM) than those at 20 

m (mostly ≤ 10 µM) (Fig. 5 C and D). Both depths showed an upward trend over time. At the 

end of the wet season, silicate concentrations increased considerably at both depths. Station D 

showed the highest surface concentrations during the dry season while stations B and E had 

highest levels during the wet season. Highest silicate peaks occurred at Stations C and D 

(52.1 µM and 54.2 µM, respectively) at the end of the season (Fig. 5C). In contrast, station D 

showed highest silicate levels at 20 m throughout the sampling period (Fig. 5D). 

 
 

 

Fig. 5. Temporal variability of major nutrients for the five sampling stations at two water depths. A, C, E, G = 2 
m: B, D, F, H = 20 m. The grey area refers to the transition period between dry and wet season. The 
vertical red line separates the two distinct seasons, as determined by statistical PCA analysis of 
environmental conditions in 2018. 

 
Although highly variable, nitrate concentrations showed an increasing overall trend 

during the sampling period, ranging between 0.01 and 3.0 µM (Fig. 5 E and F). A clear 

upward trend occurred at the surface, even though there was a drop by the end of the dry 

season between days 65 and 90. Nitrate concentrations started to increase in the transition 

period, reaching a maximum level of 2.5 µM (Station D) in the wet season (Fig. 5E). An 

opposite trend was found for the concentrations at 20 m during the dry season, which 

exhibited a strong decrease during the course of the dry season (Fig. 5F). The highest nitrate 

level at 20 m was 3.0 µM, as found during the beginning of the campaign. Concentrations 
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and the transition period, the stratification index was found below 1 kg.m3, increasing to 2.9 

kg.m3 at day 190 (Station E) in the wet season. The water column in the inner bay was much 

more stratified than in the outer bay (Station A:  ≤ 0.5 kg.m3), which showed the lowest 

stratification index throughout the sampling period. Highest indices were found at stations B 

and E during the wet season. 

Phosphate concentration ranged between not detected and 3 µM throughout the sampling 

period. Surface (2 m) phosphate showed a high variability over time and space, with 

pronounced peaks in both seasons, yet a gradual decreasing trend was observed for all 

stations (Fig. 5A). Phosphate concentrations were higher at the inner bay stations compared 

with station A in the outer bay (Fig. 5A) except for days 16 and 162. Phosphate 

concentrations at 20 m, showed similar variability and overall trends as surface levels (Fig. 

5B). However, concentrations were generally higher at 20 m. Stations C, D and E showed the 

highest phosphate levels at 20 m, and station A the lowest. 

Generally, surface silicate concentrations were higher (mostly ≥ 10 µM) than those at 20 

m (mostly ≤ 10 µM) (Fig. 5 C and D). Both depths showed an upward trend over time. At the 

end of the wet season, silicate concentrations increased considerably at both depths. Station D 

showed the highest surface concentrations during the dry season while stations B and E had 

highest levels during the wet season. Highest silicate peaks occurred at Stations C and D 

(52.1 µM and 54.2 µM, respectively) at the end of the season (Fig. 5C). In contrast, station D 

showed highest silicate levels at 20 m throughout the sampling period (Fig. 5D). 

 
 

 

Fig. 5. Temporal variability of major nutrients for the five sampling stations at two water depths. A, C, E, G = 2 
m: B, D, F, H = 20 m. The grey area refers to the transition period between dry and wet season. The 
vertical red line separates the two distinct seasons, as determined by statistical PCA analysis of 
environmental conditions in 2018. 

 
Although highly variable, nitrate concentrations showed an increasing overall trend 

during the sampling period, ranging between 0.01 and 3.0 µM (Fig. 5 E and F). A clear 

upward trend occurred at the surface, even though there was a drop by the end of the dry 

season between days 65 and 90. Nitrate concentrations started to increase in the transition 

period, reaching a maximum level of 2.5 µM (Station D) in the wet season (Fig. 5E). An 

opposite trend was found for the concentrations at 20 m during the dry season, which 

exhibited a strong decrease during the course of the dry season (Fig. 5F). The highest nitrate 

level at 20 m was 3.0 µM, as found during the beginning of the campaign. Concentrations 
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reached lowest levels by the end of the dry season (day 65 to 90), similar to the observed 

surface trends. Station D showed the highest nitrate concentrations both at the surface and the 

20 m samples. Surface nitrate concentration at Station A was similar to the other stations. In 

contrast, at 20 m, concentrations were lower than at the other stations. 

Surface and 20 m ammonium concentrations increased during the dry season, followed 

by a decrease during the transition period and subsequent wet season (Fig. 5 G and H). Yet, 

during the wet season, peak ammonia levels were recorded at both depths, (14.8 µM, day 200 

at Station C). During the wet season, stations A and C showed the highest ammonium 

concentrations, respectively at the surface (14.3 µM and 13.0 µM) and at 20m (15.1 µM and 

14.7 µM). 

3.3 Chl-a, pDA and Pseudo-nitzschia spp. abundance 

Chlorophyll-a (Chl-a) data was obtained from the net hauls (reflecting the ≥ 20 µm 

phytoplankton fraction) and the CTD measurements, showing a strong positive correlation (r 

= 0.68 and r = 0.78 (p = 0.00), dry and wet season respectively). On average, net Chl-a level 

was ±12 times lower than the CTD Chl-a measurement (results not shown). During the 

campaign, Chl-a ≥ 20 µm showed an upward trend reaching peak levels at the end of the wet 

season. Chl-a ≥ 20 µm levels ranged between 0.01 (day 46, Station A) and 1.8 mg m3 (day 

207, Station C), (Fig. 6A). Levels were similar for all stations during the dry season. During 

the wet season the inner bay stations, in particular B, C and D showed the highest Chl-a ≥ 20 

µm levels while values remained low at Station A in the outer bay.  

Particulate domoic acid (pDA) was detected in all samples, yet, only 51.4% was found 

above the detection limit (0.60 ng NT-1). Values of pDA were highly variable over time, 

showing peaks both in the dry and wet season, mainly at the inner bay stations. Yet, pDA 

levels showed an upward trend from the dry to the wet season, during which peaks were 

higher and more frequent, with peak levels up to 3,716 ng NT-1 (day 162, Station D) (Fig. 

 
 

6B). In the dry season, two pDA peaks were found, on day 53 (1,218 ng NT-1) and day 85 

(321 ng NT-1) both at station E; in the transition period one small peak was found on day 127 

at station D (297 ng NT-1). During the wet season peaks were found at station D on day 148 

(1,819 ng NT-1) and day 162 (3,716 ng NT-1), and at station C on day 200 (465 ng NT-1) and 

at station E on day 204 (463 ng NT-1). 

 
Fig. 6. Temporal variability of biological properties for five stations. A: Chl-a from net (cells  ≥ 20 µm); B: 

particulate domoic acid (pDA) levels; C: Pseudo-nitzschia spp. cell abundance. The grey area refers to 
the transition period between dry and wet season. The vertical red line separates the two distinct 
seasons, as determined by statistical PCA analysis of environmental conditions in 2018. 
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Fig. 7. Light microscope photographs of Pseudo-nitzschia pungens cells, found in Ambon Bay in 2018. (A) A 
single cell (scale bar = 10 µm). (B) Valve view (scale bar = 10 µm). (Cw) Cell width (µm). (Cs) 13-14 
striae per 10 µm. 

 

During the campaign, Pseudo-nitzschia spp. cells were observed in 207 out of 210 

samples (98.6%), and the abundance variability showed a similar pattern as compared with 

pDA levels. The cell abundance observed during the campaign remained relatively low and 

no Pseudo-nitzschia blooms occurred. Maximal cell densities were observed during both 

 
 

seasons and showed an overall increasing trend (Fig. 6C). Cell abundances ranged between 

no cells (day 46, Station C) and 4,456 x 104 cells NT-1 (day 162, Station D). In the dry 

season, the Pseudo-nitzschia spp. peaked between day 50 and 60, ranging from 40 x 104 to 

2,651 x 104 cells NT-1. A small peak in Pseudo-nitzschia spp. cell abundance was found at 

Station D on day 148 (374 x 104 cells NT-1), which was followed by a peak density in the wet 

season between day 158 and 169 (4,456 x 104 cells NT-1). During the dry season, peaks in 

cell abundance were found at Station E and at Station D during the wet season. Qualitative 

microscopic inspection revealed the presence of two potentially toxic Pseudo-nitzschia 

species, of which P. pungens was by far the most abundant. The other species was 

determined as P. cf delicatissima, which occurred in relatively low numbers compared with 

P. pungens (data not shown). Species identification was based on average cell size (valve 

length and width). The cell length of P. pungens in this study ranged between 101 and 123 

µm, its width between 3.0 and 4.5 µm, whereas the number of valve striae per 10 µm ranged 

between 10 and 14 (Fig. 7). 

Besides Pseudo-nitzschia spp., the net haul phytoplankton communities were dominated 

by other diatoms including Chaetoceros spp., Thalassionema nitzschioides and Rhizosolenia 

spp. In addition, dinoflagellate species were observed throughout, including Gymnodinium 

catenatum and Dinophysis miles, whereas zooplankton (Copepoda and Meroplankton 

groups), and fecal pellets were found in high abundance in the net samples. 

3.4 Relationship between Pseudo-nitzschia spp., pDA and environmental factors 

Station A was set up as a reference station, located in the outer bay, which was 

characterized by a higher water depth and oceanic influence. The space resolved PCA score 

plot (n = 210), when based on all data (stations, weather, physicochemical and biological 

parameters), indeed showed a clear separation of station A samples from samples of the other 

stations (Fig. 8A), with only one inner bay data point (station B, day 67) grouping with 
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seasons and showed an overall increasing trend (Fig. 6C). Cell abundances ranged between 
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Besides Pseudo-nitzschia spp., the net haul phytoplankton communities were dominated 

by other diatoms including Chaetoceros spp., Thalassionema nitzschioides and Rhizosolenia 

spp. In addition, dinoflagellate species were observed throughout, including Gymnodinium 

catenatum and Dinophysis miles, whereas zooplankton (Copepoda and Meroplankton 

groups), and fecal pellets were found in high abundance in the net samples. 

3.4 Relationship between Pseudo-nitzschia spp., pDA and environmental factors 

Station A was set up as a reference station, located in the outer bay, which was 

characterized by a higher water depth and oceanic influence. The space resolved PCA score 

plot (n = 210), when based on all data (stations, weather, physicochemical and biological 

parameters), indeed showed a clear separation of station A samples from samples of the other 

stations (Fig. 8A), with only one inner bay data point (station B, day 67) grouping with 
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station A. Apart from station A, no clear space resolved clustering was observed, e.g. for the 

stations in the inner bay (n = 168). The time resolved PCA score plot (Fig. 8B) showed 

highly similar characteristics for the dry and the transition period but a clear separation from 

the wet season (n = 210). Four data points of the transition period, belonging to the day where 

the wet season had just started, revealed the same traits with the wet season. As a result, those 

points were grouped in the wet season. 

Spearman rho regression and analyses was done to investigate possible environmental 

impacts on Pseudo-nitzschia spp. abundances and pDA levels. Given its strong deviation 

from the other stations, the outer bay station A was not included further. Moreover, based on 

the strong seasonal clustering, analyses were done for the dry and wet season separately, 

whereas data points from the transition period were included in the dry season following the 

first PCA analysis (Fig. 8B). In this way, the clearest visible regulation of environmental 

factors on biological properties could be obtained. Spearman rho analysis in the dry season 

revealed strong positive correlations among Pseudo-nitzschia spp., pDA, MLD and 

Temperature (Table 1). Phosphate, nitrate and silicate at 20m as well as stratification on the 

other hand negatively correlated with Pseudo-nitzschia spp. and pDA (Table 1). In the wet 

season, Pseudo-nitzschia spp. and pDA positively correlated with ammonium and negatively 

correlated with MLD (Table 1). 

Spearman rho analysis revealed a strong positive correlation between Pseudo-nitzschia 

spp. and pDA during both seasons. The correlation in the wet season was stronger than in the 

dry season, r = 0.87 (p = 0.00) and r = 0.66 (p = 0.00), respectively (Table 1). Pseudo-

nitzschia spp. and pDA showed a strong correlation when based on linear regression in the 

dry and wet season (R2 = 0.72 and 0.63, respectively, Fig. 9). 

 
 

 

Fig. 8. PCA analysis of weather, environmental and biological data represent station (A) and season (B) 
groupings based on score plots (n = 210). 
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Fig. 8. PCA analysis of weather, environmental and biological data represent station (A) and season (B) 
groupings based on score plots (n = 210). 
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Fig. 9. Linear regression model of Pseudo-nitzschia spp. cell abundance versus pDA during the dry and wet 

season. 
 
Table 1. Spearman rho correlations between Pseudo-nitzschia spp., particulate domoic acid (pDA) 
and environmental properties (Abbreviations; MLD (Mixed Layer Depth), P0 (Phosphate 2 m), N0 
(Nitrate at surface 2 m), S0 (Silicate 2 m), A0 (Ammonium 2 m), P20 (Phosphate 20 m), N20 (Nitrate 
20 m), S20 (Silicate 20 m), A20 (Ammonium 20 m), Chl-a net (Chlorophyll-a ≥ 20 µm from the net)) 
 

Environmental factors Dry season (n=96) Wet season (n=72) 
Pseudo-nitzschia spp. pDA Pseudo-nitzschia spp. pDA 

Pseudo-nitzschia spp. - r = 0.66*** - r = 0.87*** 
MLD r = 0.35*** r = 0.32*** r = -0.28* r = -0.28* 
Stratification r = -0.28** r = -0.24* nc nc 
Temperature nc r = 0.5*** nc nc 
Salinity nc nc nc nc 
Precipitation r = -0.26* r = -0.24* nc nc 
P0 nc r = -0.24* nc nc 
N0 nc nc nc nc 
S0 nc nc nc nc 
A0 r = 0.23* r = 0.24* r = 0.24* nc 
P20 r = -0.4*** r = -0.5*** nc nc 
N20 r = -0.21* r = -0.4*** nc nc 
S20 nc r = -0.23* nc nc 
A20 nc r = 0.3*** r = 0.25* r = 0.26* 
Chl-a net r = 0.6*** r = 0.57*** r = 0.84*** r = 0.77*** 
Remarks: ***p = 0.00 ; **p ≤ 0.01 ; *p ≤ 0.05 ; nc (not correlated) 
 
 
 
 

 
 

4. Discussion  

This study provides the first evidence of domoic acid (DA) associated with Pseudo-

nitzschia spp. in Indonesian waters. Although overall low, pDA and Pseudo-nitzschia spp. 

were found to be persistent throughout the dry and the wet season in the semi-enclosed 

Ambon Bay. This implies that the area might potentially be subject to amnesic shellfish 

poisoning (ASP). 

In our study, Pseudo-nitzschia spp. abundances and pDA concentrations were derived 

from net samples with 20 µm mesh size. Although most Pseudo-nitzschia cells occurred in 

chains, given the average cell width of 3.3 µm, we cannot exclude that an unknown fraction 

of cells passed the net. Hence, total Pseudo-nitzschia cells as well as pDA levels might be 

underestimated in our study. Furthermore, the towing speed of the net ranged between 0.33 

m/s and 0.29 m/s, which potentially might have created a 12% variability in total sampled 

volume per net tow. Clearly, the choice for using nets is not ideal, yet, when investigating 

particulate toxin dynamics under non-bloom conditions (like aimed for here), water sample 

processing (by a.o. Niskins) would not reveal quantitative results sufficiently above the toxins 

detection limits.  

Both cell determination and quantification of Pseudo-nitzschia were performed at the 

genus level, leading to the total Pseudo-nitzschia spp. abundance. In other words, for 

practical reasons the most abundant P. pungens as well as P. cf delicatissima cells were 

pooled. This implies that if environmental conditions would act in a different way on these 

two species, this could not be revealed in our study. 

The tropical climate of Ambon Island is characterized by seasonal monsoons. During the 

dry season, high water temperatures are associated with the northwest monsoon, while lower 

temperatures and high precipitation during the wet season associates with the southeast 

monsoon. These typical monsoonal characteristics massively influence water 
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The tropical climate of Ambon Island is characterized by seasonal monsoons. During the 

dry season, high water temperatures are associated with the northwest monsoon, while lower 
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monsoon. These typical monsoonal characteristics massively influence water 
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physicochemical properties, including Ambon Bay, related with upwelling (southeast 

monsoon) and sinking (northwest monsoon) processes in the Banda Sea (Wyrtki 1961; Boëly 

et al. 1990; Zijlstra et al. 1990). In our study, the decrease in water temperature and increase 

in salinity (Fig. 4 A and B) as observed during the wet season indicated the onset of 

upwelling in the Banda Sea, affecting all stations in Ambon Bay, but most of all Station A. 

Similar events had been shown earlier by Saputra and Lekalette (2016), where cold-saline 

water at 20 m or lower showed enhanced intrusion of the inner bay during the southeast 

monsoon as the result of tidal force upwelling in the Banda Sea.  In addition, more than 70% 

of upwelled water from the outer bay had been found to replace local water masses in the 

inner bay (Riantika, 2011 (data not published); Corvianawatie et al., 2014). 

Other monsoon related factors controlling physical water properties include wind speed 

and precipitation, which might have opposing effects on mixed layer depth and stratification. 

Yet, as found in the present study, enhanced wind speeds in the wet season did not lead to 

deeper mixed layers in the inner bay (Fig. 3 and 4D). Instead, the increase in precipitation on 

average caused elevated irradiance attenuation due to enhanced runoff as well as water 

column stratification, although occasional strong winds caused regular stratification 

breakdown (Fig. 3, 4 C and E).  

During the southeast monsoon (wet season) nutrient variability showed upward trends at 

both water depths, likely caused by elevated precipitation and associated runoff. However, 

our data did not show strong positive correlations between precipitation and nutrient 

concentrations during the wet season. This might be due to rapid flushing processes in the 

bay, promoted by the deep water intrusion. The residence time in the inner bay has been 

calculated to be less than 14 days (Pello et al., 2014). Meanwhile, high nutrient 

concentrations at the beginning of the year might be due to mixing events caused by the 

observed high wind speeds during January and February (Fig. 3). Similar results were found 

 
 

between 2012 and 2015, where high nutrient concentrations were detected at the start of the 

northwest monsoon, declining during the transition period, and subsequently increasing 

during the southeast monsoon (LIPI monitoring program, not published). Ikhsani et al. (2016) 

reported that high nutrient levels during the southeast monsoon (wet season) in the inner 

Ambon Bay could be regulated by runoffs as well as cold-nutrient rich upwelled water 

entering from the outer bay, implying that intermonsoonal and -annual variability in 

precipitation may partly be responsible for the observed nutrient dynamics in our study. 

Throughout the dry and wet season, Pseudo-nitzschia spp. was found to be persistent in 

the bay. Abundance maxima found in this study were relatively low compared to other 

locations (Klein et al., 2010; Bowers et al., 2018; Liefer et al., 2013; Vilas et al., 2014) 

including Asia (Teng et al., 2013). Interestingly, Pseudo-nitzschia spp. abundance strongly 

correlated with pDA levels throughout the campaign (Fig. 9).  The average toxin cell quota in 

this study varied among seasons, which was higher during the wet season (on average 0.4 pg 

DA cell-1; ranging between 0.01 and 4.1 pg DA cell-1) than during the dry season (on average 

0.1 pg DA cell-1; ranging between 0 and 0.6 pg DA cell-1). Previous field studies had shown 

weak correlations between Pseudo-nitzschia and DA level (Bates et al., 1998; Klein et al., 

2010; reviewed by Lelong et al., 2012). Delegrange et al., (2018) found Pseudo-nitzschia and 

DA to be correlated in spring (0.02 pg DA cell-1) but not during the rest of season in the 

southern North Sea. In contrast, DA was found to correspond to Pseudo-nitzschia abundance 

in the Southern California Bight during two years of monitoring (2013 (5.7 ± 10.6 pg DA 

cell-1); 2014 (0.3 ± 0.9 pg DA cell-1)) (Smith et al., 2017). Moreover, Pseudo-nitzschia 

blooms were found to be associated with high DA levels in the eddy area of Juan de Fuca 

(Trainer et al., 2002, reviewed by Trainer et al., 2012). Umahu et al. (2018) found a 

significant correlation between particulate DA and Pseudo-nitzschia abundance in an 

offshore area of Santa Barbara Basin, California (37 ± 124 pg DA cell-1). In the Bay of Seine, 
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physicochemical properties, including Ambon Bay, related with upwelling (southeast 

monsoon) and sinking (northwest monsoon) processes in the Banda Sea (Wyrtki 1961; Boëly 
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between 2012 and 2015, where high nutrient concentrations were detected at the start of the 
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0.1 pg DA cell-1; ranging between 0 and 0.6 pg DA cell-1). Previous field studies had shown 

weak correlations between Pseudo-nitzschia and DA level (Bates et al., 1998; Klein et al., 

2010; reviewed by Lelong et al., 2012). Delegrange et al., (2018) found Pseudo-nitzschia and 

DA to be correlated in spring (0.02 pg DA cell-1) but not during the rest of season in the 

southern North Sea. In contrast, DA was found to correspond to Pseudo-nitzschia abundance 

in the Southern California Bight during two years of monitoring (2013 (5.7 ± 10.6 pg DA 

cell-1); 2014 (0.3 ± 0.9 pg DA cell-1)) (Smith et al., 2017). Moreover, Pseudo-nitzschia 

blooms were found to be associated with high DA levels in the eddy area of Juan de Fuca 

(Trainer et al., 2002, reviewed by Trainer et al., 2012). Umahu et al. (2018) found a 

significant correlation between particulate DA and Pseudo-nitzschia abundance in an 

offshore area of Santa Barbara Basin, California (37 ± 124 pg DA cell-1). In the Bay of Seine, 
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France, high DA concentrations were correlated with Pseudo-nitzschia australis, P. pungens 

and P. fraudulenta, but no correlation was found with a bloom of P. delicatissima (Thorel et 

al., 2017). The observed high variability in DA content may be related to species or strain 

specific differences, apart from cell specific DA variability related with environmental 

conditions such as nutrients, temperature or biotic influences (Trainer et al. 2012, Lelong et 

al., 2012).  

The persistent occurrence of pDA and strong correlations with Pseudo-nitzschia spp. 

abundance as found in the present study imply that this species thrives and survives in 

Ambon Bay throughout the seasons. Even though detailed taxonomic identification based on 

electron microscope could not be done, the morphology of the most dominant Pseudo-

nitzschia cells showed highly similar traits to P. pungens (Fig. 7). Based on the distribution of 

Pseudo-nitzschia species around the world, P. pungens is ubiquitously distributed in both 

tropical and temperate waters (Naz et al., 2012; Lim et al., 2014; Kim et al., 2015). 

Furthermore, P. pungens is regularly observed in Indonesian waters, yet toxin analyses were 

not reported before (Trainer et al. 2012, Lelong et al., 2012). 

Several environmental factors stimulated both Pseudo-nitzschia spp. abundance and pDA 

levels in the bay, but these factors differed between seasons (Table 1). Spearman Rho 

Analysis showed no clear single factor that strongly governed Pseudo-nitzschia spp. 

abundance and pDA. Yet, ammonium was found as the main factor that correlated with 

Pseudo-nitzschia spp. abundance and pDA throughout the seasons. High constant ammonium 

availability, exceeding that of nitrate (Fig. 5 E - H), might benefit persistent Pseudo-nitzschia 

growth and pDA production in the bay. Wastewater is discharged continuously in Ambon 

Bay supporting nitrification of ammonium as well as direct uptake, providing a substantial 

nitrogen source for the primary producers (McLaughlin et al., 2017), including Pseudo-

nitzschia and its toxin (Cochlan et al., 2008; Auro and Cochlan., 2013; Martin-Jézéquel et al., 

 
 

2015). By utilizing multiple nitrogen resources such as ammonium, urea and nitrate, Pseudo-

nitzschia had demonstrated a persistent growth and enhanced toxin production (Thessen et 

al., 2009). The presence of fish farms in Ambon Bay, especially near stations C, D and E 

might contribute further to nitrogen input, however, no clear spatial differences in Pseudo-

nitzschia spp. as well as pDA level were found. The other nutrients (phosphate, nitrate and 

silicate) inversely correlated with both Pseudo-nitzschia spp. and pDA in the dry season. 

Similar negative correlations were observed in the San Pedro Channel and Los Angeles 

harbor in Southern California (Schnetzer et al., 2007) and in the Western English Channel 

(UK) (Downes-Tettmar et al., 2013). Meanwhile, in the period of higher nutrient availability 

during the wet season, both particulate DA levels (Fig. 6B) and DA cell quotas were found to 

be higher. In both seasons, peaks of pDA were found when phosphate and silicate decreased 

dramatically, implying that the lack of these nutrients increased toxin production. In 

accordance with this result, previous studies both in the field and lab experiments had shown 

that phosphate and silicate limitation triggered high DA production in Pseudo-nitzschia 

(Fehling et al., 2004; Lelong et al., 2012; Trainer et al., 2012; Tatters et al., 2012; Parson et 

al., 2013; Terseleer et al., 2013; Lema et al., 2017; Bowers et al., 2018). 

In our study, Pseudo-nitzschia spp. and pDA were positively correlated with mixed layer 

depth in the dry season but negatively correlated in the wet season. In addition, a strong 

positive correlation between pDA and temperature occurred during the dry season. Strong 

and warm winds blow in Ambon Island during the northwest monsoon provoking upper 

water mixing in the inner bay, enriching the water column with nutrient rich bottom water. 

During the wet season however, nutrient rich freshwater input enhances water column 

stratification despite elevated wind speeds. Coupled with the runoff discharges, the upwelling 

onset with high nutrient concentration seemed to fuel Pseudo-nitzschia spp. growth and more 

pDA production during the southeast monsoon, even though cell abundances were moderate 
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al., 2009). The presence of fish farms in Ambon Bay, especially near stations C, D and E 

might contribute further to nitrogen input, however, no clear spatial differences in Pseudo-

nitzschia spp. as well as pDA level were found. The other nutrients (phosphate, nitrate and 

silicate) inversely correlated with both Pseudo-nitzschia spp. and pDA in the dry season. 

Similar negative correlations were observed in the San Pedro Channel and Los Angeles 

harbor in Southern California (Schnetzer et al., 2007) and in the Western English Channel 

(UK) (Downes-Tettmar et al., 2013). Meanwhile, in the period of higher nutrient availability 

during the wet season, both particulate DA levels (Fig. 6B) and DA cell quotas were found to 

be higher. In both seasons, peaks of pDA were found when phosphate and silicate decreased 

dramatically, implying that the lack of these nutrients increased toxin production. In 

accordance with this result, previous studies both in the field and lab experiments had shown 

that phosphate and silicate limitation triggered high DA production in Pseudo-nitzschia 

(Fehling et al., 2004; Lelong et al., 2012; Trainer et al., 2012; Tatters et al., 2012; Parson et 

al., 2013; Terseleer et al., 2013; Lema et al., 2017; Bowers et al., 2018). 

In our study, Pseudo-nitzschia spp. and pDA were positively correlated with mixed layer 

depth in the dry season but negatively correlated in the wet season. In addition, a strong 

positive correlation between pDA and temperature occurred during the dry season. Strong 

and warm winds blow in Ambon Island during the northwest monsoon provoking upper 

water mixing in the inner bay, enriching the water column with nutrient rich bottom water. 

During the wet season however, nutrient rich freshwater input enhances water column 

stratification despite elevated wind speeds. Coupled with the runoff discharges, the upwelling 

onset with high nutrient concentration seemed to fuel Pseudo-nitzschia spp. growth and more 

pDA production during the southeast monsoon, even though cell abundances were moderate 
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and no blooms were found. In Monterey Bay, increases of Pseudo-nitzschia cell density 

coincided with upwelled nutrient-rich water (Bowers et al., 2018). Meanwhile, high DA 

levels were associated with relatively low sea surface temperature and high salinity in the 

Santa Barbara Channel (Anderson et al., 2009). Temperature dependent DA and Pseudo-

nitzschia responses vary between regions, seasons and species as has been shown by both 

field and laboratory studies (Amato et al.,  2010; Klein et al., 2010; Ljubešić et al., 2011; 

Marić et al., 2011; Hansen et al., 2011; Sahraoui et al., 2012; Thorel et al., 2014; Kim et al., 

2015; Bresnan et al., 2017). In the subtropical Gulf of Mexico, the average temperature 

during the Pseudo-nitzschia spp. bloom period was 28 ± 1.3 ºC (Liefer et al., 2013), which 

was similar to sea water temperatures in Ambon Bay during both seasons. 

5. Conclusions 

In conclusion, several environmental conditions seem to govern Pseudo-nitzschia spp. 

and pDA in Ambon Bay, of which ammonium variability seems the most pronounced. Thus, 

based on the present data, the prediction of future Pseudo-nitzschia spp. outbreaks is 

problematic, although factors like human population growth affecting waste water discharge, 

and elevated precipitation as well as land discharges through massive runoffs during the wet 

season might stimulate Pseudo-nitzschia spp. through enhanced stratification and nutrient 

(ammonium) input.  Furthermore, possible influences of biotic factors including grazers 

(Leandro et al., 2010; Tammilehto et al., 2012; Selander et al., 2019), allelopathy (Van 

Meerssche et al., 2018) and bacteria (Lelong et al., 2012; Sison-Mangus et al., 2014) were not 

determined and therefore need to be addressed in future studies. pDA and Pseudo-nitzschia 

spp. were observed throughout the year during both the dry and wet season, implying that 

Ambon Bay might be potentially subject to amnesia shellfish poisoning. Thus, future research 

needs to reveal if the observed low but persistent DA levels accumulate in local shellfish, 

thereby causing a potential threat for the environment as well as human health. 
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Abstract 

The aim of the present work was to unravel which environmental drivers govern the 

dynamics of toxic dinoflagellate abundance as well as their associated paralytic shellfish 

toxins (PSTs), diarrhetic shellfish toxins (DSTs) and pectenotoxin-2 (PTX2) in Ambon Bay, 

Eastern Indonesia. Weather, biological and physicochemical parameters were investigated 

weekly over a 7-month period. Both PSTs and PTX2 were detected at low levels, yet they 

persisted throughout the research. Meanwhile, DSTs were absent. A strong correlation was 

found between total particulate PST and Gymnodinium catenatum cell abundance, implying 

that this species was the main producer of this toxin. PTX2 was positively correlated with 

Dinophysis miles cell abundance. Vertical mixing, tidal elevation and irradiance attenuation 

were the main environmental factors that regulated both toxins and cell abundances, while 

nutrients showed only weak correlations. The present study indicates that dinoflagellate 

toxins form a potential environmental, economic and health risk in this Eastern Indonesian 

bay. 

Key words: Harmful algae, toxic dinoflagellate, Gymnodinium catenatum, Dinophysis miles, 

Pectenotoxin-2, PSTs 

 

 

 

 

 

 

 

 

 

 
 

1.  Introduction 

Harmful algal blooms (HABs) are a potential threat to marine environments 

worldwide, while affecting humans in terms of health and economic loss (Anderson et al., 

2014; Glibert, 2016). The main vector of algal toxins to humans is shellfish (James et al., 

2010; Reis Costa, 2016). Syndromes of human poisoning from shellfish consumption are 

derived from five types of shellfish toxicity, namely Paralytic Shellfish Poisoning (PSP), 

Diarrhoetic Shellfish Poisoning (DSP), Neurotoxic Shellfish Poisoning (NSP), Amnesic 

Shellfish Poisoning (ASP), and Azaspiracid Shellfish Poisoning (AZP). In the present study, 

we focused only on PSP and DSP toxins as well as on pectenotoxins (PTXs), since associated 

phytoplankton species are frequently observed in eastern Indonesian waters (monitoring 

results, data not published), but related toxin data were lacking for Ambon Bay and Eastern 

Indonesia at large. 

 Paralytic shellfish poisoning (PSP) has increased worldwide in recent decades 

(Anderson, 2009; Navarro et al., 2014). Paralytic shellfish toxins (PSTs) are a group of 

paralytic toxin compounds, produced by marine dinoflagellates such as Alexandrium spp. (A. 

catenella, A. minutum, A. fundyense), Gymnodinium catenatum and Pyrodinium bahamense 

(Etheridge, 2010; Ujevic et al., 2012; Xie et al., 2013; Burrell et al., 2013; Navarro et al., 

2014). Based on the chemical structure and toxicity level, PSTs are divided into three groups: 

highly toxic carbamoyls (saxitoxin (STX), neosaxitoxin (NEO) and gonyautoxins (GTX1-4), 

intermediate toxic decarbomoyls (dcSTX, dcGTX and dcNEO); and the least toxic N-

sulfocarbamoyls (C1-4, B1 and B2) (Costa et al., 2010). Ingestion of PSTs by humans and 

marine mammals results in the blocking of voltage-gated sodium channels, leading to 

headache, nausea, vomiting, diarrhea, muscular paralysis and respiratory difficulty (Costa et 

al., 2010; James et al., 2010). Environmental factors, which have shown to influence PST 

production include temperature, salinity, light intensity, nutrient concentration and increased 
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Shellfish Poisoning (ASP), and Azaspiracid Shellfish Poisoning (AZP). In the present study, 

we focused only on PSP and DSP toxins as well as on pectenotoxins (PTXs), since associated 

phytoplankton species are frequently observed in eastern Indonesian waters (monitoring 

results, data not published), but related toxin data were lacking for Ambon Bay and Eastern 

Indonesia at large. 

 Paralytic shellfish poisoning (PSP) has increased worldwide in recent decades 

(Anderson, 2009; Navarro et al., 2014). Paralytic shellfish toxins (PSTs) are a group of 

paralytic toxin compounds, produced by marine dinoflagellates such as Alexandrium spp. (A. 

catenella, A. minutum, A. fundyense), Gymnodinium catenatum and Pyrodinium bahamense 

(Etheridge, 2010; Ujevic et al., 2012; Xie et al., 2013; Burrell et al., 2013; Navarro et al., 

2014). Based on the chemical structure and toxicity level, PSTs are divided into three groups: 

highly toxic carbamoyls (saxitoxin (STX), neosaxitoxin (NEO) and gonyautoxins (GTX1-4), 

intermediate toxic decarbomoyls (dcSTX, dcGTX and dcNEO); and the least toxic N-

sulfocarbamoyls (C1-4, B1 and B2) (Costa et al., 2010). Ingestion of PSTs by humans and 

marine mammals results in the blocking of voltage-gated sodium channels, leading to 

headache, nausea, vomiting, diarrhea, muscular paralysis and respiratory difficulty (Costa et 

al., 2010; James et al., 2010). Environmental factors, which have shown to influence PST 

production include temperature, salinity, light intensity, nutrient concentration and increased 
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CO2 (Tatters et al., 2013; Laabir et al., 2013). For Ambon Bay nothing was known about the 

potential threat for human consumption related to PSTs, but bloom proportions of P. 

bahamense had been recorded before which had caused serious health problems associated 

with shellfish consumption (Wiadnyana et al., 1996; Likumahua, 2013),  

Proliferations of the dinoflagellate genus Dinophysis Ehrenberg are associated with 

diarrhetic shellfish poisoning (DSP) events. These cause major problems in shellfish industry 

and public health around the world (Lindahl et al., 2007; Pizarro et al., 2009). The genus is 

able to produce diarrhetic shellfish toxins (DSTs) such as okadaic acid (OA) and 

dinophysistoxins (DTXs) as well as pectenotoxins (PTXs) as secondary metabolites, which 

accumulate in filter feeders, leading to human poisoning and symptoms of nausea, vomiting, 

diarrhea, chills and abdominal pain (Pizarro et al., 2008; Hess, 2010; Li et al., 2014; Reguera 

et al., 2014; Hu et al., 2017). PTXs were formerly grouped in the DSP toxin complex. Yet, as 

recently shown, PTXs do not reveal diarrhea symptoms after oral administration to laboratory 

rodents (Fabro et al., 2016). As a result, PTXs are now excluded from the DST group. 

Twelve Dinophysis species (D. ovum, D. acuta, D. acuminata, D. fortii, D. caudata, 

D. sacculus, D. miles, D. norvegica, D. rotundata, D. mitra, D. infundibulus, D. tripos) have 

been confirmed to contain DSTs (MacKenzie et al., 2005; Miles et al., 2006; Fernández et al., 

2006; Blanco et al., 2007; Lindahl et al., 2007; Pizarro et al., 2008; Suzuki et al., 2009; Fabro 

et al., 2016). Yet, only the first seven of them were found to be associated with DSP events 

(Reguera et al., 2012). Blooms of D. caudata have often been found to co-occur with other 

Dinophysis species such as D. acuminata and D. miles (Marasigan et al., 2001; Reguera et al., 

2012; Reguera et al., 2014). Yet, very little is known about D. miles since only one study has 

been done on the species (Marasigan et al., 2001). The toxin production of Dinophysis is 

influenced by a combination of genetic and environmental factors, resulting in species and 
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ocean. The area is subjected to a tropical climate with two main seasons. The dry season is 

associated with the northwest monsoon occurring between October and March, and is 

characterized by low precipitation and relatively high air temperatures. The wet season is 

characterized by high precipitation and relatively low air temperatures, occurring during the 

southeast monsoon between March and September. The period of transformation from the 

dry to wet season is known as Transition I (between March and May), and from the wet to 

dry season is Transition II (between September and November). 

 

Fig. 1. Map of Ambon Bay with the location of the five sampling stations (A-E). The red star shows the location 
of LIPI, the Centre of Deep Sea Research in Indonesia, the red triangle shows the location of the sill. 

 

In the inner bay, four sampling stations (B, C, D and E) were selected, while a 

reference station (A) was chosen in the outer bay, reflecting a higher oceanic influence (Fig. 

1). Stations C and D are located near dense mangrove vegetation and small river outflows. 

Stations B and E are located close to river outflows, which massively flush surrounding 

agricultural and human wastewater into the inner bay during the wet season. Some fish farms 

are located in the inner bay, close to stations C, D and E. Two massive dinoflagellate blooms 

were recorded in the area around stations C and D during the wet seasons of 1994 and 2012. 

 
 

Meanwhile, a proliferation of dinoflagellates was recorded during the dry season around 

stations B and E in 2013. These blooms were dominated by the toxic P. compressum 

(Wiadnyana et al., 1996; Likumahua, 2013).  

Weekly field sampling was carried out at these five stations between January and July 

2018 throughout the dry and wet season. In order to follow the former dinoflagellate bloom 

periods, samples were collected twice a week during the peak of both the dry (February - 

March) and wet (June - July) season. Thus, sampling was done 42 times resulting in 210 

samples taken in total during the research. The period between the end of March and mid-

May was considered as the transition (phase I) from the dry to wet season. The total time 

spent for boating and sampling was between 2 and 2.5 hours, prior to sample processing in 

the Centre for Deep Sea Research (CDSR) - LIPI laboratories. 

2.2. Weather and water column properties 

 A weather station was installed at the LIPI institute (Fig. 1) to continuously record 

precipitation, air temperature, humidity and wind speed (15 min frequency). Data were 

calibrated with the data recorded by the local Meteorological and Climate Bureau. For the 

statistical analysis, the average of 12 hours prior to sampling was calculated for precipitation 

and wind speed. A compact Alec CTD Model ASTD 687 was deployed to measure depth, 

temperature, salinity, turbidity, density and chlorophyll-a (Chl-a) fluorescence. Temperature 

and density profiles were used to calculate mixed layer depth (MLD) and stratification 

indices using the threshold method as described by González-Pola et al. (2007) and Somavilla 

et al. (2017). At depths 1, 2, 4, 6, 8, 10, 12, 16, and 20 (m), irradiance attenuation was 

measured using a LiCor Li1400 light meter. Data were log transformed to calculate the light 

extinction coefficient (kd). Tidal elevation data were obtained from the Hydrography and 

Oceanography Centre, Indonesian Navy. 
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2.3. Nutrient sampling and analysis 

 Water samples were collected with a 3.5 L Niskin bottle at two depths, representing 

water layers above (2 m) and below (20 m) the thermocline, if present. Water was pre-filtered 

on board using a 20 µm filter mesh to eliminate large plankton, organic material and 

sediment particles. Filtered water samples were transferred to pre-cleaned (Milli-Q water) 

600 mL bottles and stored in a dark insulated box, filled with seawater at ambient-

temperature. In the lab, samples were filtered immediately through 0.2 µm pore size, 47 mm 

Ø Fisherbrand nylon membrane filters using a vacuum pump with 0.3 bar maximum pressure, 

and stored at -20 ᴼC until analysis. Dissolved nutrients, Nitrate (NO3), Phosphate (PO4) and 

Silicate (SiO2) were measured using a spectrophotometer (UV-Vis Shimadzu 1700) following 

Strickland and Parsons (1972), and Ammonium (NH4) following APHA (1998). 

2.4. Chl-a and cell abundance. 

 Phytoplankton samples were collected from the upper 20 m using a Hydro-bios 

plankton net (Ø 40 cm, length 100 cm, 20 µm mesh size). The net was deployed twice 

vertically at a constant pulling speed, following the manufacturer’s guidelines. Samples were 

transferred to 500 mL bottles and adjusted to a final volume of 400 mL with filtered 

seawater, and kept at ambient temperature in the dark in an insulated box. 

For microscopic inspection and cell counting, 40 mL of sample was fixed with acidic 

lugol iodine solution and a drop of formalin (4 % final concentration) to inactivate bacteria. 

The fixed samples were kept in the dark at 4 ᴼC until sample analysis. Ten mL Uthermöhl 

chambers were used to sediment cells for at least 12 hours prior to inspection at 200 x 

magnification using an Olympus LH 50A inverted microscope. Since dinoflagellate 

abundance was generally low, cell counts were done in the whole chamber, after which final 

cell density was expressed in cells per net tow (cells NT-1). 

 
 

For chlorophyll-a analysis, sixty mL of the concentrated net samples were filtered 

through 25 mm Ø GF/F Whatman filters using a vacuum pump with a maximum pressure of 

0.2 bar. Filters were transferred to darkened glass tubes filled with 10 mL of 90% acetone. 

After mixing, the samples were kept at 4 °C in a refrigerator. After a few hours, the filters 

were ground to optimize extraction efficiency using a mini glass spatula and subsequently 

refrigerated overnight. Samples were centrifuged for 8 min at 8,400 x g, and measured in a 

spectrophotometer (UV-Vis Shimadzu 1700) at wavelengths of 750, 665, 645 and 630 nm. 

Chlorophyll-a (Chl-a) was calculated using the equations as described by Strickland and 

Parsons (1972). 

2.5. Toxin analysis 

Liquid chromatography – tandem mass spectrometry (LC-MS/MS) was used to detect 

PSTs (C1/2, dcGTX2/3, GTX2/3, GTX1/4, B1, dcSTX, STX, and NEO), DSTs (okadaic acid 

(OA), DTX1, and DTX2) and PTXs according to Krock et al. (2008). For each toxin group, 

100 mL of net sample was concentrated by centrifugation at 12,100 x g for at least 20 min 

and transferred to 2 mL Eppendorf tubes. Pellets were then stored at -20 ᴼC prior to analysis. 

Approximately 0.9 g lysing matrix D was added to the pellets followed by 500 µL solvent 

(methanol for DSTs and PTXs, while 0.03 M acetic acid for PSTs). Toxin extraction was 

performed at maximum speed (6.5 m s-1) for 45 sec using a Bio101 FastPrep (Thermo Savant, 

Illkirch, France). Homogenized samples were centrifuged at 16,100 x g at 4 ᴼC for 15 min, 

after which the supernatants were transferred to 0.45 µm pore size spin filters (Milipore 

Ultrafree, Eschborn, Germany) and centrifuged for 30 seconds at 5700 x g. Filtrates were 

transferred to HPLC vials for toxin analysis, expressed in ng NT-1. Analysis was done 

following  Krock et al. (2008) and detection limits for each toxin were determined (Table 1). 

Toxin cell quotas of dominant species were calculated according to ICES (2006) 

recommendations, and thereby only applied to cell abundances higher than 10,000 cells NT-1. 
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Table 1. Limit of detection (LoD) for each PSTs, DSTs and PTX2. 

PSTs 
LoD 

DSTs and PTX2 
LoD 

ng NT-1 ng NT-1 

C1 0.5 OA 5.91 

C2 0.08 DTX1 2.94 

dcGTX2 2.13 DTX2 3.23 

dcGTX3 0.16 PTX2 0.37 

GTX2 0.11   

GTX3 0.08     

GTX1 0.52     

GTX4 0.39     

B1 0.12     

dcSTX 0.43     

STX 0.02     

NEO 0.17     

 

2.6. Statistical analysis 

Statistical analysis was done using the Minitab 18 package. A Principal Component 

Analysis (PCA) was performed to investigate the grouping among stations and seasons, based 

on all data (weather, physicochemical and biological data). Relationships between 

environmental parameters and biological variables were measured using a non-parametric 

Spearman’s rank correlation. The relationship between total PST levels and G. catenatum cell 

abundances was established using the parametric Pearson’s correlation since the data were 

normally distributed. 

3. Results 

3.1. Season and station plots 

The PCA score plot analysis of all parameters revealed a clear separation between the 

two main seasons, dry and wet (Fig. 2A). In addition, the transition period showed similar 

traits with the dry season. Exceptions were observed for four points of the transition period 

ending up in the wet season cluster, implying that these data share similar characteristics with 

the wet season. Since these data belonged to the days when the wet period had just started, 

they were grouped in this season. Based on these results, the separation of the transition 

 
 

period between the dry and wet season was defined on day 120 (end of April). The other 

score plot analysis showed a little deviation of station A in the outer bay from stations in the 

inner part (Fig 2B). Thus, spatially, no clear separation was found among stations. 

 

Fig. 2. PCA analysis of all weather, water properties and biological data of Ambon Bay in 2018. A: score plot 
for seasons and B: score plot for stations (n = 210). 

 
Fig. 3. Weather conditions recorded as average values for 12 hours prior to sampling. The grey area refers to the 

transition period between dry and wet season. The vertical red line separates the two distinct seasons, as 
determined by statistical PCA analysis of environmental conditions in Ambon Bay 2018. 
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3.3. Physicochemical properties 

Average (0-20 m) water temperatures decreased during the observation, reaching 

lowest levels during the wet season. A slightly increasing trend was recorded in the dry 

season reaching a maximum of 30 ᴼC and the lowest temperature (26.6 ᴼC) was found at the 

end of the wet season (Fig. 4A). Station D had the highest water column temperature (30.2 

ᴼC, day 78 (mid of March)), and station A had the lowest temperature (day 141 (mid of 

May)) (Supplementary materials Fig. S2A). During the dry season, the shallow Station D was 

warmer than the other stations, however this station was cooler during the subsequent wet 

season. On average, the deepest station A had the lowest water column temperature compared 

to the other stations. Contrary to temperature, the average salinity level showed an upward 

trend in spite of a disruption by a slight gradual downward trend between the middle and end 

of the dry season (Fig. 4A). The salinity ranged between 32.9 and 33.5 (Fig. 4A). The highest 

salinity was recorded at station A (day 197 (mid of July)) and the lowest on day 141 (second 

half of May) at station E (Supplementary materials Fig. S2B). 

Tidal elevation increased during the observation, yet showed high variability over 

time due to differences in the tidal cycle during sampling, ranging between 0.2 and 1.9 m 

(Fig. 4B). From the overall station profiles, high elevation values were found at station E and 

low values at station A (data not shown). Mixed layer depth (MLD) was highly variable in 

space and time, revealing unclear patterns (Fig. 4B). Shallow MLDs roughly occurred above 

10 m depth at stations located in the inner bay during the wet season. Meanwhile, deep MLDs 

were recorded at station A (> 15 m depth) (Supplementary materials Fig. S2D). During the 

dry season, the stratification index was found to be below 1.0 kg m3, increasing to 2.9 kg m3 

on day 190 (early July) (Station E) in the wet season. The water column in the inner bay was 

much more stratified than in the outer bay (Station A:  ≤ 0.5 kg m3), which showed the lowest 

stratification index throughout the sampling period (Supplementary materials Fig. S2E). 

 
 

Irradiance attenuation (kd) increased during the observation, despite a stable and a slightly 

downward trend during the second half of the dry season (Fig. 4C). Highest kd coefficients 

were found at station C (0.37) and station D (0.38), while station A had lowest values 

(Supplementary materials Fig. S2C). 

 
Fig. 4. Temporal variability (average value of the five stations) of water physical properties and Chl-a. A: 

average 0-20 m temperature and salinity, B: tide elevation and mixed layer depth (MLD), and C: 
Irradiance attenuation (kd) 0-20 m and Chlorophyll-a net (cell fraction ≥ 20 µm). The grey area refers to 
the transition period between dry and wet season. The vertical red line separates the two distinct seasons, 
as determined by statistical PCA analysis of environmental conditions in Ambon Bay 2018. 
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(Fig. 4B). From the overall station profiles, high elevation values were found at station E and 

low values at station A (data not shown). Mixed layer depth (MLD) was highly variable in 

space and time, revealing unclear patterns (Fig. 4B). Shallow MLDs roughly occurred above 

10 m depth at stations located in the inner bay during the wet season. Meanwhile, deep MLDs 

were recorded at station A (> 15 m depth) (Supplementary materials Fig. S2D). During the 

dry season, the stratification index was found to be below 1.0 kg m3, increasing to 2.9 kg m3 
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much more stratified than in the outer bay (Station A:  ≤ 0.5 kg m3), which showed the lowest 

stratification index throughout the sampling period (Supplementary materials Fig. S2E). 

 
 

Irradiance attenuation (kd) increased during the observation, despite a stable and a slightly 

downward trend during the second half of the dry season (Fig. 4C). Highest kd coefficients 

were found at station C (0.37) and station D (0.38), while station A had lowest values 

(Supplementary materials Fig. S2C). 

 
Fig. 4. Temporal variability (average value of the five stations) of water physical properties and Chl-a. A: 

average 0-20 m temperature and salinity, B: tide elevation and mixed layer depth (MLD), and C: 
Irradiance attenuation (kd) 0-20 m and Chlorophyll-a net (cell fraction ≥ 20 µm). The grey area refers to 
the transition period between dry and wet season. The vertical red line separates the two distinct seasons, 
as determined by statistical PCA analysis of environmental conditions in Ambon Bay 2018. 
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Surface (2m) phosphate concentration were on average lower than at 20 m, ranged 

between 0 and 3.0 µM and showed a high temporal and spatial variability (Supplementary 

materials Fig. S3A). Silicate showed an upward trend throughout the sampling period, yet 

concentrations above the thermocline at 2 m (≥ 10 µM) were higher than those at 20 m (≤ 10 

µM) (Supplementary materials Fig. S3C&D). Similarly, nitrate concentrations showed 

upward trends at both depths, ranging between 0.01 and 3.0 µM. Highest average nitrate 

concentrations were found below the thermocline (Supplementary materials Fig. 3E&F). 

Ammonium increased throughout the sampling period despite a sharp decrease in the middle 

of the wet season (Supplementary materials Fig. S3G&H). Ammonium concentration ranged 

between 0 and 16 µM. Overall nutrient data showed that the inner bay stations experienced 

higher nutrient loadings than station A in the outer bay. Yet, ammonium concentrations were 

comparable for all stations. (Supplementary materials Fig. S3G&H). 

3.4. Chl-a, dinoflagellate abundances and toxin variability 

Chl-a was measured with a fluorescence sensor mounted on the CTD as well as in net 

samples that reflected the phytoplankton cell fraction ≥ 20 µm. These two chl-a data sets 

showed a strong correlation (r = 0.8 and p = 0.000). As a result, only the net fraction data 

were further considered, given their direct comparison with cell abundance and toxin results, 

obtained from the same net hauls. Chl-a levels revealed an upward trend during the sampling 

period, reaching maximum levels in the wet season (Fig. 4C). The average-station levels 

ranged between 0.01 and 1.0 mg m-3. Spatially, highest chl-a levels were found at the inner 

bay stations (data not shown). 

Dinoflagellate communities were dominated by the genera Gymnodinium, Ceratium, 

Dinophysis and Alexandrium. PST producing species were dominated by G. catenatum 

(Supplementary materials Fig. S4 D) and Alexandrium spp. Abundances of Alexandrium spp. 

varied over time and ranged between not observed and 3.5 x 103 cells NT-1. Lowest 

 
 

abundances were found during the dry season and subsequently increased during the wet 

season, thus overall showing an upward trend (Fig. 5A). Spatially, this genus was found in 

highest densities at the inner bay stations. Likewise, G. catenatum was found in low densities 

during the dry season, and subsequently reached peaks during the wet period (Fig. 5B). Thus, 

its overall abundance showed a clear upward trend, ranging between not observed and 40 x 

103 cells NT-1. Highest abundances were found in the inner bay, mostly at stations D and B 

(Fig. 5B). Although both PSP genera increased during the wet season, their peak abundances 

did not follow similar patterns. 

 
Fig. 5. Temporal variability of PST producing species for the five sampling stations. The grey area refers to the 

transition period between dry and wet season. The vertical red line separates the two distinct seasons, as 
determined by statistical PCA analysis of environmental conditions in Ambon Bay 2018. 

 
Generally, DST producing species belonged to the genus Dinophysis: D. miles, D. 

caudata and D. acuminata (Supplementary materials Fig. S4 A-C). Other species like D. 
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92  
 

norvegica and D. tripos were scarcely found and occurred in very low abundances. Cells of 

D. caudata and D. acumintata were found in respectively 24% and 13% of the total amount 

of samples (n = 210). Cell abundances of D. caudata ranged from not observed to 1.8 x 103 

cells NT-1, D. acuminata from not observed to 280 cells NT-1. Abundance maxima of both 

species were mostly recorded during the wet season, however with some pronounced peaks in 

the dry period at station A (Fig. 6A&B).  Cell abundances of D. miles were higher than two 

other species, ranging between not observed and 14.2 x 103 cells NT-1. The abundance 

showed a clear upward trend with abundance maxima recorded during the wet season (Fig. 

6C). A distinct spatial distribution was also shown for D. miles, which mostly occupied 

stations in the inner bay, especially C and D. The three Dinophysis species therefore showed 

different abundance patterns, both in space and in time (Fig. 6).  

Tandem mass spectrometry revealed a profile of PSTs constituted by N-

sulfocarbamoyl, decarbamoyl and carbamoyl components. In samples where G. catenatum 

was found in high abundances, eight PST analogues were detected. Decarbamoyl (dcGTX2-3 

and dcSTX) and N-sulfocarbamoyl (C1-2) dominated the PST profiles, while the highly toxic 

carbamate group (GTX2-3 and STX) showed low levels (Table 2). Since some PSTs were 

almost always detected at very low levels, PST data were pooled together, leading to an 

overall PST estimate. The PSTs level increased during the wet season and continued to 

decrease rapidly in the dry period, leading to low levels around the limit of detection (LoD) 

(Fig. 7A). Relatively high levels were found at the beginning of the wet season between days 

120 (end of April) and 134 (mid of May), at stations C and D. PST levels ranged between 

4.71 and 1,380 ng NT-1. As for the dominant species G. catenatum, the toxin cell quota 

ranged between 0.01 and 0.04 ng PST cell-1 (n = 6). Okadaic acid (OA) was scarcely detected 

above LoD, thus, it was not further considered in this study. As for the Dinophysis toxins, 

DTX1 and DTX2 were absent in the phytoplankton samples. Yet, PTX2 and its seco-acid 

 
 

PTX2sa were successfully detected above the LoD, implying that Dinophysis in Ambon Bay 

was associated with these toxins. However, only 10% of the 210 samples contained PTX2sa. 

As a result, PTX2sa was not described further and excluded from the statistical analysis. 

PTX2 was recorded to be highly variable, yet it showed a clear upward trend over time. 

PTX2 levels were very low during the dry season but increased during the second half of the 

dry season into the wet season (Fig. 7B). PTX2 levels ranged between not detectable and 26 

ng NT-1. PTX2 cell quota for the dominant species D. miles was calculated to be 0.87 pg 

PTX2 cell-1 (n = 1). 

Table 2. PST profiles from two samples of the highest Gymnodinium catenatum abundance. 

Samples 
Toxin profiles and levels in ng NT-1 G. catenatum Alexandrium spp. 

C1/2 dcGTX2/3 GTX2/3 dcSTX STX 103 cells NT-1 103 cells NT-1 

Day 127 Station C 332.35 223.34 2.04 7.82 5.80 15.60 1.54 
Day 127 Station D 767.93 579.02 5.99 16.39 10.12 39.76 0.32 
 

3.5. Relationship between dinoflagellates, toxins and environmental factors 

Spearman rho analysis revealed a strong correlation between the total PST level and 

G. catenatum abundance both throughout the observation and during the wet season (r = 0.95 

and 0.7; p = 0.000, respectively) (Table 3). In addition, regression analysis between G. 

catenatum abundances and PST levels showed a strong positive correlation (Fig. 8). 

Similarly, Spearman rho analysis showed a positive correlation between Alexandrium spp.  

and the total PST level (r = 0.4; p = 0.000), yet it was much weaker than for G. catenatum. 

High cell densities of G. catenatum and PST levels were found on day 127 (early May) at 

stations D and C (Table 2; Fig. 5B and 7A). On this day, Alexandrium spp. densities were 

found to be 10 to 100 times lower than G. catenatum (Table 2). Meanwhile, no P. 

compressum cells were observed in these samples. During the wet season, temperature 

significantly correlated with the total PST level as well as their associated species, while 

nutrients showed slightly negative correlations (Table 3). 
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Over the whole sampling period, positive weak correlations were found among PTX2 

and D. miles as well as chl-a (r = 0.5, p = 0.000). At the peak of highest PTX2 on day 141 

(second half of May) at stations B and E, cell abundances of D. miles were 1.48 x 103 and 

1.34 x 103 cells NT-1, respectively (Fig. 6C and 7B). Meanwhile, cells of the other two 

species were not observed (Fig. 6A&B and 7B). Similarly, another peak of PTX2 on day 134 

(mid of May) at station C, coincided with a D. miles abundance of 0.74 x 103 cells NT-1 while 

cells of the two other species were absent. Various environmental factors showed positive 

correlations with PTX2 including water properties (MLD, stratification, kd and tide), 

nutrients and precipitation (Table 3). Physical factors such as MLD, stratification, kd and tide 

governed the abundance of D. miles, meanwhile, nutrients showed weak correlations. During 

the wet season, no environmental driver revealed a clear correlation with the toxin, yet, kd, 

phosphate and nitrate level at 20 m were found to correlate with D. miles abundance (Table 

3). 

Table 3. Spearman rho correlations between biological parameters and environmental 

properties (** p = 0.000 ; * p < 0.01; (n) p < 0.05). Abbreviations: PTX2 (Pectenotoxin-2), PSTs (total 

PST level), DM (Dinophysis miles), AS (Alexandrium spp.), GC (Gymnodinium catenatum), 

Ts (Temperature surface), Ta (Temperature average 0-20 m), Ss (Salinity surface), Sa 

(Salinity average 0-20 m), MLD (Mixed Layer Depth), kd (Irradiance attenuation), P0 

(Phosphate 2 m), N0 (Nitrate at surface 2 m), S0 (Silicate 2 m), A0 (Ammonium 2 m), P20 

(Phosphate 20 m), N20 (Nitrate 20 m), S20 (Silicate 20 m), A20 (Ammonium 20 m), Chl-a 

net (Chlorophyll-a ≥ 20 µm from the net). 

Environmental factors 
Overall year / annual Wet season 

PTX2 DM PSTs AS GC PTX2 DM PSTs AS GC 

DM 0.5**  -  -  -   - 0.30*  -  -  -  -  
AS  -  - 0.43**  -   -  -  - 0.41**  -  - 
GC  -  - 0.95**  -  -  -  - 0.67**  -  - 
Ts -0.37** -0.37**  -  -  -  -  - 0.51** 0.48** 0.38** 
Ta -0.43** -0.42**  - -0.17* -0.15*  -  - 0.61** 0.41** 0.39** 
Ss -0.21* -0.32**  -  -  -  -  -  -  -  - 
Sa     -0.34** -0.23**  - -0.26*  - -0.45** -0.48** -0.20 n 
MLD 0.33** 0.34** 0.30** 0.30** 0.31*  -  -  -  -  - 
Stratification 0.31** 0.51**  - 0.31**  -  -  -  - 0.28*  - 
kd 0.40** 0.60**  - 0.30** 0.30** 0.30* 0.52**  -  -  - 
Tide 0.44** 0.39** 0.30** 0.40** 0.26**  -  -  -  -  - 
P0 -0.19*  -  -  -  -  -  -  - 0.27*  - 
P20  - 0.24* 0.21*  -  -  - 0.43** 0.34** 0.39**  - 
N0 0.22** 0.22*  - 0.23*  -  -  -  -  -  - 
N20 0.24** 0.47** 0.20 n 0.17 n  -  - 0.43**  -  -  - 
S0 0.30** 0.30**  -  -  -  -  - -0.22  -  - 
S20 0.30** 0.42**  - 0.20*  -  -  - -0.30*  -  - 
A0 0.25**  -  - 0.20*  -  -  - -0.39* -0.30* -0.27* 
A20 0.30**  -  -  0.22*  -  -  - -0.33* -0.29* -0.20 n 
Chl-a  0.50** 0.40** 0.20* 0.41** 0.4**   -  -  -  - 0.2 n 
Precipitation 0.33** 0.34** 0.30** 0.30** 0.31**  -  -  -  -  - 

 
 

 
Fig. 6. Temporal variability of DST and PTX producing species for the five sampling stations. The order of 

graphs is arranged from the lowest to highest abundance species (note differences in scales). The grey 
area refers to the transition period between dry and wet season. The vertical red line separates the two 
distinct seasons, as determined by statistical PCA analysis of environmental conditions in Ambon Bay 
2018. 
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Fig. 6. Temporal variability of DST and PTX producing species for the five sampling stations. The order of 
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area refers to the transition period between dry and wet season. The vertical red line separates the two 
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Fig. 7. Temporal variability of the total PSTs (A) and PTX2 (B) levels for the five sampling stations. The grey 
area refers to the transition period between dry and wet season. The vertical red line separates the two distinct 
seasons, as determined by statistical PCA analysis of environmental conditions in Ambon Bay 2018. 
 

4. Discussion  

 Throughout the seven-month research in Ambon Bay, both PSTs and PTX2 as well as 

their associated dinoflagellate species were successfully detected. Meanwhile, DSTs were not 

detected. As a result, this study provides the first evidence of PSTs and PTX2 persistence in 

Indonesian waters as well as a first insight in their seasonal variability as a function of 

environmental drivers. 

 
 

4.1. Environmental dynamics 

Seasonal monsoons that characterize the tropical climate in Ambon Island have 

effects on physicochemical properties in the bay. Upwelling (southeast monsoon, the wet 

season) and down-welling (northwest monsoon, the dry season) events in the Banda Sea 

massively influence surrounding nearshore waters including Ambon Bay (Wyrtki 1961; 

Boëly et al. 1990; Zijlstra et al. 1990). During the wet season, relatively low water 

temperatures coupled with high salinities were detected for all five stations in Ambon Bay, 

reflecting upwelling properties in the Banda Sea (Fig. 4A). Here, upwelled-nutrient rich 

water from 20 m or deeper could be detected as a result of tidal forcing, replacing 

approximately 70% of the local water masses in the inner bay (Saputra and Lekalette, 2016; 

Corvianawatie et al., 2014). On average, wind speed influenced mixed layer depth in the 

inner bay during the dry season (Fig. 3 and Supplementary Fig. S2D), yet showed no effects 

during the wet season. Instead, increased precipitation enhanced irradiance attenuation, which 

was stimulated by massive runoff of highly turbid water and water column stratification 

during the wet period. 

 High wind speeds at the beginning of the year triggered water mixing in the inner bay, 

which may have resulted in elevated nutrient concentrations between January (day 23) and 

February (day 33) during the dry period (Fig. 3 and Supplementary Fig. S3). The overall 

trend showed further nutrient enhancement during the wet season, most clearly for nitrate, 

ammonium and surface silicate, which might be due to massive runoffs (Supplementary Fig. 

S3). A similar trend was reported in the LIPI monitoring program between 2012 and 2015 

(data not published). Judging from statistical analysis, increased nutrient concentration was 

not strongly regulated by precipitation and associated runoffs (data not shown). This would 

imply that precipitation only partly served as an environmental driver. However, unknown 

and variable time delays between precipitation and runoff may have contributed to this 
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Fig. 7. Temporal variability of the total PSTs (A) and PTX2 (B) levels for the five sampling stations. The grey 
area refers to the transition period between dry and wet season. The vertical red line separates the two distinct 
seasons, as determined by statistical PCA analysis of environmental conditions in Ambon Bay 2018. 
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relative mismatch. In addition, deep nutrient rich upwelled water from the Banda Sea, 

coupled with a short residence time of approximately 14 days might contribute further to the 

elevated nutrient levels during the southeast monsoon period as suggested before (Ikhsani et 

al. 2016). Hence, generally, land inputs through runoffs might dominate eutrophication 

during high precipitation years, whereas upwelling effects might dominate during low rate 

precipitation years. 

4.2. PST and associated species 

Overall dinoflagellate abundances were low throughout the research and no blooms 

were recorded, yet potentially toxic dinoflagellates occurred persistently, reaching highest 

cell densities during the wet season. The dominant dinoflagellate species found in our study 

are highly similar with the monitoring data generated from Ambon Bay since 2008. Yet, in 

earlier years, the toxic species P. bahamense was frequently observed, especially between 

June and July during the southeast monsoon (LIPI monitoring program, not published; 

Likumahua, 2013). In this study, PST producing P. bahamense cells were rarely observed 

and Alexandrium spp. showed low densities only throughout the research. The non-toxic 

Alexandrium affine was found to form a bloom in the bay earlier in 1997, and frequently 

occurred in phytoplankton samples (Wagey, 2002). Yet, in the present study, we also 

encountered cells of Alexandrium cf. tamiyavanichii and other Alexandrium species, although 

in very low cell numbers. Given the difficulty in determining toxic Alexandrium species 

especially in very low cell numbers, the species abundance was pooled as Alexandrium spp. 

Thus, contributions of this species on the PST level might be low. 

A strong correlation between G. catenatum abundances and PST levels (Fig. 8) 

revealed a potential source of the toxin other than P. compressum in the area. The presence of 

G. catenatum was frequently recorded before, for example during campaigns in 1997-1998, 

four years after the major PSP event in Ambon Bay (1994) caused by P. compressum 

 
 

(Wagey, 2002). Thus, it is likely that Ambon Bay can be subject to future PSP events caused 

by G. catenatum. This species is so far known as the only PST producer in the gymnodinoid 

dinoflagellate group (Hallegraeff and Fraga, 1996). Human fatalities, fish and shrimp 

mortalities were associated with high cell densities of G. catenatum in the Gulf of California, 

Mexican Pacific coastline (Gárate-Lizárraga et al., 2005; Núñez-Vázquez, et al., 2011). 

Moreover, approximately 10% of the more than 2000 PSP cases in Southeast Asia related to 

human fatalities are believed to be caused by P. bahamense and G. catenatum (Lim et al., 

2012; Furuya et al., 2018). 

 
Fig. 8. Linear regression model of Gymnodinium catenatum cell abundance versus the total PST level. 
 

 In our study, eight PST analogues were detected when G. catenatum cells were found 

in high abundances. The toxin profiles showed a similarity with PST components from strains 

found at the Pacific coast of Mexico, which were dominated by dcSTX, dcGTX2-3, C1 and 

C2 (Band-Schmidt et al., 2010). In addition, strains from the Portuguese coast showed 

similar profiles, however with additional C3-4, B1-2 and dcNEO (Costa et al., 2010; Costa 

et al., 2015). In contrast, Singapore and Yellow Sea (Korean coast line) G. catenatum 

clones revealed unique PST profiles, dominated by carbamoyl toxins (GTX1-4, NEO and 
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STX), while no decarbamoyl and N-Sulfocarbamoyl toxins were detected (Holmes et al., 

2002; Park et al., 2004). Although at low levels, the detection of carbamoyl toxins (GTX2-3 

and STX) in our samples demonstrates that G. catenatum cells found in Ambon Bay are able 

to produce these highly toxic toxin analogues. The dominant N-Sulfocarbamoyl toxins of G. 

catenatum in our samples is likely to pose a high risk to seafood consumers due to the 

biotransformation of C-toxins to GTXs and B-toxins to STX & NEO in shellfish and other 

planktonic vectors (Krock et al., 2007). 

 Throughout the research, several physical properties such as MLD, irradiance 

attenuation and tidal elevation correlated with G. catenatum. Meanwhile, temperature was 

found as the main factor enhancing cell abundance and PST level during the wet season. 

Smayda (2002) found that this species is able to withstand various physical conditions 

including mixing due to its ability to increase swimming speed. This ecological strategy 

allows G. catenatum cells to migrate to different environments where light and nutrients are 

vertically separated (Doblin et al., 2006). Mexican and tropical strains from the Philippines 

and Thailand revealed a broad temperature tolerance for growth, and the maximum growth 

rate was found between 21 and 29 ᴼC (reviewed by Hallegraeff et al., 2012). Moreover, the 

authors concluded that broad temperature tolerances might regulate G. catenatum seasonal 

and inter-annual bloom variations in natural waters. Besides influencing cell growth rate and 

density, temperature was also found to induce cell toxin profiles, in particular those of 

decarbamoyl and sulfocarbamoyl components (Band-Schmidt et al., 2014). Yet, in their 

study, no association was shown between cell toxicity levels and temperature. 

Nutrient concentrations showed no clear correlations with both G. catenatum cell 

abundance and toxin level for the data of the whole sampling period. Yet, ammonium 

inversely correlated with cell abundance in the wet season. Bloom proportions of G. 

catenatum in Tasmanian waters (Australia) were generally observed during surface nitrate 

 
 

depletion (Doblin et al., 2006). Even though the species can migrate vertically to exploit 

nutrients at certain depths, G. catenatum is also known as a poor competitor for inorganic 

nutrient uptake such as nitrate, ammonium and phosphate (Yamamoto et al., 2004). 

Moreover, culture studies revealed unclear effects of nutrients on G. catenatum toxin content 

and toxin profiles (Flynn et al., 1996; Bustillos-Guzmán et al., 2012), yet N:P ratios were 

found to affect cell densities (Bustillos-Guzmán et al., 2012). Thus, the combination of 

migration ability and lack of competitive success may result in unclear correlations among G. 

catenatum abundance, toxin level and nutrient concentrations in field studies. 

4.3. PTX2 and associated species 

Three major Dinophysis species, D. acuminata, D. caudata, and D. miles were 

observed in Ambon Bay, of which all are known as potential DST and PTX producers. 

Interestingly, the three dominant species showed spatial distribution discrepancies, of which 

high D. miles abundances generally found in the inner bay and the two others in the outer 

station A. Yet, co-occurrence of these three species frequently recorded in samples from both 

parts of the bay. Taylor (1976) reported that D. caudata is a neritic species distributed in 

tropical and sub-tropical waters, while D. acuminata is a cosmopolitan coastal species 

(reviewed by Reguera et al., 2014). Yet, blooms of D. caudata were observed co-occurring 

with other Dinophysis species including D. acuminata and D. miles (Marasigan et al., 2001; 

Reguera et al., 2012; Reguera et al., 2014). 

Among the three dominant species, D. miles was the most abundant and showed a 

weak positive correlation with PTX2 levels, whereas no correlation was found for the other 

two Dinophysis species. In addition, this weak correlation between D. miles and PTX2 could 

be due to the fact that the three co-occurring species might contain differences in PTX2 cell 

quota. Furthermore, this might be due to non-synchronized peaks in toxin and D. miles levels, 

suggesting variability in toxin cell quota in response to environmental conditions and 
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different growth stages, as found before for other Dinophysis species (Tong et al., 2011; 

Nielsen et al., 2012; Nielsen et al., 2013; Mafra et al., 2014; Basti et al., 2015; Ajani et al., 

2016).  PTX2 is the most abundant toxin produced by Dinophysis species, and commonly 

detected in D. acuminata and D. caudata (MacKenzie et al., 2005; Fernández et al., 2006; 

Krock et al., 2009; Basti et al., 2015; Fabro et al., 2015; Uchida et al., 2018). Meanwhile, the 

only study on a DSP event associated with D. miles was recorded for the Philippines. This 

study showed that the species produced OA and DTX1 only, with no PTX components being 

detected (Marasigan et al., 2001). Thus, our study is the first record of D. miles correlating 

with PTX2 in natural samples, while OA and its variants DTXs were not detected. Besides its 

occasional occurrences and low cell densities in plankton samples, the limited number of 

studies on D. miles may furthermore be due to its restricted distribution in some tropical areas 

(Marasigan et al., 2001; reviewed by Reguera et al.,2012), the Indo-West Pacific region 

(Arabian Sea, South China Sea and Indian Ocean) and the eastern Mediterranean (Reguera et 

al., 2014). 

Throughout the research, PTX2 levels and D. miles cell abundances positively 

corresponded to nutrient (nitrate and silicate) concentrations and physical properties such as 

MLD, stratification, irradiance attenuation (kd) and tidal elevation, while being inversely 

correlated with temperature. Clearly, cell abundances and toxin levels were enhanced during 

the wet season and associated with relatively low temperature and reduced light availability 

(high kd indices). Nutrient availability at depth (phosphate and nitrate at 20 m) correlated 

with cell abundance, but not with toxin levels. Given the lack of knowledge on D. miles both 

in the field and in culture studies, information on growth response as a function of 

environmental drivers as well as (variability in) toxin quota is urgently needed.  

As for the two other Dinophysis species, toxic D. acuminata, and D. caudata blooms 

were associated with seasons, nutrients, thermal stratification, salinity and dissolved oxygen 

 
 

in a south-eastern Australian estuary (Ajani et al., 2016). Various studies have shown unclear 

effects of temperature and irradiance on growth rate and toxin production of Dinophysis 

species (Pizarro et al., 2008; Fux et al., 2010; Tong et al., 2011; Nielsen et al., 2012; Mafra et 

al., 2014; Basti et al., 2015). Other field studies showed effects of water properties like 

upwelling- and sinking cycles, tides and stratification on Dinophysis density and toxin 

dynamics (Alves-de-Souza et al., 2014; Velo-Suárez et al., 2014). 

5. Conclusions 

 Toxic dinoflagellate species persistently occur in Ambon Bay, exposing the area to 

potential shellfish poisoning events especially during the wet season. The total PST level 

shows a linear strong positive correlation with G. catenatum abundance. Moreover, the 

present data reveal the first record of D. miles association with PTX2 levels throughout the 

research. However, due to a lack of knowledge, culture studies on D. miles strains, isolated 

from the area, are required to confirm both toxin profile and variability. Associations with 

biological factors including the presence of grazers and bacteria, as well as species behaviour 

such as vertical migration were not addressed in our study, thus need attention in future 

studies. Finally, further research is needed to reveal toxin levels and profiles accumulated in 

shellfish and other marine biota, in order to fully understand the link between toxic 

dinoflagellate variability at the observed non-bloom conditions and food safety. 
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Fig. S2. Temporal variability of physical properties for the five sampling stations. A: Average water 
temperature 0-20 m; B: Average salinity 0-20 m; C: Irradiance attenuation kd 0-20 m; D: Mixed 
Layer Depth (MLD) (m); E: Stratification Index. The grey area refers to the transition period between 
dry and wet season. The vertical red line separates the two distinct seasons, as determined by 
statistical PCA analysis of environmental conditions in 2018. 

 
 

 

Fig. S3. Temporal variability of major nutrients for the five sampling stations at two water depths. A, C, E, G = 
2 m: B, D, F, H = 20 m. The grey area refers to the transition period between dry and wet season. The 
vertical red line separates the two distinct seasons, as determined by statistical PCA analysis of 
environmental conditions in 2018. 
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Fig. S4. Light microscope photographs of PST and DST producing species in Ambon Bay. (A). Dinophysis 

miles; (B). Dinophysis caudata; (C). Dinophysis acuminata; (D). Gymnodinium catenatum 
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Abstract 

The potentially toxic dinoflagellate genus Dinophysis Ehrenberg is persistently present in 

plankton samples from Ambon Bay, Indonesia, yet toxin information was so far lacking. The 

goal of the present study was to unravel the variability of Dinophysis spp. and their toxins in 

conjunction with environmental drivers in Ambon Bay. Phytoplankton samples and 

physiochemical water properties were analysed during a 1.5-year period. Lipophilic toxins in 

phytoplankton net samples were analysed using liquid chromatography – tandem mass 

spectrometry. Three Dinophysis species (D. miles, D. caudata, and D. acuminata) were found 

in plankton samples, of which D. miles was the most abundant and persistently occurring 

species. PTX2 and PTX2sa were detected throughout, whereas other diarrhetic shellfish 

toxins like okadaic acid (OA) and dinophysistoxins (DTXs) were absent in net samples. 

During the dry season, PTX2sa levels were higher than those of PTX2. Moreover, PTX2sa 

strongly correlated with D. miles cell abundance. This suggests that D. miles cells contain 

rather constant PTX2sa levels under the environmental conditions as found during the dry 

season in Ambon Bay. The impacts of environmental drivers on cell abundances and both 
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1. Introduction 

Occurrences of toxic dinoflagellates in Indonesian waters have been recorded since 

1970s. Since then, their proliferations have shown severe impacts on marine biota, fishery 

industries and human health (Wouthuyzen et al., 2004; Thoha et al., 2007; Aditya et al., 

2013). Human illnesses and casualties were generally due to paralytic shellfish poisoning 

(PSP) events associated with blooms of Pyrodinium bahamense var. compressum. Azanza 

and Taylor (2001) reported more than 427 PSP cases resulting in 17 deaths in Indonesia, and 

in 2012 and 2013 two cases were reported in Ambon, eastern Indonesia (Likumahua, 2013). 

Since then, a dinoflagellate-monitoring program has been installed in Ambon Bay to 

continuously monitor the abundance and distribution of potentially toxic species. Other than 

Pyrodinium bahamense, monitoring results (data unpublished) have revealed the presence of 

other potentially toxic species such as Gymnodinium catenatum, Alexandrium spp., 

Dinophysis acuminata, D. caudata, D. tripos, D. miles and the diatom species Pseudo-

nitzschia spp. (Likumahua et al., 2019, 2020). However, associated toxin information of these 

species is rare both for the area as well as for the country at large. Thus, this present study 

focused on Dinophysis species observations as well as their associated toxins in Ambon Bay 

(Fig. 1), eastern Indonesia. 

The dinoflagellate genus Dinophysis Ehrenberg is known to produce toxins that relate 

to diarrhetic shellfish poisoning (DSP) events. The genus has a wide distribution range in 

marine environments worldwide, but it is found in high densities mostly in coastal waters 

(Hallegraeff et al., 2003). Some species may inhabit narrow environmental ranges whereas 

others have a broad distribution range due to their ability to acclimate to different temperature 

and salinity ranges (reviewed by Reguera et al., 2012). Some Dinophysis species are found to 

co-occur during their proliferations in natural waters. In tropical waters, blooms of D. 

caudata have often been found to co-occur with other Dinophysis species such as D. 
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marine environments worldwide, but it is found in high densities mostly in coastal waters 

(Hallegraeff et al., 2003). Some species may inhabit narrow environmental ranges whereas 

others have a broad distribution range due to their ability to acclimate to different temperature 

and salinity ranges (reviewed by Reguera et al., 2012). Some Dinophysis species are found to 

co-occur during their proliferations in natural waters. In tropical waters, blooms of D. 

caudata have often been found to co-occur with other Dinophysis species such as D. 
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acuminata and D. miles (Marasigan et al., 2001). In natural marine phytoplankton 

communities, Dinophysis species mostly occur at very low cell numbers (< 100 cells L-1), yet, 

they can reach high densities of approximately 105 cells L-1 in coastal waters (Hallegraeff and 

Lucas 1988; Reguera et al., 2012). In natural water columns, Dinophysis abundance and 

bloom formation are mostly regulated by physical drivers such as temperature, tides, wind 

forced water movements, upwelling and downwelling (Escalera et al., 2010; Campbell et al., 

2010; Hattenrath-Lehmann et al., 2013; Diaz et al., 2013; Whyte et al., 2014; Moita et al., 

2016; Ruiz-Villarreal et al., 2016).   

Given their tendency to thrive in coastal waters, Dinophysis spp. may form major 

problems for shellfish industries and public health around the world (Lindahl et al., 2007; 

Pizarro et al., 2009). Yasumoto et al. (1980) found that even at low abundances such as a few 

hundred cells L-1, the genus was able to produce detectable toxin levels. Ten species of the 

genus are associated with the production of diarrhetic shellfish toxins (DSTs) including 

okadaic acid (OA) and its derivatives dinophysistoxins (DTXs), as well as pectenotoxins 

(PTXs) (Reguera et al., 2014). DSTs accumulate in filter feeders, leading to human poisoning 

with symptoms of nausea, vomiting, diarrhea, chills and abdominal pain after consuming the 

contaminated biota (Pizarro et al., 2008; Hess, 2010; Li et al., 2014; Reguera et al., 2014; Hu 

et al., 2017). Environmental drivers such as salinity, temperature, light, and nutrient 

concentration combined with genetic factors have shown effects on toxin production of 

marine dinoflagellates including Dinophysis, which may also lead to variations in toxin 

profiles and cell quotas (Cembella and John, 2006; Mafra et al., 2014 and references therein). 

Yet, information regarding Dinophysis spp. and their toxin variability in the field is rare 

(Reguera et al., 2014). Culture experiments revealed variations of toxin production, content 

and level, occurring at different growth phases while also varying among strains (reviewed by 

Reguera et al., 2014). The latter study concluded that toxins are produced at maximum levels 

 
 

during the exponential phase and remain stable or only slightly increase in the stationary 

phase. The differences among growth phases may be caused by the imbalance between toxin 

production and cell division (Tong et al., 2011). 

Previous field and laboratory studies have shown that Dinophysis species are the only 

dinoflagellate genus that is able to produce pectenotoxins (PTXs) (reviewed by Reguera et 

al., 2014; Fabro et al., 2016). PTXs are cyclic polyether lactones that differ from each other 

structurally due to the difference of oxidation degree, spiroketal ring arrangements, and the 

lactone opening ring, which was found to be associated with toxicity reductions (Quilliam, 

2003; Reguera et al., 2014; Fabro et al., 2016). PTXs and especially pectenotoxin-2 (PTX2) 

are generally found in combination with OA and DTXs in shellfish associated with DSP 

events (Dominguez et al., 2010). Yet, only OA and DTXs are proven as the main DSP 

causatives (Vale and Sampayo, 2002), since no diarrheagenic symptoms are observed after 

PTX2 oral administration to laboratory rodents (Fabro et al., 2016). To date, direct effects of 

PTX2 on human illness are debatable, even though other laboratory studies have shown that 

both oral and injection of PTX2 equivalents can damage livers of mice (Aune et al., 2002; 

Miles et al., 2004; Espiña and Rubiolo, 2008; Li et al., 2014). Ferron et al. (2016) showed 

that PTX2 acts as cytotoxic in human metabolisms, inducing DNA damage and some key 

xenobiotic-metabolizing enzymes (XME) (Alarcan et al., 2017). Regardless of debatable 

effects on human health, the European Food Safety Authority has defined a permitted-level of 

PTX2 in shellfish (Alexander et al., 2009). 

PTX2 is metabolized into other PTX derivatives in shellfish, of which pectenotoxin-2 

seco acid (PTX2sa) is one of the alleged converted products, generated when hydrolysis of 

the lactone moiety occurs (Suzuki et al., 2001; Miles et al., 2004). These toxins have been 

reported elsewhere around the world, yet, no information was available for Indonesian waters 

(Vale and Sampayo, 2002; MacKenzie et al., 2005; Wilkins et al., 2006; Fernández et al., 
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2006; Amzil et al., 2007; Sibat et al., 2018; Farrell et al., 2018). In an earlier study, we for the 

first time detected PTXs (PTX2 and PTX2sa) in phytoplankton samples collected from 

Ambon Bay. These results, based on a 7-month field campaign in 2018, showed a weak 

correlation between PTX2 levels and D. miles cell abundances (Likumahua et al., 2020). In 

addition, PTX2sa levels were scarcely detected and only found during the dry season. 

Following up on this first campaign, biological, toxicological and physiochemical sampling 

was continued, in order to further understand the dynamics of D. miles and its relationships 

with PTXs under varying environmental conditions. 

Given the lack of information on Dinophysis species in Indonesian waters, a 1.5-year 

data set was assembled based on sampling campaigns between 2018 and 2019 in Ambon 

Bay. The objective of this study was thus to investigate dynamics of Dinophysis species and 

their associated toxins in relation with environmental drivers. Therefore, the present research 

was expected to establish valuable baseline data to aid adequate formulation of a 

management system to deal with harmful algal blooms and associated toxic events 

nationwide. 

2. Materials and methods 

2.1. Study area 

Ambon Island (3°38′17′′S and 128°07′02′′E) (Fig. 1) is located in Maluku Province, 

eastern Indonesia, and has roughly 450,000 inhabitants. The area is influenced by a tropical 

climate, showing both dry and wet seasons. The dry season is associated with the northwest 

monsoon occurring between October and March, and is characterized by low precipitation 

and relatively high air temperatures. The wet season is characterized by high precipitation 

and relatively low air temperatures, occurring during the southeast monsoon between March 

and September. The period of transformation from the dry to wet season is known as 

Transition I (between March and May), and from the wet to dry season is Transition II 

 
 

(between September and November). The island has a semi-enclosed estuary, called Ambon 

Bay, that has a narrow and shallow sill (Fig. 1) dividing the bay into two parts (outer and 

inner bay) while limiting water circulation between both sections. 

 

Fig. 1. Map of Ambon Bay with the location of the six sampling stations (B, C, D and E were sampled in 2018; 
and two red stations (Ai and Aii) were sampled in 2019). The red triangle shows the location of the sill. 

 
2.2. Sampling 

 Samples were collected in the inner bay between January 2018 and June 2019. Four 

stations (B, C, D and E) were sampled on a weekly-based scheme between January and July 

during 2018 (Fig. 1), which encompassed the first dry season, transition I and the first wet 

season. During expected phytoplankton peaks of each season, samples were collected twice a 

week. After the first intensive sampling period, a second less frequent sampling scheme was 

followed, to cover the transition II in 2018 between September and November, the second dry 

season (December 2018 to February 2019), the second transition I (March and May 2019) 

and the beginning of the second wet season (June 2019). Samples were collected fortnightly 

during this second phase, at two stations (Ai, representing stations B and E; Aii, representing 

stations C and D). These stations were determined based on highly similar characteristics 
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shared by the two nearby stations as sampled during the earlier campaign (Likumahua et al., 

2019). 168 samples were collected during the first campaign based on 42 field-sampling days 

and 38 samples during the second phase based on 19 sampling days. Thus, the total amount 

of samples collected during the 1.5-year sampling period was 206 (n = 206). The total time 

spent for boating and sampling was between 2 and 2.5 hours, prior to sample processing in 

the Centre for Deep Sea Research (CDSR) - LIPI laboratories. 

2.3. Phytoplankton sampling and analysis 

 Phytoplankton samples were collected using a Hydro-Bios plankton net (Ø 40 cm, 

length 100 cm, 20 µm mesh size), which was deployed twice through the upper 20 m of the 

water column. Samples were transferred to 500 mL bottles and adjusted to a final volume of 

400 mL with filtered seawater. Forty mL of concentrated net sample was fixed with acidic 

lugol iodine solution and one drop of formalin (4 % final concentration) to inactivate 

bacteria. The cell abundance of Dinophysis spp. was determined by counting 10 mL fixed 

sample using Uthermöhl sedimentation chambers (Hydro-Bios). Cells were let to settle at the 

bottom of chambers for at least 12 hours prior to inspection at 200 x magnification using an 

Olympus LH 50A inverted microscope. The inspection was done throughout the chamber and 

the final cell density was expressed in cells per net tow (cells NT-1). Chlorophyll-a (chl-a) 

levels were obtained from the data recorded by a fluorescence sensor mounted on a CTD (see 

below), which had been calibrated by spectrophotometry. A prior study had shown a strong 

positive correlation between the chl-a fluorescence from the CTD and net haul levels 

(Likumahua et al., 2019). The average 0-2 m chl-a concentration was calculated as the 

surface level, and the average 0-20 m was calculated to express the average water column 

chl-a level.  

 

 

 
 

2.4. Physiochemical water properties 

 A compact Conductivity, Temperature, Depth (CTD) Model Alec ASTD 687 was 

deployed to measure depth, temperature, salinity, turbidity, density and chlorophyll-a (chl-a) 

fluorescence. Temperature and density profiles were used to calculate mixed layer depth 

(MLD) and stratification indices using the threshold method as described by González-Pola et 

al. (2007) and Somavilla et al. (2017). 

Water samples for nutrient analysis were collected with a 3.5 L Niskin bottle at two 

depths, representing water layers above (2 m) and below (20 m) the thermocline, if present. 

Water was pre-filtered on board using a 20 µm filter mesh to eliminate large plankton, 

organic material and sediment particles. Filtered water samples were transferred to pre-

cleaned (Milli-Q water) 600 mL bottles and stored in a dark insulated box, filled with 

seawater at ambient temperature. In the lab, samples were filtered immediately through 0.2 

µm pore size, 47 mm Ø Fisherbrand nylon membrane filters using a vacuum pump with 0.3 

bar maximum pressure, and stored at -20 ᴼC until analysis. Dissolved nutrients, nitrate, 

phosphate and silicate were measured using a spectrophotometer (UV-Vis Shimadzu 1700) 

following Strickland and Parsons (1972), and ammonium following APHA (1998). 

2.5. Toxin analysis 

Cell pellets for the toxin analysis were obtained from 300 mL (1st sampling leg) and 

360 mL (2nd sampling leg) net tow samples by centrifugation at 12,100 x g for 20 minutes 

and transferred to 2 mL Eppendorf tubes. Pellets were then stored at -20 ᴼC prior to analysis. 

Liquid chromatography – tandem mass spectrometry (LC-MS/MS) was used to detect DSTs 

(okadaic acid (OA), DTX1, and DTX2) and PTXs according to Krock et al. (2008). 

Approximately 0.9 g lysing matrix D was added to the pellets followed by 500 µL solvent 

(methanol for DSTs and PTXs, while 0.03 M acetic acid for PSTs). Toxin extraction was 

performed at maximum speed (6.5 m s-1) for 45 sec using a Bio101 FastPrep (Thermo Savant, 
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Illkirch, France). Homogenized samples were centrifuged at 16,100 x g at 4 ᴼC for 15 min, 

after which the supernatants were transferred to 0.45 µm pore size spin filters (Milipore 

Ultrafree, Eschborn, Germany) and centrifuged for 30 seconds at 5700 x g. Filtrates were 

transferred to HPLC vials for toxin analysis, and the level was expressed in ng NT-1. 

Detection limit of each toxin was determined separately for each campaign (Table 1). 

Table 1. Limit of detection ( LoD ) for DSTs, PTX2 and PTX2sa. 

Toxin types LoD (ng NT -1) 
2018 2019 

Okadaic acid (OA) 5.91 0.65 

Dinophysis toxin – 1 (DTX1) 2.94 0.82 

Dinophysis toxin – 2 (DTX2) 3.23 1.48 

Pectenotoxin – 2 (PTX2) 0.37 0.40 

Pectenotoxin – 2 seco acid (PTX2sa) 0.41 0.50 

 

2.6. Statistical analysis 

Data used to display physiochemical and biological time series was obtained by 

calculating average values of all stations for each parameter. This was done since spatial 

variabilities were very low and no significant differences were found among stations (data 

not shown). However, data from all stations were used for all statistical analyses, which were 

done using the Minitab 18 package. The multivariate analysis of Principal Component 

Analysis (PCA) and Spearman’s rank were employed as statistical tools in this study. Data 

was standardized to eliminate physical dimensions before the ordination in the PCA 

according to Legendre and Birks (2012). A PCA score plot was performed to investigate the 

discrimination among seasons, based on all data (physicochemical and biological data). 

Meanwhile, PCA loading plots coupled with non-parametric Spearman’s rank correlation 

analyses were employed to analyse relationship among parameters for the whole sampling 

period and individual seasons separately based on the score plot results. In this way, visible 

regulations of environmental drivers on both cell abundances and toxin levels could be 

obtained. Regression analysis was done after omitting all zeros in the data (where toxins were 

 
 

not detected) to display a clear linear correlation between cell abundances and toxins once a 

strong correlation was found and the data was distributed normally.  

3. Results 

3.1. Season grouping 

The time resolved PCA score plot of all parameters revealed clear clustering of two 

main seasons (dry and wet) and transition period I (Trn I) from dry to wet as well as period II 

(Trn II) from wet to dry (Fig. 2). The results showed that the dry season and the first 

transition (Trn I) in 2018 were grouped together whereas the second transition period of 2018 

(Trn II) distinctly separated from the other seasons. Thus, these three distinct periods (dry, 

wet and Trn II) were distinguished in each time series graph and statistical analyses. In 

addition, since the majority of data of the dry season of 2019 had a different distribution from 

the dry season of 2018, both periods were statistically analysed separately. Three data points 

of Trn I of 2018 fell in the wet season area and were subsequently grouped with the wet 

season since these data belonged to dates where the season started. Meanwhile, two data 

points of the dry season 2018 fell within the wet season area, three data points of the wet 

2019 fell within the dry season area, and one data point of Trn I 2019 fell within the Trn II 

area. All these points were considered as outliers and were not included in the statistical 

analyses to avoid high deviations. 
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Illkirch, France). Homogenized samples were centrifuged at 16,100 x g at 4 ᴼC for 15 min, 

after which the supernatants were transferred to 0.45 µm pore size spin filters (Milipore 

Ultrafree, Eschborn, Germany) and centrifuged for 30 seconds at 5700 x g. Filtrates were 

transferred to HPLC vials for toxin analysis, and the level was expressed in ng NT-1. 

Detection limit of each toxin was determined separately for each campaign (Table 1). 

Table 1. Limit of detection ( LoD ) for DSTs, PTX2 and PTX2sa. 

Toxin types LoD (ng NT -1) 
2018 2019 

Okadaic acid (OA) 5.91 0.65 

Dinophysis toxin – 1 (DTX1) 2.94 0.82 

Dinophysis toxin – 2 (DTX2) 3.23 1.48 

Pectenotoxin – 2 (PTX2) 0.37 0.40 

Pectenotoxin – 2 seco acid (PTX2sa) 0.41 0.50 

 

2.6. Statistical analysis 

Data used to display physiochemical and biological time series was obtained by 

calculating average values of all stations for each parameter. This was done since spatial 

variabilities were very low and no significant differences were found among stations (data 

not shown). However, data from all stations were used for all statistical analyses, which were 

done using the Minitab 18 package. The multivariate analysis of Principal Component 

Analysis (PCA) and Spearman’s rank were employed as statistical tools in this study. Data 

was standardized to eliminate physical dimensions before the ordination in the PCA 

according to Legendre and Birks (2012). A PCA score plot was performed to investigate the 

discrimination among seasons, based on all data (physicochemical and biological data). 

Meanwhile, PCA loading plots coupled with non-parametric Spearman’s rank correlation 

analyses were employed to analyse relationship among parameters for the whole sampling 

period and individual seasons separately based on the score plot results. In this way, visible 

regulations of environmental drivers on both cell abundances and toxin levels could be 

obtained. Regression analysis was done after omitting all zeros in the data (where toxins were 

 
 

not detected) to display a clear linear correlation between cell abundances and toxins once a 

strong correlation was found and the data was distributed normally.  

3. Results 

3.1. Season grouping 

The time resolved PCA score plot of all parameters revealed clear clustering of two 

main seasons (dry and wet) and transition period I (Trn I) from dry to wet as well as period II 

(Trn II) from wet to dry (Fig. 2). The results showed that the dry season and the first 

transition (Trn I) in 2018 were grouped together whereas the second transition period of 2018 

(Trn II) distinctly separated from the other seasons. Thus, these three distinct periods (dry, 

wet and Trn II) were distinguished in each time series graph and statistical analyses. In 

addition, since the majority of data of the dry season of 2019 had a different distribution from 

the dry season of 2018, both periods were statistically analysed separately. Three data points 

of Trn I of 2018 fell in the wet season area and were subsequently grouped with the wet 

season since these data belonged to dates where the season started. Meanwhile, two data 

points of the dry season 2018 fell within the wet season area, three data points of the wet 

2019 fell within the dry season area, and one data point of Trn I 2019 fell within the Trn II 

area. All these points were considered as outliers and were not included in the statistical 

analyses to avoid high deviations. 
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Fig. 2. Score plot PCA analysis for seasonal grouping based on all water properties and biological data collected 
in Ambon Bay between January 2018 and July 2019 (n = 206). 

3.2. Physiochemical properties 

The average (0-20 m) salinity ranged between 32.53 and 33.84, where highest values 

were found between the wet season and the second transition period (Trn II) in 2018 (Fig. 

3A). During 2018, the average salinity showed an upward trend and subsequently decreased 

gradually during the dry season 2019 (Fig. 3A). Highest average (0-20 m) water temperatures 

were recorded during the dry season, and a considerable decrease occurred during the wet 

season for both years (Fig. 3A). Water temperature increased during the second transition 

period (Trn II), between September and November. The average (0-20 m) water temperature 

ranged between 26.37 and 30.06 ºC. 

A high variability in average mix layer depth (MLD) was observed in the inner bay 

during the sampling period (Fig. 3B). The similarly high variation was observed spatially at 

all stations (data not shown). Shallow MLDs frequently occurred during the second transition 

period (Trn II) in 2018 and the first half of the dry season of 2019. Generally, mixed layer 

 
 

depth (MLD) ranged between 0.5 and 20 m. Meanwhile, the average stratification index 

ranged between 0.08 and 5.18 kg m-3 (Fig. 3B). A slight upward trend in stratification index 

was observed during the dry and wet season of 2018, and unclear trends were shown during 

the subsequent period at the end of the year as well as the following year. However, high 

stratification indices were frequently found during the wet season in both years. 

 
Fig. 3. Temporal variability (average of all stations) of water physical properties in Ambon Bay (2018-2019). A: 

average (0-20 m) temperature and salinity, B: mixed layer depth (MLD) and stratification. Vertical blue 
lines indicate boundaries of each season for both years, as determined by PCA score plot of all 
measured parameters. 
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3.2. Physiochemical properties 

The average (0-20 m) salinity ranged between 32.53 and 33.84, where highest values 

were found between the wet season and the second transition period (Trn II) in 2018 (Fig. 

3A). During 2018, the average salinity showed an upward trend and subsequently decreased 

gradually during the dry season 2019 (Fig. 3A). Highest average (0-20 m) water temperatures 

were recorded during the dry season, and a considerable decrease occurred during the wet 

season for both years (Fig. 3A). Water temperature increased during the second transition 

period (Trn II), between September and November. The average (0-20 m) water temperature 

ranged between 26.37 and 30.06 ºC. 

A high variability in average mix layer depth (MLD) was observed in the inner bay 

during the sampling period (Fig. 3B). The similarly high variation was observed spatially at 

all stations (data not shown). Shallow MLDs frequently occurred during the second transition 

period (Trn II) in 2018 and the first half of the dry season of 2019. Generally, mixed layer 

 
 

depth (MLD) ranged between 0.5 and 20 m. Meanwhile, the average stratification index 

ranged between 0.08 and 5.18 kg m-3 (Fig. 3B). A slight upward trend in stratification index 

was observed during the dry and wet season of 2018, and unclear trends were shown during 

the subsequent period at the end of the year as well as the following year. However, high 

stratification indices were frequently found during the wet season in both years. 

 
Fig. 3. Temporal variability (average of all stations) of water physical properties in Ambon Bay (2018-2019). A: 

average (0-20 m) temperature and salinity, B: mixed layer depth (MLD) and stratification. Vertical blue 
lines indicate boundaries of each season for both years, as determined by PCA score plot of all 
measured parameters. 
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Fig. 4. Temporal variability (average of all stations) of major nutrients at two water depths in Ambon Bay 

(2018-2019). Vertical blue lines indicate boundaries of each season for both years, as determined by 
PCA score plot of all measured parameters. 

 
 

The average phosphate concentration varied during the sampling period, which 

ranged from 0.002 to 2.21 µM at the surface (2 m) and from 0.15 to 2.21 µM near the bottom 

(20 m) (Fig. 4A). An unclear pattern was shown over time, yet, a small decreasing trend was 

found during the end of the wet season for both years. In general, phosphate concentrations 

were higher at the bottom 20 m than at the water surface. Similarly, high average nitrate 

concentrations were observed near the bottom, which showed upward trends between the 

second half of the dry season and the wet period in both years (Fig. 4B). Yet, the 

concentration at the surface showed an unclear trend. The average concentration ranged 

between 0.003 and 1.35 µM at the surface, and between 0.19 and 5.73 µM near the bottom 

(Fig. 4B). Unlike phosphate and nitrate, the average silicate concentration at the surface was 

higher than near the bottom (Fig. 4C). During the dry and wet season of 2018, the 

concentration at both depths showed a slight upward trend, reaching the highest level at the 

peak of the wet season. During the second transition period (Trn II) of 2018, the 

concentration dropped considerably and reached the lowest levels for both depths (Fig. 4C). 

The average silicate concentration ranged from 0.31 to 49.62 µM and from 0.10 to 47.95 µM 

at the surface and the bottom 20 m, respectively. Average ammonium concentrations were 

mostly comparable for both layers during the sampling period, except for January 2019 where 

the bottom 20 m levels were much higher than those at the surface (Fig. 4D). The average 

ammonium concentration ranged from 1.36 to 12.67 µM at the surface and from 1.21 to 

16.48 µM near the bottom. An increasing trend was found in 2018 during the dry and wet 

season, which subsequently dropped considerably during the second transition period (Trn 

II). Meanwhile, no clear trend was observed during the following year (Fig. 4D). 

3. 3. Biological parameters 

A slightly upward trend of the average (0-20 m) chl-a (representing total 

phytoplankton biomass) was observed in 2018, during which highest levels were observed in 
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Fig. 4. Temporal variability (average of all stations) of major nutrients at two water depths in Ambon Bay 

(2018-2019). Vertical blue lines indicate boundaries of each season for both years, as determined by 
PCA score plot of all measured parameters. 

 
 

The average phosphate concentration varied during the sampling period, which 

ranged from 0.002 to 2.21 µM at the surface (2 m) and from 0.15 to 2.21 µM near the bottom 

(20 m) (Fig. 4A). An unclear pattern was shown over time, yet, a small decreasing trend was 

found during the end of the wet season for both years. In general, phosphate concentrations 

were higher at the bottom 20 m than at the water surface. Similarly, high average nitrate 

concentrations were observed near the bottom, which showed upward trends between the 

second half of the dry season and the wet period in both years (Fig. 4B). Yet, the 

concentration at the surface showed an unclear trend. The average concentration ranged 

between 0.003 and 1.35 µM at the surface, and between 0.19 and 5.73 µM near the bottom 

(Fig. 4B). Unlike phosphate and nitrate, the average silicate concentration at the surface was 

higher than near the bottom (Fig. 4C). During the dry and wet season of 2018, the 

concentration at both depths showed a slight upward trend, reaching the highest level at the 

peak of the wet season. During the second transition period (Trn II) of 2018, the 

concentration dropped considerably and reached the lowest levels for both depths (Fig. 4C). 

The average silicate concentration ranged from 0.31 to 49.62 µM and from 0.10 to 47.95 µM 

at the surface and the bottom 20 m, respectively. Average ammonium concentrations were 

mostly comparable for both layers during the sampling period, except for January 2019 where 

the bottom 20 m levels were much higher than those at the surface (Fig. 4D). The average 

ammonium concentration ranged from 1.36 to 12.67 µM at the surface and from 1.21 to 

16.48 µM near the bottom. An increasing trend was found in 2018 during the dry and wet 

season, which subsequently dropped considerably during the second transition period (Trn 

II). Meanwhile, no clear trend was observed during the following year (Fig. 4D). 

3. 3. Biological parameters 

A slightly upward trend of the average (0-20 m) chl-a (representing total 

phytoplankton biomass) was observed in 2018, during which highest levels were observed in 
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the wet season followed by decreases during the second transition period (Trn II) (Fig. 5A). 

The average (0-20 m) level in general was higher than the surface concentration, with 

exceptions between January and February 2019 where surface concentrations were high. The 

average chl-a level ranged from 0.16 to 5.11 mg m-3 and from 0.35 to 3.02 mg m-3 at the 

surface and the average (0 - 20 m), respectively (Fig. 5A). 

 
Fig. 5. Temporal variability (average of all stations) of biological parameters in Ambon Bay (2018-2019). 

Vertical blue lines indicate boundaries of each season for both years, as determined by PCA score plot of 
all measured parameters. 

 
 

Three Dinophysis species (D. miles, D. caudata and D. acuminata) were observed 

during the sampling period (Fig. S1), of which D. miles was the most dominant species in 

terms of net cell numbers (Fig. 5B). The highest D. miles abundance was found in the second 

transition period where it co-occurred with high D. caudata cell densities. Meanwhile, D. 

acuminata was found in very low cell densities, roughly comprising between 7 and 10 % of 

the total Dinophysis population. Average cell abundances of D. miles ranged between 50 and 

12.82 × 103 cells NT-1, D. caudata ranged from not observed to 7.83 × 103 cells NT-1, and D. 

acuminata ranged from not observed to 60 cells NT-1. The abundance of D. miles showed a 

clear upward trend during 2018 and a slight increase during the dry season of 2019. During 

the dry season, cell abundances of D. miles were different for both years, since cell densities 

in 2019 were higher than in 2018 (Fig. 5B). The two other species showed no clear trends 

either during the whole sampling period or during a certain season. 

 Lipophilic toxin analysis revealed the absence of okadaic acid (OA) and Dinophysis 

toxins (DTX1 and DTX2). Yet, PTX2 and its seco acid (PTX2sa) were frequently detected 

above the LoD in plankton pellets. The average PTX2 level was detected between the LoD 

and 43.48 ng NT-1, and PTX2sa was detected between the LoD and 15.11 ng NT-1 (Fig. 5C). 

PTX2 levels were found to be very low during the dry season of 2018 and continued to 

increase slightly during the wet season. Meanwhile, inversely, PTX2sa levels were higher 

during the dry season and lower during the wet season of 2018 (Fig. 5C). Both toxins reached 

peak levels during transition period II in 2018, during which the PTX2sa level was found to 

be higher than PTX2. Higher PTX2sa levels were also detected during the subsequent year, 

especially during the dry season of 2019. 

3.4. Relationship between biological factors and environmental drivers 

 When considering the whole sampling period, the PCA loading plot and the Spearman 

rank analysis showed a positive correlation between D. miles and PTX2 (r = 0.56; p = 0), 
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the wet season followed by decreases during the second transition period (Trn II) (Fig. 5A). 

The average (0-20 m) level in general was higher than the surface concentration, with 

exceptions between January and February 2019 where surface concentrations were high. The 

average chl-a level ranged from 0.16 to 5.11 mg m-3 and from 0.35 to 3.02 mg m-3 at the 

surface and the average (0 - 20 m), respectively (Fig. 5A). 

 
Fig. 5. Temporal variability (average of all stations) of biological parameters in Ambon Bay (2018-2019). 

Vertical blue lines indicate boundaries of each season for both years, as determined by PCA score plot of 
all measured parameters. 

 
 

Three Dinophysis species (D. miles, D. caudata and D. acuminata) were observed 

during the sampling period (Fig. S1), of which D. miles was the most dominant species in 

terms of net cell numbers (Fig. 5B). The highest D. miles abundance was found in the second 

transition period where it co-occurred with high D. caudata cell densities. Meanwhile, D. 

acuminata was found in very low cell densities, roughly comprising between 7 and 10 % of 

the total Dinophysis population. Average cell abundances of D. miles ranged between 50 and 

12.82 × 103 cells NT-1, D. caudata ranged from not observed to 7.83 × 103 cells NT-1, and D. 

acuminata ranged from not observed to 60 cells NT-1. The abundance of D. miles showed a 

clear upward trend during 2018 and a slight increase during the dry season of 2019. During 

the dry season, cell abundances of D. miles were different for both years, since cell densities 

in 2019 were higher than in 2018 (Fig. 5B). The two other species showed no clear trends 

either during the whole sampling period or during a certain season. 

 Lipophilic toxin analysis revealed the absence of okadaic acid (OA) and Dinophysis 

toxins (DTX1 and DTX2). Yet, PTX2 and its seco acid (PTX2sa) were frequently detected 

above the LoD in plankton pellets. The average PTX2 level was detected between the LoD 

and 43.48 ng NT-1, and PTX2sa was detected between the LoD and 15.11 ng NT-1 (Fig. 5C). 

PTX2 levels were found to be very low during the dry season of 2018 and continued to 

increase slightly during the wet season. Meanwhile, inversely, PTX2sa levels were higher 

during the dry season and lower during the wet season of 2018 (Fig. 5C). Both toxins reached 

peak levels during transition period II in 2018, during which the PTX2sa level was found to 

be higher than PTX2. Higher PTX2sa levels were also detected during the subsequent year, 

especially during the dry season of 2019. 

3.4. Relationship between biological factors and environmental drivers 

 When considering the whole sampling period, the PCA loading plot and the Spearman 

rank analysis showed a positive correlation between D. miles and PTX2 (r = 0.56; p = 0), 
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while a weak relationship was found with PTX2sa (r = 0.24; p = 0) (Fig. 6 and Table 2). Cell 

abundances of D. caudata showed a weak correlation with PTX2sa (r = 0.27; p = 0), and no 

correlation was found with PTX2. Temperature negatively influenced both D. miles 

abundances and PTX2 levels, yet positively correlated with PTX2sa (Table 2). Meanwhile, 

nitrate was the only nutrient that showed correlation with D. miles and both toxins (Fig. 6 and 

Table 2). Stratification represented a physical factor that had a weak impact on D. miles and 

PTX2. 

 

Fig. 6. The PCA loading plot of all data (2018 and 2019) determining correlation between biological parameters 
and environmental drivers (n = 206). Abbreviations: DMi (D. miles), DCa (D. caudata), DAc (D. 
acuminata), PTX2 (Pectenotoxin-2), PTX2sa (Pectenotoxin-2 secoacid), T20 (Temperature average 0-
20 m), Ts (Temperature surface), S20 (Salinity average 0-20 m), Sas (Salinity surface), Chl20 
(Chlorophyll-a average 0-20 m), Chls (Chlorophyll-a surface), P-2 (Phosphate at surface 2 m), P-20 
(Phosphate 20 m), N-2 (Nitrate at surface 2 m), N-20 (Nitrate 2 m), S-2 (Silicate at surface 2 m), S-20 
(Silicate 20 m), A-2 (Ammonium at surface 2 m), A-20 (Ammonium 20 m), MLD (Mixed Layer 
Depth) and Str (Stratification). 
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while a weak relationship was found with PTX2sa (r = 0.24; p = 0) (Fig. 6 and Table 2). Cell 

abundances of D. caudata showed a weak correlation with PTX2sa (r = 0.27; p = 0), and no 

correlation was found with PTX2. Temperature negatively influenced both D. miles 

abundances and PTX2 levels, yet positively correlated with PTX2sa (Table 2). Meanwhile, 

nitrate was the only nutrient that showed correlation with D. miles and both toxins (Fig. 6 and 

Table 2). Stratification represented a physical factor that had a weak impact on D. miles and 

PTX2. 

 

Fig. 6. The PCA loading plot of all data (2018 and 2019) determining correlation between biological parameters 
and environmental drivers (n = 206). Abbreviations: DMi (D. miles), DCa (D. caudata), DAc (D. 
acuminata), PTX2 (Pectenotoxin-2), PTX2sa (Pectenotoxin-2 secoacid), T20 (Temperature average 0-
20 m), Ts (Temperature surface), S20 (Salinity average 0-20 m), Sas (Salinity surface), Chl20 
(Chlorophyll-a average 0-20 m), Chls (Chlorophyll-a surface), P-2 (Phosphate at surface 2 m), P-20 
(Phosphate 20 m), N-2 (Nitrate at surface 2 m), N-20 (Nitrate 2 m), S-2 (Silicate at surface 2 m), S-20 
(Silicate 20 m), A-2 (Ammonium at surface 2 m), A-20 (Ammonium 20 m), MLD (Mixed Layer 
Depth) and Str (Stratification). 
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 Season specific analysis, as determined by the time resolved PCA (Fig. 2) showed that 

during the dry season of 2018, D. miles positively correlated with both toxins, yet PTX2sa 

was stronger than PTX2 (Fig. S2A). The Spearman rank showed similar results as the PCA, 

of which the PTX2sa correlation index was stronger than PTX2 (r = 0.41 and r = 0.30; p = 0, 

respectively) (Table 2). Silicate concentrations at both depths correlated with D. miles and 

PTX2 while no correlation was found with PTX2sa. Strong correlations were found between 

PTX2 and ammonium at both depths. During the dry season of 2019, D. miles was only 

correlated with PTX2sa level and no relation was found with PTX2 (Fig. S2B and Table 2). 

Phosphate concentrations positively influenced D. miles cell abundances (r = 0.63; p < 0.05) 

and PTX2sa levels (r = 0.73 and 0.80; p < 0.05). In contrast, silicate and ammonium showed 

negative correlations with D. miles and PTX2sa (Table 2). Linear regression analyses of D. 

miles cell abundances versus PTX2sa levels showed strong relationships during the dry 

season of 2019 and for the dry season of both years, yet no relationships were found for the 

dry season of 2018 (Fig. 7). 

 
Fig. 7. Linear regression models of Dinophysis miles cell abundances versus PTX2sa levels during the dry 

season in 2018, 2019 and the total of dry season samples (2018 and 2019). 

 

 Weak correlations were found between Dinophysis cell abundances (D. miles and D. 

caudata) and PTX2 levels during the whole wet season (Fig. S2C and Table 2). Phosphate 

and nitrate concentrations positively correlated with D. miles cell abundances, and in reverse 

silicate showed a negative relationship (Table 2). When cell abundances and toxin levels 

were high in the second transition period, D. miles and D. caudata were strongly correlated (r 

= 0.75; p = 0), yet no clear influence of nutrients on biological factors (cells and toxins) were 

found (Fig. S2D and Table 2). Both Dinophysis species (D. miles and D. caudata) showed a 

strong negative correlation with PTX2 levels (r = -0.75 and -0.83; p = 0, respectively). 

Conversely, D. miles abundances positively correlated with PTX2sa levels (r = 0.61; p = 0). 

4. Discussion 

 The assembled 1.5-year data collected in Ambon Bay during 2018-2019 reconfirmed 

the persistent occurrence of D. miles. Pectenotoxins (PTX2 and PTX2sa) were successfully 

detected and correlated with D. miles cell abundances. Interestingly, this extended data set 

(compared with the earlier 7 months campaign, Likumahua et al. 2020) revealed high 

PTX2sa concentrations in the dry season and the second transition period, during which 

strong correlations were found between the toxin and D. miles cell abundance. Thus, this 

finding strongly indicates that D. miles cells are likely to contain a stable PTX2sa level under 

a combination of environmental conditions, typical for those periods. 

 The tropical Ambon Island is highly influenced by seasonal monsoons, which 

influence water properties in Ambon Bay during upwelling and downwelling. Cold nutrient-

rich water was previously detected in the inner bay during the wet season as the result of 

upwelling processes in the Banda Sea (Likumahua et al., 2019, 2020). During this period, 

water temperature decreased considerably and coincided with high salinity levels, which was 

also found in the present study. High saline water coupled with low temperatures were 

detected during the wet seasons of both years, indicating the seasonal variability of water 
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detected during the wet seasons of both years, indicating the seasonal variability of water 
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physical properties in Ambon Bay. High nutrient concentrations during the dry season, 

especially between January and February of 2018 had been discussed previously as the 

impact of water mixing triggered by strong winds (Likumahua et al., 2019, 2020). Similar 

high nutrient conditions were found during the dry season of 2019, except for phosphate in 

January during which its concentration was low. This might be related to nutrient uptake by 

phytoplankton, as high diatom densities and Gonyaulax sp. proliferations were frequently 

recorded during January of 2019 (data not shown). High nutrient (phosphate, nitrate and 

ammonium) concentrations during the end of the dry season of 2019 (Fig. 4A, B & D) was 

likely linked to high runoffs triggered by high precipitation between March and May 

(Meteorological and Climate Bureau measurement, data not shown). Thus, an interannual 

variability of nutrient concentrations was observed in this study. The assembled 1.5-year 

nutrient data in this study imply that eutrophication in the bay might be regulated by runoffs 

during high precipitation months coupled with wind-triggering mixing and upwelling during 

the southeast monsoon. Regardless of overall differences between monsoonal seasons and 

interannual variability, as discussed above, strong influences of local human activities such as 

aquaculture, persistent wastewater discharges from land and ships are likely to affect nutrient 

concentrations. These multi nutrient sources combined with seasonal physical variability 

strongly hampers the explanation and prediction of biological processes including Dinophysis 

cell abundances and toxin levels in the bay.  

 Throughout the sampling period, D. miles was found to be persistent in the bay, yet, 

no blooms were formed by the species. Its cell densities during our study were relatively low 

compared to cell abundances found in Sapian Bay, the Philippines (Marasigan et al., 2001). 

In their study, D. miles reached bloom conditions (± 5,000 cells L-1) and was found to be the 

most dominant Dinophysis species, since its densities were two times higher than the co-

occurring D. caudata. This finding was similar to our results, since D. miles dominated 

 

Dinophysis communities followed by D. caudata. In addition, earlier observations obtained 

from the longer-term monitoring program by LIPI (since 2008) showed frequent occurrences 

of D. miles dominating Dinophysis species in Ambon Bay (data not shown). Very little is 

known about the global distribution of D. miles, yet, the species seems restricted to tropical 

waters and the Indo-West Pacific region (Gul and Saifullah, 2010; reviewed by Reguera et 

al., 2012; Reguera et al., 2014). Thus, our study specifically provides valuable information on 

the occurrence of this potentially toxic Dinophysis species in tropical Southeast Asian bays. 

 DSTs such as OA, DTXs and PTXs are common toxin components produced by 

Dinophysis species (Yasumoto et al., 1980; Li et al., 2014; Reguera et al., 2014; Hu et al., 

2017; Reguera and Blanco, 2019). OA and DTXs were not detected in our phytoplankton 

samples, yet PTXs (PTX2 and PTX2sa) were successfully detected and were only found to 

correlate with D. miles cell abundance. In contrast, the Philippines D. miles strain was found 

to produce OA and DTX1 (Marasigan et al., 2001). The presence of D. acuminata in our 

samples was not followed by the detection of OA and DTXs. Yet, many studies both in the 

field and in the lab have shown that D. acuminata produces these DSP toxin components 

(Bazzoni et al., 2018; Gao et al., 2017; MacKenzie 2019; Jiang et al., 2018; Wolny et al., 

2020). Studies of D. caudata revealed that the species produced only PTX2 in considerable 

amounts while OA and DTXs were below threshold levels or not detected (Fernández et al., 

2006; Mafra jr. et al., 2014; Li et al., 2015; Basti et. al., 2015). In addition, Dinophysis spp. 

have been found to have intra-specific differences in toxin profiles (Reguera and Pizarro, 

2008). Hence, based on our 1.5-year results, it was likely that Dinophysis species in Ambon 

Bay might be genetically different from strains found in the Philippines or other regions. 

Variations in toxin content may also be influenced by cell responses to varying 

environmental conditions as found in different locations (Reguera et al., 2012 and references 

therein). In support of this, Uchida et al. (2018) demonstrated variations in toxin profiles 
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among strains of the same Dinophysis species and also between different species, collected 

from different Japanese locations. 

Previously, the 7-month data set (Likumahua et al., 2020) showed a weak correlation 

between D. miles cell abundance and PTX2 level due to the observed non-synchronized 

peaks of both variables (Likumahua et al., 2020). Increasing cell abundance was not followed 

by elevated PTX2 levels (e.g. between June and July of 2018), yet, conversely, high toxin 

levels were found during the period when cell numbers decreased (e.g. between day 85 and 

100 (March and April of 2018); and between day 127 and 145 in May of 2018) (Fig. 5B & 

C). The present extended data set collected during a period of 1.5-year showed similar non-

synchronized peaks between D. miles cells and PTX2 levels (e.g. between day 280 and 310; 

and between day 385 and 460, Fig. 5B & C) leading to weak correlations between both 

(Table 2). A similar non-synchronized pattern between cell abundance and toxicity levels was 

observed in a field study in Southern Brazil, during which Dinophysis spp. was more toxic 

when cell densities were low (Mafra jr. et al., 2014). In addition, a culture study of D. 

acuminata showed that high toxicity levels occurred at low cell densities (Basti et al., 2018). 

In our study, the lack of synchronization between cell densities and toxin levels might 

furthermore be explained by the co-occurrences of the three species which might contain 

different toxin cell quotas, or exhibit different life stages or responses to environmental 

conditions (Tong et al., 2011; Nielsen et al., 2012; Nielsen et al., 2013; Mafra et al., 2014; 

Reguera et al., 2014; Basti et al., 2015; Ajani et al., 2016).   

Likewise, PTX2sa was found to have a weak positive relationship with D. miles cell 

abundances when considering the whole research period. Yet, strong relationships were 

found during the dry season and the second transition period. Generally, during these two 

particular periods, PTX2sa levels were detected at higher levels than those observed during 

the wet season or than those of PTX2. PTX2sa is thought to be mostly present in filter feeder 

 

flesh as the hydrolyzed product of PTX2, generated enzymatically (Miles et al., 2004; Vale 

and Sampayo, 2002; MacKenzie et al., 2012; Nielsen et al., 2016; Blanco et al., 2018). 

Enzymatic conversion of PTX2 into PTX2sa was also detected in disrupted net-haul samples 

damaging Dinophysis cells (Suzuki et al., 2001; Fernández-Puente et al. 2004). Yet, PTX2sa 

was also detected in live picked D. acuta cells (Puente et al., 2004) as well as in other 

Dinophysis species in natural seawater (Li et al., 2010; Fux et al., 2010; Trefault et al., 2011; 

McCarthy et al., 2014; He et al., 2020). Interestingly, strong correlations were found between 

PTX2sa and D. tripos cell abundances from net-haul plankton samples collected in 

Argentinean shelf waters (Fabro et al., 2015). They argued that PTX2sa in their samples was 

not an artefact due to disrupting sample processing since the toxin was only detected in 

samples containing D. tripos while absent in samples with D. acuminata. This led to the 

conclusion that D. tripos from this area was a direct PTX2sa producer. 

Considering the same net-haul method for collecting plankton samples as used in the 

previous study (Fabro et al., 2015), PTX2sa in our study is likely to be associated with D. 

miles as the only possible producer. Given the fact that D. miles was the most abundant and 

persistently occurring species in Ambon Bay, it is not likely that other Dinophysis species 

were contributing to elevated PTX2sa levels. However, the association between PTX2sa and 

D. miles was only found under certain environmental conditions since the strong correlations 

were only observed during the dry season and the second transition period. PTX2sa was 

positively correlated with temperature during the whole sampling period. Hence, a relatively 

high water temperature might be one of the environmental factors that triggered these strong 

relationships. High temperatures persisted during the dry season and elevated temperatures 

were recorded during the transition of the wet to dry season of 2018, during which PTX2sa 

was frequently detected and its level was relatively high. Conversely, when PTX2 was 

abundant during the wet season (lower temperature) of 2018, PTX2sa was not detected. In 
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addition, both PTX2s were poorly correlated to each other implying that there were no 

significant relationships hinting to enzymatic conversion. Takahashi et al. (2007) reported 

high PTX2 and PTX2sa levels associated with D. caudata cell abundance in North 

Stradbroke Island, Australia. Yet, they argued that PTX2sa was the PTX2 breakdown product 

due to disrupted sampling methods. In our study, PTX2sa was only observed during warmer 

months and absent during the wet season, indicating that sampling artefacts were unlikely to 

contribute to PTX2 conversion. However, to confirm our finding regarding PTX2sa 

production, culture experiments on the D. miles strain from Ambon Bay are strongly needed. 

In addition, other possibilities such as predator presence, grazing impacts and cell rupture 

should be explored to unravel toxin variability and the PTX2sa production by this species.  

In our previous study, temperature was negatively associated with D. miles cell 

abundances and PTX2 levels while nutrient concentrations and physical drivers such as 

MLD, stratification, light availability and tide showed positive correlations (Likumahua et al., 

2020). In the present extended data set, similar associations were observed during the whole 

sampling period. However, physiochemical driver impacts on biological parameters, in 

particular cell abundances and toxins, varied among seasons. These indicate that Ambon Bay 

has specific seasonal and hydrological influences on Dinophysis species as well as cellular 

toxin content and levels, which had been shown by previous field studies (Díaz et al., 2016; 

Anjani et al., 2016; Ruiz-Villarreal eta l., 2016; Reguera et al., 2014 and references therein). 

Despite the variability in environmental impacts, nitrate concentrations, especially the level at 

20 m showed a strong correlation with D. miles abundance and both toxin levels. No other 

studies are available explaining D. miles behavior in stratified water column in terms of 

vertical migration due to depth differences in nutrient availability. Due to the lack of 

knowledge on D. miles biology and ecophysiology, species specific information on growth 

 

response as a function of environmental conditions as well as (variability in) toxin quota is 

urgently needed. 

5. Conclusions 

 Three Dinophysis species were successfully identified, of which D. miles was the 

most abundant in Ambon Bay. The observed dynamics do not allow for accurate prediction 

of Dinophysis outbreaks in Ambon, Bay, likely due to the high variability and human 

influences in this rather enclosed and heavily used bay. Therefore, year-round monitoring is 

of extreme importance. The 1.5-years data set showed positive relationships between D. miles 

and both PTX2s whereas other Dinophysis toxins were absent. Specifically, cell abundances 

were found to be linearly related to PTX2sa productions during the dry season. Therefore, our 

data suggest that D. miles is a PTX2sa producer under certain environmental conditions in 

Ambon Bay, in particular at elevated temperature. Generally, D. miles in Ambon Bay was 

found to be the main PTXs producer and nitrate was the main factor regulated both cell 

density and toxins during the overall sampling period. Given the fact that two other 

Dinophysis species (D. caudata and D. acuminata) were OA and DTXs producers found 

elsewhere, their dynamics in Ambon Bay need to be monitored since those toxins might 

likely be detected once cell densities exceed a certain threshold. Finally, species and strain 

specific information regarding D. miles and its toxins is urgently needed given its presence in 

in Indonesian and other East-Asian waters, to confirm the present findings. 
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Abstract 

Over the past decades, toxic dinoflagellate blooms have frequently occurred in (inner) 

Ambon Bay, Eastern Indonesia, causing severe environmental, economic and human health 

problems. The present study aimed at correlating the spatial distribution of dinocysts with 

environmental parameters, as well as at investigating if the bay serves as a seedbank for toxic 

bloom events. Surface sediment and water samples were collected from 10 stations in the 

inner and outer bay. Average water physicochemical parameters, dinocyst abundance and 

composition and geochemical analyses (carbon, nitrogen and phosphorus) of surface 

sediment samples were analyzed, and their relationships were statistically determined. In 

total, 23 dinocyst species were identified in the upper 2 centimeters of the sediment, and high 

concentrations were found in the inner bay compared with the outer bay. Environmental 

influences on dinocyst distribution were complex, yet factors such as surface water 

temperature and salinity generally played an important role. No statistically significant 

correlations were found between water environmental parameters and Polysphaeridium 

zoharyi, the cyst of the toxic species Pyrodinium bahamense. We found a statistically 

significant correlation with the amount of other autotrophic dinocysts in the sediment, and 

anticorrelation with the sediment C/N ratio. This study shows that especially the inner sector 

of Ambon bay harbors high amounts of cysts of potentially harmful dinoflagellates and thus 

sediments may serve as a seedbank for the area. 

Key words: dinoflagellates cysts, eutrophication, toxic algal blooms, seedbanks  

 

 

 

 

 

 

 

 

 

1. Introduction 

Dinoflagellates are a group of aquatic eukaryotic organisms that play an important 

role in the marine realm as primary (the phototrophic/autotrophic ones) and secondary (the 

heterotrophic ones) producers. Many dinoflagellate species are associated with harmful algal 

blooms (HABs) resulting in major negative socio-economic impacts and human health 

problems (e.g., review in Anderson et al., 2012; Hinder et al., 2012). As a result, harmful 

representatives of this taxonomic group are subject to many studies focusing on their ecology, 

toxicology and their complex life cycles (Bravo and Figueroa, 2014). Based on modern 

surface sediment studies, approximately 15% of the roughly 2000 marine dinoflagellate 

species are known to produce organic-walled resting cysts, hereafter dinocysts (Head et al., 

1996; Matsuoka et al., 2013; Bravo and Figueroa, 2014), which are produced mostly after 

sexual reproduction. The cysts (benthic stages) settle and are subsequently deposited in the 

sediment until hatching takes place. Cysts may hence serve as a source of bloom initiation 

(seedbanks) in the water column when favorable conditions occur (Dale, 1983; Usup et al., 

2012; Bravo and Figueroa, 2014). As dinocysts preserve well in sediments, they are one of 

the most important proxies used to study present and past dinoflagellate communities and 

environmental changes (deVernal and Marret, 2007; Uddandam et al., 2017). Successful 

reconstructions of past environments rely on the knowledge of modern dinocyst ecological 

preferences. Moreover, studies of modern dinocysts are useful to trace present and future 

(toxic) bloom events of a certain species in a particular area, thereby providing insight in the 

ecology, biogeography, taxonomy and phylogeny of living species (Aydin and Uzar, 2014). 

Environmental factors (e.g., water temperature, salinity, nutrients, oxygen) are known 

to influence dinocyst distribution and community composition in marine environments 

(Zonneveld et al., 2013; Marret et al., 2019). In coastal areas, especially near river mouths, 

increased cyst abundances of some mostly heterotrophic species (Brigantidinium spp., 
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Echinidinium spp., Lejeunecysta sabrina, Lingulodinium machaerophorum, Polykrikos 

kofoidii/schwarzii, Spiniferites spp., and Selenopemphix quanta) and high total cyst 

concentrations are generally related to high nutrient input (Sangiorgi and Donders 2004; 

Zonneveld et al., 2009; Zonneveld et al., 2013). In the inland bays of the Northwest Atlantic, 

combinations of elevated temperatures and enhanced nutrient load (the latter typical of 

eutrophication) positively correlated with Polysphaeridium zoharyi cyst abundance (Price et 

al., 2017). This cyst was also reported to occupy tropical and subtropical coastal 

environments, characterized by high temperatures (e.g., Gulf of Mexico lagoons, Florida 

shelf, Limoges et al., 2013), yet the cyst was also found in temperate estuaries (Furio et al., 

2012; Limoges et al., 2015; Price et al., 2016; Cuellar-Martinez et al., 2018). 

The vegetative form of P. zoharyi cysts, the toxic Pyrodinium bahamense var. 

compressum, has been recorded to thrive in Ambon Bay, Eastern Indonesia, and its density 

has been monitored since paralytic shellfish poisoning (PSP) events occurred in July 1994 

and 2012 (Wiadnyana et al., 1996; Likumahua 2013). Other potential PSP species, 

Gymnodinium catenatum and Alexandrium spp., have been found frequently in phytoplankton 

samples obtained from the local monitoring program (Likumahua et al., 2020). In addition, 

recently, blooms of a non-toxic Gonyaulax species were recorded in the bay, resulting in 

water discolorations and low dissolved oxygen availability (data unpublished). Given the fact 

that various vegetative dinoflagellate cells have been found frequently and some of the 

species formed blooms and toxic outbreaks in the bay, dinocyst assemblages in the upper 

sediments have become a highly relevant study topic. More than a decade ago, Mizushima et 

al. (2007) for the first time described dinocyst communities in Ambon Bay (inner bay), and 

revealed their vertical distribution based on a sediment core collected in 1995. In their study, 

approximately 23 dinocyst species were determined in the upper 2 cm sediment with a total 

density of 5,631 cysts g-1 dry sediment. Their results also showed that cysts of the toxic 

 

Pyrodinium bahamense var. compressum (Polysphaeridium zoharyi) were found in the core 

at first at 56-58 cm depth, suggesting a first appearance in ca. 1850, whereas enhanced cyst 

densities were observed in younger sediments.  

Here we analyze dinocyst assemblages in 10 surface sediment samples throughout the 

inner and outer Ambon Bay to determine their spatial distribution and to demonstrate if the 

bay serves as a seedbank for present and future harmful algal outbreaks. In addition, we 

wished to provide additional information on dinocyst environmental preferences in shallow, 

coastal tropical environments by correlating surface water parameters (salinity, temperature, 

nutrients such as phosphate and nitrate) and organic carbon (C), nitrogen (N) and 

phosphorous (P) in surface sediments with dinocyst assemblages. 

2. Materials and methods 

2. 1. Study area and sampling stations 

Ambon Island (3°38′17′′S and 128°07′02′′E) is located in Maluku Province, Eastern 

Indonesia. The island is inhabited by roughly 450,000 people, of which the majority lives 

near the coastline. The island has a tropical climate with high rainfall during the wet season, 

associated with the southeast monsoon occurring from March to September. The dry season 

is characterized by relatively low precipitation and increased air temperature during the 

northwest monsoon between October and March. Monsoons are associated with upwelling 

and downwelling processes in the Banda Sea, which influence physicochemical processes in 

Ambon Bay (Wyrtki 1961; Boëly et al. 1990; Zijlstra et al. 1990). The bay is a semi-enclosed 

estuary, which has a narrow sill dividing the bay into an inner and outer part (Fig. 1 & 2). 
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Gymnodinium catenatum and Alexandrium spp., have been found frequently in phytoplankton 

samples obtained from the local monitoring program (Likumahua et al., 2020). In addition, 

recently, blooms of a non-toxic Gonyaulax species were recorded in the bay, resulting in 

water discolorations and low dissolved oxygen availability (data unpublished). Given the fact 

that various vegetative dinoflagellate cells have been found frequently and some of the 

species formed blooms and toxic outbreaks in the bay, dinocyst assemblages in the upper 

sediments have become a highly relevant study topic. More than a decade ago, Mizushima et 

al. (2007) for the first time described dinocyst communities in Ambon Bay (inner bay), and 

revealed their vertical distribution based on a sediment core collected in 1995. In their study, 

approximately 23 dinocyst species were determined in the upper 2 cm sediment with a total 

density of 5,631 cysts g-1 dry sediment. Their results also showed that cysts of the toxic 

 

Pyrodinium bahamense var. compressum (Polysphaeridium zoharyi) were found in the core 

at first at 56-58 cm depth, suggesting a first appearance in ca. 1850, whereas enhanced cyst 

densities were observed in younger sediments.  

Here we analyze dinocyst assemblages in 10 surface sediment samples throughout the 

inner and outer Ambon Bay to determine their spatial distribution and to demonstrate if the 

bay serves as a seedbank for present and future harmful algal outbreaks. In addition, we 

wished to provide additional information on dinocyst environmental preferences in shallow, 

coastal tropical environments by correlating surface water parameters (salinity, temperature, 

nutrients such as phosphate and nitrate) and organic carbon (C), nitrogen (N) and 

phosphorous (P) in surface sediments with dinocyst assemblages. 

2. Materials and methods 

2. 1. Study area and sampling stations 

Ambon Island (3°38′17′′S and 128°07′02′′E) is located in Maluku Province, Eastern 

Indonesia. The island is inhabited by roughly 450,000 people, of which the majority lives 

near the coastline. The island has a tropical climate with high rainfall during the wet season, 

associated with the southeast monsoon occurring from March to September. The dry season 

is characterized by relatively low precipitation and increased air temperature during the 

northwest monsoon between October and March. Monsoons are associated with upwelling 

and downwelling processes in the Banda Sea, which influence physicochemical processes in 

Ambon Bay (Wyrtki 1961; Boëly et al. 1990; Zijlstra et al. 1990). The bay is a semi-enclosed 

estuary, which has a narrow sill dividing the bay into an inner and outer part (Fig. 1 & 2). 



146
 

 

Fig. 1. Map of Ambon Bay with sampling stations of the present study (numbers 1-10). The red triangle shows 
the sill’s location, and the red dot is the approximate location of the sediment core collected by 
Mizushima et al. (2007). 

 

 
Fig. 2. Cross section of Ambon Bay 

 

Plankton and water physicochemical parameters are monitored by LIPI since 2008 at 

stations 1, 2, 3, 4, 5, and 6 in the inner bay, and at stations 8 and 10 in the outer bay. 

Furthermore, stations 1 and 7 in this study were chosen since a massive bloom of Pyrodinium 

bahamense had occurred in that area during the dry season of 2013 (monitoring results, data 

unpublished). Two bloom events of this toxic species were also recorded at stations 4, 5 and 6 

during the wet seasons of 1994 and 2012 (Wiadnyana et al., 1996; Likumahua, 2013). 

Furthermore, a massive Gonyaulax spp. bloom occurred recently, in January 2019, during the 

dry season, covering the area of all stations in the inner bay, except station 3 (data 

unpublished). Station 3 was chosen to represent a “polluted” site with a high population 

density nearby, and a high level of untreated wastewater discharge. Substantial agricultural 

activity takes place in the area between stations 1 and 2. Here, two small rivers are streaming 

into the inner bay. Several floating fish cages (private aquaculture businesses) are located in 

the inner bay in the area close to stations 1, 4 and 5. Three stations in the outer bay were 

chosen as control (less disturbed) stations to observe dinocyst assemblages and abundance in 

areas where no toxic phytoplankton blooms had ever been recorded. 

2. 2. In situ water physicochemical parameters 

Water physicochemical data used in the present study were obtained from the LIPI 

monitoring program (2010-2014) supplemented with a high frequency field campaign carried 

out between 2018 and 2019. A compact Alec CTD Model ASTD 687 was deployed to 

measure depth, temperature and salinity. Data recorded by the CTD was used to calculate 

average temperature and salinity in the upper 2 m of the water column. Water samples for 

nutrient analysis were collected by deploying a 3.5 L Niskin bottle at approximately 0.30 m 

depth. Dissolved nutrients, nitrate (NO3) and phosphate (PO4) were measured using a 

spectrophotometer (UV-Vis Shimadzu 1700) following Strickland and Parsons (1972). 
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Seasonal and annual data for surface water physicochemical parameters was calculated and 

expressed as average values (Table 1) to be further used in statistical analyses.  

Table 1. Station numbers, depths and average surface water physicochemical parameters  

Station Depth 
(m) 

Temperature (ᴼC) Salinity Phosphate (µM) Nitrate (µM) 

dry wet annual dry wet annual dry wet annual dry wet annual 

1 14 29.61 27.69 29.10 32.56 31.69 32.08 0.75 0.76 0.73 1.02 2.90 1.59 
2 22 30.61 28.74 29.13 32.53 31.75 32.10 0.43 1.05 0.72 0.69 1.75 0.85 
3 10 30.85 28.87 29.30 32.01 31.48 31.71 0.68 1.29 0.89 1.51 2.21 1.93 
4 22 29.92 28.08 29.25 32.02 31.42 31.69 0.26 1.59 0.86 2.00 4.32 3.37 

5 23 30.49 28.83 29.12 32.09 31.32 31.66 0.26 1.77 1.10 1.00 3.89 0.73 

6 28 30.46 28.44 28.90 32.38 31.78 32.05 0.59 1.31 0.93 0.83 1.32 0.63 

7 12 30.40 28.51 28.90 32.29 32.11 32.19 0.61 1.21 1.00 1.02 1.09 1.29 

8 20 28.87 27.81 28.28 33.58 32.95 33.23 1.37 1.49 1.54 1.97 3.21 2.64 

9 31 28.96 27.86 28.35 33.67 32.97 33.28 0.86 0.71 0.84 0.88 1.16 1.17 

10 17 28.94 27.70 28.25 33.69 32.75 33.17 1.26 0.30 0.72 1.54 0.98 1.19 
  

2. 3. Sediment sampling and analyses 

Surface sediment samples were collected (see section 2.3) during the wet season of 

2019 at 10 sampling stations, of which seven were located in the inner bay and three in the 

outer bay (Fig. 1). Mizushima et al. (2007) published the 210Pb-based age of a sediment core 

(Fig. 1) collected in 1995 in Ambon Bay. The average sedimentation rate in the area was 

~0.39 cm year-1. However, the recent rapid growth of the population around Ambon bay has 

triggered more intense land use in the surrounding hilly areas, which may have resulted in 

enhanced sedimentation in the bay (Pelasula, 2008). The present study analysed the top 2 cm 

sediment, which likely represents the last 5 years at the most. In addition, it needs to be kept 

in mind that regional differences in sedimentation rate may occur, for example due to the 

proximity of river outflows. Sediment samples were collected with a box core sampler at 

stations where water depths exceeded 18 m, and for the shallower stations with water depth < 

15 m, sampling was done using scuba diving (Table 1). Polyvinyl chloride (PVC) cylinders 

(diameter 5 cm, length 15 cm) were used to collect surface sediments by the divers and from 

the boxcore. Samples were subsequently stored at -20°C until further analysis. The upper part 

 

2 cm of the frozen samples was sliced and placed in small (6 cm × 10 cm) plastic bags and 

stored in the freezer, and subsequently freeze dried before analyses. 

Each sediment sample was subsampled for palynological (cyst species determination 

and counting) and geochemical analyses performed at Utrecht University. Approximately 

five to seven grams of freeze-dried sample was used for palynological analyses. Two 

Lycopodium clavatum tablets of 19,332 spores (X = 9,666 per tablet, S = ± 2,123 and V = ± 

2.2%) were added to each sample, which was subsequently treated with 10% hydrochloric 

acid (HCl), to remove carbonates and with 38% cold hydrofluoric acid (HF) to remove 

silicates. The treatment was repeated twice (e.g., Sangiorgi and Donders, 2004) and the 

residues were sieved through a 10-µm sieve. Samples were homogenised with a micropipette, 

and approximately 10 – 50 µl subsample were placed on a microscope slide, covered with a 

cover slip and sealed with nail polish. Dinocysts were determined following Zonneveld and 

Pospelova (2015) and Rochon et al. (1999) at the genus level when species-levels were 

difficult to confirm. Cyst species determination and counting were performed under an 

Olympus LH 50A light microscope using 200 x and 400 x magnifications. Percentage (%) of 

each dinocyst species was calculated on the total dinocyst counts. The absolute abundance 

was expressed as the number of cysts per gram dry weight (cysts g-1 DW). 

Geochemical parameters such as % total organic carbon (TOC), total nitrogen (Ntot) 

and total phosphorous (Ptot) were analysed from the remaining dried samples. Samples for the 

Corg (and Ntot) were first decalcified using 1M HCl (Van Santvoort et al., 1996) and 

subsequently measured with a Fison-type NA 1500 NCS elemental analyser. International 

reference material and replicate standards show a precision and accuracy <2%. The unit for 

Corg and Ntot were expressed in weight percentage (wt.%). Aliquots of dried sediments were 

also digested with an HClO4-HNO3-HF acid mixture and subsequently measured for P 

(expressed in part per million (ppm)) and other elements by Inductively Coupled Plasma-
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enhanced sedimentation in the bay (Pelasula, 2008). The present study analysed the top 2 cm 

sediment, which likely represents the last 5 years at the most. In addition, it needs to be kept 

in mind that regional differences in sedimentation rate may occur, for example due to the 

proximity of river outflows. Sediment samples were collected with a box core sampler at 

stations where water depths exceeded 18 m, and for the shallower stations with water depth < 

15 m, sampling was done using scuba diving (Table 1). Polyvinyl chloride (PVC) cylinders 
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2 cm of the frozen samples was sliced and placed in small (6 cm × 10 cm) plastic bags and 

stored in the freezer, and subsequently freeze dried before analyses. 

Each sediment sample was subsampled for palynological (cyst species determination 

and counting) and geochemical analyses performed at Utrecht University. Approximately 

five to seven grams of freeze-dried sample was used for palynological analyses. Two 

Lycopodium clavatum tablets of 19,332 spores (X = 9,666 per tablet, S = ± 2,123 and V = ± 

2.2%) were added to each sample, which was subsequently treated with 10% hydrochloric 

acid (HCl), to remove carbonates and with 38% cold hydrofluoric acid (HF) to remove 

silicates. The treatment was repeated twice (e.g., Sangiorgi and Donders, 2004) and the 

residues were sieved through a 10-µm sieve. Samples were homogenised with a micropipette, 

and approximately 10 – 50 µl subsample were placed on a microscope slide, covered with a 

cover slip and sealed with nail polish. Dinocysts were determined following Zonneveld and 

Pospelova (2015) and Rochon et al. (1999) at the genus level when species-levels were 

difficult to confirm. Cyst species determination and counting were performed under an 

Olympus LH 50A light microscope using 200 x and 400 x magnifications. Percentage (%) of 

each dinocyst species was calculated on the total dinocyst counts. The absolute abundance 

was expressed as the number of cysts per gram dry weight (cysts g-1 DW). 

Geochemical parameters such as % total organic carbon (TOC), total nitrogen (Ntot) 

and total phosphorous (Ptot) were analysed from the remaining dried samples. Samples for the 

Corg (and Ntot) were first decalcified using 1M HCl (Van Santvoort et al., 1996) and 

subsequently measured with a Fison-type NA 1500 NCS elemental analyser. International 
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also digested with an HClO4-HNO3-HF acid mixture and subsequently measured for P 

(expressed in part per million (ppm)) and other elements by Inductively Coupled Plasma-
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Optical Emission Spectroscopy (ICP-OES) with a Spectro Ciros Vision ICP-OES. The 

precision (relative standard deviation) was <5%. 

2. 4. Statistical analyses 

Statistical analyses were done using the Minitab 18 package. The relationship among 

dinocyst species, water physicochemical and sediment geochemical parameters were 

evaluated using multivariate Principal Component Analysis (PCA) as well as Pearson 

correlation (p < 0.05) analyses. Data of all parameters was standardized to eliminate different 

physical units before the ordination in the PCA as described by Legendre and Birks (2012). 

3. Results 

3. 1. Dinocyst percentages and concentrations in the upper sediment samples 

Dinocysts were found in all sediment samples collected in Ambon Bay, and 

comprised 23 cyst species. Brigantedinium spp. was present in all samples with percentages 

ranging between 29.9% and 78.4% (average 54.6%) (Fig. 4A and Table S1). 

Polysphaeridium zoharyi (Fig. 2), the cyst of the PSP toxin producer Pyrodinium bahamense, 

was detected in almost all sediment samples and was found as the second dominant dinocyst 

species. The percentage of this species ranged between zero and 67% with an average of 30% 

of total cyst abundance. Other common species were Lingulodinium machaerophorum, 

Operculodinium longispinigerum and Quinquecuspis concreta with highest percentages of 

8.1%, 9.9% and 5.4%, respectively (Fig. 4A and Table S1). Four species of Spiniferites were 

identified: Spiniferites mirabilis, S. ramosus, S. delicatus and S. bentorii, comprising a 

highest percentage of 9.7%. Heterotroph dinocyst species percentages were higher than 

autotrophs in all stations, with the highest percentage of 84 and 80 in stations 3 and 8, 

respectively (Fig. 4A and Table S1). 

 

 

Fig. 3. Dinocyst light microscope photographs (scale bar = 20 µm). a) Polysphaeridium zoharyi, b) Spiniferites 
mirabilis, c) S. bentorii, d) Selenopemphix nephroides, e) Brigantedinium sp. f) Dapsilidinium pastielsii, 
g) Lejeunecysta sabrina, h) Lingulodinium machaerophorum, i) Operculodinium longispinigerum, j) 
Stelladinium robustum, k) cyst of Protoperidinium nudum, l) Trinovantedinium applanatum. 
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Fig. 4. Spatial distributions of cyst abundances in the upper 2cm of sediment in Ambon Bay, Indonesia, July 
2019. A) Percentages of predominant dinocyst species; B) Total dinocyst and Polysphaeridium zoharyi 
concentrations; C) Average concentrations of dinocyst species at the 10 stations. Stations 1 to 7 are 
located in the inner bay and 8 to 10 in the outer bay (see Fig. 1). 
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Fig. 4. Spatial distributions of cyst abundances in the upper 2cm of sediment in Ambon Bay, Indonesia, July 
2019. A) Percentages of predominant dinocyst species; B) Total dinocyst and Polysphaeridium zoharyi 
concentrations; C) Average concentrations of dinocyst species at the 10 stations. Stations 1 to 7 are 
located in the inner bay and 8 to 10 in the outer bay (see Fig. 1). 
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Generally, cyst abundances in the inner bay were higher than in the outer bay. In the 

inner bay, total dinocyst abundances ranged between 3083 cysts g-1 DW and 11,700 cysts g-1 

DW at stations 3 and 4, respectively (Fig. 4B and Table 2). Cyst concentrations at stations 1 

and 5 were comparable with station 4. The concentration in the outer bay ranged between 425 

cysts g-1 DW and 1433 cysts g-1 DW, of which the highest was at station 8. Similarly, high 

abundances of P. zoharyi were found at stations in the inner bay, of which the highest 

concentration was detected at station 4 (5975 cysts g-1 DW) (Fig. 4B and Table 2). Other than 

station 4, P. zoharyi abundances were also high at stations 1, 5, 6 and 7, while it was low at 

station 2 and absent at station 3 (Fig. 4B). In the outer bay, P. zoharyi abundances were 

detected in low concentrations, yet comparable among stations, ranging between 100 cysts g-1 

DW and 175 cysts g-1 DW. 

The dominant Brigantedinium spp. abundances ranged between 300 cysts g-1 DW and 

5225 cysts g-1 DW with an average of 2249 cysts g-1 DW (Table 2 and Fig. 4C). Other 

dominant species such as L. machaerophorum, Q. concreta, cyst of P. nudum and S. quanta 

had average concentrations of 165 cysts g-1 DW, 74 cysts g-1 DW, 68 cysts g-1 DW and 60 

cysts g-1 DW, respectively (Fig. 4C). The four species of the genus Spiniferites comprised an 

average concentration of 148 cysts g-1 DW. S. bentorii occurred as the species with the lowest 

concentration (Fig. 4C). 

3. 2. Physicochemical properties of the water column.  

The average sea surface temperature (SST) during the wet season at the inner bay 

stations was one degree higher than that in the outer part. In the inner bay, the average 

temperature ranged between 27.69 °C and 28.87 °C while it ranged between 27.70 °C and 

27.86 °C in the outer bay (Table 1). During the dry season, the average SST in the inner bay 

was approximately 1.2°C higher than in the outer bay: between 29.6 °C and 30.49°C for the 

inner bay, and between 28.87 °C and 28.96 °C for the outer bay. The annual SST ranged 

 

between 28.25 °C and 29.30 °C (Table 1). Inversely, during the wet season, the average sea 

surface salinity (SSS) levels were higher in the outer bay than in the inner part. SSS levels 

ranged between 32.75 and 32.97 in the outer bay, whereas the level in the inner bay ranged 

between 31.32 and 32.11. Similarly, during the dry season, high SSSs were recorded in the 

outer bay ranging between 33.58 and 33.69, while the levels in the inner bay ranged between 

32.01 and 32.56 (Table 1). The annual SST ranged between 28.25 °C and 29.30 °C. Average 

phosphate concentrations were higher during the wet season (ranging between 0.30 µM and 

1.77 µM) than the dry season (ranging between 0.26 µM and 1.37 µM). The annual average 

of phosphate concentrations ranged between 0.72 µM and 1.54 µM (Table 1). Average nitrate 

concentrations were found to be higher during the wet season, ranging between 0.98 µM and 

4.32 µM. During the dry season, the concentration ranged between 0.69 µM and 2.0 µM, 

while the annual averages were between 0.63 µM and 3.37 µM (Table 1). 

3. 3. Sediment geochemistry 

Total organic carbon (TOC) percentages were higher in the inner bay stations as 

compared with the outer stations, ranging between 2.24 (wt.%) and 5.18 (wt.%). The highest 

Corg percentage was recorded at station 3, and the lowest at station 8 (Fig. 5A). The level in 

the outer bay ranged between 1.28 (wt.%) and 1.90 (wt.%).  Likewise, Ntot at the inner bay 

stations was higher than at the outer stations. Highest Ntot concentrations were found at 

stations 5 and 3 in the inner bay with levels respectively 0.35 (wt.%) and 0.30 (wt.%) (Fig. 

5B). The level in the outer bay ranged between 0.10 (wt.%) and 0.15 (wt.%). Spatially, the 

distribution of Ptot in the sediment of Ambon Bay was comparable between both the inner and 

outer part. High concentrations were found at stations in the inner bay, ranging between 

460.10 ppm and 638.10 ppm, at stations 3 and 5 respectively (Fig. 5C). In the outer bay, Ptot 

concentration was low at station 10 and high at station 9, ranging between 394.33 ppm and 

476.50 ppm. 
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Fig. 5. Spatial distributions of geochemical sediment properties in Ambon Bay, Indonesia, July 2019. A) Total 
organic carbon (weight percentage); B) Total nitrogen (weight percentage); C) Total phosphorous (ppm); 
D) Organic carbon to nitrogen ratio; E) Organic carbon to phosphorous ratio (mol / mol). Stations 1 - 7 
were located in the inner bay and 8 - 10 in the outer bay (see Fig. 1). 

 
We calculated the Corg/Ntot ratio, which is often used to trace the predominance of 

marine (C/N < 7) or terrestrial (C/N > 8) organic matter (e.g. Nasir et al., 2016). The ratio 

varied among stations in the inner bay stations, and the outer bay displayed similar values. In 

the inner bay, Corg/Ntot ratios ranged between 9.28 (station 5) and 17.00 (station 3) while in 

the outer bay it ranged between 12.71 (station 8) and 13.76 (station 10) (Fig. 5D). The ratio of 

C and P was calculated as it could indicate sediment anoxia and hence preferential release of 

P compared to C (Alego and Ingall, 2007; Sulu-Gambari et al., 2018). The highest Corg/Ptot 

ratio of 289.73 was recorded at station 3 in the inner bay (Fig. 5E). Ratios for other stations 

were generally two times lower compared with station 3. Generally, the inner bay stations 

showed higher ratios than those in the outer bay. In the outer bay the ratio ranged between 

81.25 and 102.61 (Fig. 5E). 

3. 4. Relationship between cysts and environmental drivers 

The PCA plot analysis of all parameters showed distributions of predominant 

dinocysts and environmental factors (Fig. 6). O. longispinigerum plotted separately from 

other species, and it correlated positively with salinity and dissolved phosphate in the dry 

 

season. Likewise, the dominant species, Brigantedinium spp., and in general most of the 

heterotroph dinocysts positively correlated with C/N ratios. Dinocyst species such as L. 

machaerophorum, S. delicatus and Q. concreta clustered with Corg, Ntot, Corg/Ptot in sediments. 

In addition, these species positively correlated with water temperature and dissolved 

phosphate concentrations during the wet season. The toxic species cysts P. zoharyi clustered 

with the % of autotrophic species, to which it contributed the most, and did not show any 

significant correlations with other parameters. 

 
Fig. 6. PCA analysis between predominant dinocyst species, water physicochemical (red letters) and sediment 

geochemical parameters (blue letters). Abbreviations: S.dry, S.wet, S.annual) average salinity in the dry 
& wet season and annual; T.dry, T.wet, T.annual) average temperature in the dry & wet season and 
annual; P.dry, P.wet, P.annual) average phosphate in the dry & wet season and annual; N.dry, N.wet, 
N.annual) average nitrate in the dry & wet season and annual; Tot.DC) total dinocyst concentration; C) 
organic carbon (Corg); N) total nitrogen (Ntot); C/N) ratio of Corg to Ntot; P) total phosphorous (Ptot); C/P) 
ratio of Corg to Ptot. 

 

Pearson correlation analyses revealed that the autotroph dinocysts strongly correlated 

(r = 0.95; p = 0) with the concentration of P. zoharyi, while the heterotrophs and 

Brigantedinium spp. showed a strong relationship (r = 0.97; p = 0) (Table 3). A positive 

correlation was found between L. machaerophorum and Q. concreta (r = 0.68; p < 0.05). 
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Dinocyst O. longispinigerum revealed strong positive correlations with environmental drivers 

such as seasonal and annual salinity (r > 0.80; p < 0.01) and dissolved phosphate 

concentrations during the dry season (r = 0.89; p < 0.01), while the species showed inverse 

relationships with both seasonal and annual temperature (r > -0.65; p < 0.05) (Table 3). In 

contrast, Q. concreta was positively correlated to seasonal and annual average temperature (r 

> 0.65; p < 0.05). The total organic carbon showed positive relationships with L. 

machaerophorum and Q. concreta. 

Table 3. Pairwise Pearson Correlation between dinocysts and environmental parameters and among 
dinocysts (coefficient correlation 95%). Abbreviations: S.dry, S.wet, S.annual) average salinity in the 
dry & wet season and annual; T.dry, T.wet, T.annual) average temperature in the dry & wet season 
and annual; P.dry, P.wet, P.annual) average phosphate in the dry & wet season and annual; N.dry, 
N.wet, N.annual) average nitrate in the dry & wet season and annual; Tot.DC) total dinocyst 
concentration; C) organic carbon (Corg); N) total nitrogen (Ntot); C/N) ratio of Corg to Ntot; P) total 
phosphorous (Ptot); C/P) ratio of Corg to Ptot. 

Sample 1 Sample 2 Correlation P-Value 
L. machaerophorum C 0.66 0.040 
O. longispinigerum C -0.64 0.047 
Q. concreta C 0.82 0.004 
O. longispinigerum N -0.78 0.008 
Brigantedinium spp. P -0.66 0.036 
O. longispinigerum P -0.67 0.032 
Brigantedinium spp. C/N 0.69 0.027 
P. zoharyi C/N -0.67 0.034 
Q. concreta C/P 0.82 0.004 
P. zoharyi Brigantedinium spp. -0.94 0.000 
Autotroph Brigantedinium spp. -0.98 0.000 
Heterotroph Brigantedinium spp. 0.97 0.000 
Cyst of P. nudum N.wet 0.74 0.015 
Q. concreta L. machaerophorum 0.68 0.030 
L. machaerophorum T.annual 0.68 0.031 
O. longispinigerum T.dry -0.87 0.001 
O. longispinigerum T.wet -0.66 0.038 
O. longispinigerum T.annual -0.93 0.000 
O. longispinigerum S.dry 0.92 0.000 
O. longispinigerum S.wet 0.88 0.001 
O. longispinigerum S.annual 0.91 0.000 
O. longispinigerum P.dry 0.89 0.001 
Autotroph P. zoharyi 0.95 0.000 
Heterotroph P. zoharyi -0.95 0.000 
Q. concreta T.dry 0.67 0.032 
Q. concreta T.wet 0.72 0.019 
Q. concreta T.annual 0.67 0.036 
 

 

4. Discussion 

4. 1. Dinocyst distributions 

 Dinocyst abundances in this study were approximately three to five times higher than 

those found in the upper 0-2 cm sediment collected in 1995 (Mizushima et al., 2007), 

implying enhanced production in the last 5 years in Ambon Bay. Our results showed that 

Brigantedinium  was the most dominant genus, and it was found in all samples. The 

dominance of the heterotrophic Brigantedinium spp. in a dinocyst community generally 

reflects high nutrient discharges in densely inhabited coastal areas and high primary 

productivity (Marret, 1994; Sangiorgi and Donders, 2004; Leroy et al., 2013; Zonneveld et 

al., 2013) as heterotrophic dinoflagellates thrive on organic matter (Gaines & Taylor 

1984, Jacobson & Anderson 1986). This species is known as a cosmopolitan species that is 

able to tolerate various environmental ranges. For example, it is found to thrive from brackish 

to high saline environments (Price et al., 2018; Marret et al., 2019). Regardless of its 

cosmopolitan distribution, Bringué et al. (2018) concluded that high densities of 

Brigantedinium spp. dominating dinocyst assemblages might reflect a high intensity of 

upwelling processes. Thus, the combination of frequent land-nutrient discharges and regular 

upwelling during the wet season in Ambon Bay was likely to favor the species.  

Autotrophic cysts such as the four Spiniferites species did not show a clear distribution 

in Ambon Bay, yet, they were more frequent in the inner bay. In contrast, Operculodinium 

longispinigerum was found only in the outer bay, which has oceanic characteristics. Most of 

Spiniferites species are commonly distributed in temperate to tropical regions (Zonneveld et 

al., 2013). Meanwhile, O. longispinigerum has been reported to be confined to tropical and 

equatorial regions, of which highest abundances were recorded in Java, western Indonesia 

(Zonneveld et al., 2013; Zonneveld and Pospelova, 2015). This species is known from 

oligotrophic open ocean regions. Here we show that indeed it is anticorrelated with P, while it 
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P. zoharyi Brigantedinium spp. -0.94 0.000 
Autotroph Brigantedinium spp. -0.98 0.000 
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4. Discussion 

4. 1. Dinocyst distributions 

 Dinocyst abundances in this study were approximately three to five times higher than 

those found in the upper 0-2 cm sediment collected in 1995 (Mizushima et al., 2007), 

implying enhanced production in the last 5 years in Ambon Bay. Our results showed that 

Brigantedinium  was the most dominant genus, and it was found in all samples. The 

dominance of the heterotrophic Brigantedinium spp. in a dinocyst community generally 

reflects high nutrient discharges in densely inhabited coastal areas and high primary 

productivity (Marret, 1994; Sangiorgi and Donders, 2004; Leroy et al., 2013; Zonneveld et 

al., 2013) as heterotrophic dinoflagellates thrive on organic matter (Gaines & Taylor 

1984, Jacobson & Anderson 1986). This species is known as a cosmopolitan species that is 

able to tolerate various environmental ranges. For example, it is found to thrive from brackish 

to high saline environments (Price et al., 2018; Marret et al., 2019). Regardless of its 

cosmopolitan distribution, Bringué et al. (2018) concluded that high densities of 

Brigantedinium spp. dominating dinocyst assemblages might reflect a high intensity of 

upwelling processes. Thus, the combination of frequent land-nutrient discharges and regular 

upwelling during the wet season in Ambon Bay was likely to favor the species.  

Autotrophic cysts such as the four Spiniferites species did not show a clear distribution 

in Ambon Bay, yet, they were more frequent in the inner bay. In contrast, Operculodinium 

longispinigerum was found only in the outer bay, which has oceanic characteristics. Most of 

Spiniferites species are commonly distributed in temperate to tropical regions (Zonneveld et 

al., 2013). Meanwhile, O. longispinigerum has been reported to be confined to tropical and 

equatorial regions, of which highest abundances were recorded in Java, western Indonesia 

(Zonneveld et al., 2013; Zonneveld and Pospelova, 2015). This species is known from 

oligotrophic open ocean regions. Here we show that indeed it is anticorrelated with P, while it 
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positively correlates with high temperature and high salinity. Thus, this shows that O. 

longispinigerum can be present even in shallow areas. Our study confirms its environmental 

preferences and particularly reveals that the species has a wider distribution in Indonesian 

waters. 

A cyst of a red tide species Lingulodinium machaerophorum positively correlated with 

the total organic carbon in Ambon Bay. The distribution of the species was generally found in 

the inner bay, which had high total % Corg. A similar result was found in Izmir Bay (Eastern 

Aegean), in which L. machaerophorum concentrations were higher in the inner part of the bay 

and showing a significant positive correlation with TOC (Aydin et al., 2015). High relative 

abundances of the species were found to be associated with river water discharges, which 

were characterized by high productivity and low salinity as well as low oxygen in bottom 

waters (Zonneveld et al., 2009). The cyst of the species was found to dominate the dinocyst 

community in the polluted Gulf of Gemlik with high nutrient concentrations and hypoxic 

bottom water conditions (Balkis et al., 2016). Leroy et al. (2013) concluded that the 

distribution and bloom formation of the motile form of L. machaerophorum are not restricted 

to parameters such as salinity and high nutrient concentrations, yet high temperatures are the 

main controlling factor. 

 In the present study, the cyst of the PSP producing species Pyrodinium bahamense, 

Polysphaeridium zoharyi, showed higher abundances than found in the previous study in 

Ambon Bay (Mizushima et al., 2007). The proliferations of the species in 2012 and 2013 as 

well as unrecorded blooms (in the last 6 years) were likely to contribute to high cyst 

accumulations, since high densities were found in the upper sediment at those stations (4, 5, 1 

and 7), which had been affected by the blooms. Another possible reason was that tides and 

internal currents or waves during upwelling might re-suspend cysts from the upper sediment, 

after which non-germinated cysts might settle again, thereby maintaining high cyst densities 

 

in the upper sediment. To date, no information regarding densities of re-suspended cysts (in 

particular P. zoharyi) in water columns is available for Ambon Bay. Hence, more studies 

using sediment or cyst traps are required to fill this gap. The P. zoharyi cyst concentrations 

were very low at stations located in the outer bay where no blooms had been recorded. This 

implies that the inner bay is more prone to further PSP events than the outer bay. 

High cyst abundances of P. zoharyi in the upper sediment have been shown to seed 

blooms in Philippines’ and Mexican Pacific coasts (Yap-Dejeto et al., 2018; Yñiguez et al., 

2018; Morquecho, 2019). Usup et al. (2012) concluded that the distribution of P. bahamense 

cysts (P. zoharyi) is wider than the observations of vegetative cells would suggest: Atlantic 

and Pacific regions, the Caribbean Sea, Baha California and the Gulf of Persia. In Asia, the 

cyst was recorded in Pleistocene sediments collected from the South China Sea and central 

Japan; in the 1920s in Manila Bay, the Philippines; in 1966 in Sabah Malaysia; and in the 

1850s and 1860s in Ambon Bay and Hurun Bay, Indonesia, respectively (Mizushima et al., 

2007; Siringan et al., 2008; Usup et al., 2012 and references therein). Based on a sediment 

core investigation, the introduction of P. bahamense cysts in Ambon Bay was not caused by 

anthropogenic activities such as ballast water or transportation of shellfish seeds, yet they 

were suggested to be introduced naturally (Mizushima et al., 2007). 

4. 2. Environmental properties 

 Sea surface temperature (SST) during the wet season was found to be relatively low in 

the outer bay, coinciding with high salinity (SSS) levels. This implies upwelling phenomena 

in the Banda Sea reaching Ambon Bay during the southeast monsoon (Likumahua et al., 

2020). During this period, upwelled nutrient rich water from greater depths could be detected 

in the bay as a result of tidal forcing (Saputra and Lekalette, 2016). Ambon Island is a densely 

populated-coastal area that is likely to contribute to a continuous wastewater discharge 

through run-offs during the wet season, resulting in nutrient enrichment in the bay. Ikhsani et 
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2007; Siringan et al., 2008; Usup et al., 2012 and references therein). Based on a sediment 

core investigation, the introduction of P. bahamense cysts in Ambon Bay was not caused by 

anthropogenic activities such as ballast water or transportation of shellfish seeds, yet they 

were suggested to be introduced naturally (Mizushima et al., 2007). 
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 Sea surface temperature (SST) during the wet season was found to be relatively low in 

the outer bay, coinciding with high salinity (SSS) levels. This implies upwelling phenomena 

in the Banda Sea reaching Ambon Bay during the southeast monsoon (Likumahua et al., 

2020). During this period, upwelled nutrient rich water from greater depths could be detected 

in the bay as a result of tidal forcing (Saputra and Lekalette, 2016). Ambon Island is a densely 

populated-coastal area that is likely to contribute to a continuous wastewater discharge 

through run-offs during the wet season, resulting in nutrient enrichment in the bay. Ikhsani et 
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al. (2017) reported a combination of sources of nutrient enrichment in Ambon Bay between 

May and August (during the southeast monsoon), as a result of upwelling and land derived 

inflow. During the dry season, water mixing triggered by wind flows may influence nutrient 

variability in the bay (Likumahua et al., 2019).  

 C/N ratios in this study (9 - 17) were high for a marine environment (Emerson and 

Hedges, 1988; Meyers, 1994). This seems to indicate that Ambon Bay is likely to receive 

massive loads of organic matter (OM) from land. The accumulation of carbon and nitrogen in 

coastal sediments is derived from complex mixtures of organic materials produced by marine 

algae, higher order organisms (autochthonous), soil organic matter, terrestrial vegetation, 

freshwater algae, and wastewater (allochthonous) (Schreiner et al., 2013; Cai et al., 2015; Li 

et al., 2016 and references therein). In addition, transformations of wetland to agriculture 

triggered the distribution of soil OM and nutrient inputs through river discharges, which 

eventually contributed to sedimentary organic carbon and nitrogen accumulation (Li et al., 

2016). Thus, the recent increase in land utilization for local residencies in the hilly areas of 

Ambon Island (Pelasula, 2008) combined with intense local agriculture areas between station 

1 & 2 are likely to contribute to high OM inputs in Ambon Bay. However, the C/N ratio is 

however very high in all samples and this may also mean that Nitrogen is re-mineralized 

faster compared to C. This in turn may signify that N from the sediments is released in the 

water column and may fuel productivity.    

Ratios of Corg/Ptot in sediments are commonly used as indicators to determine bottom 

water dissolved oxygen levels, of which hypoxia and anoxia are likely present when the ratio 

is higher than the Redfield value (106:1) (Alego and Ingall, 2007; Sulu-Gambari et al., 2018). 

Generally, the C/P ratios in our study showed hypoxic to anoxic conditions in the inner bay 

(especially at station 3), while the outer bay was generally oxic. Liu et al. (2020) concluded 

that high input of anthropogenic P in sediments through rivers could trigger nutrient 

 

enrichment and subsequently promote high P cycling that result in seasonal hypoxia. Thus, 

generally, the analysis of geochemical parameters in our study revealed that the inner Ambon 

Bay was likely to receive high OM, N and P from land through river streams during the wet 

season. Regardless of these present results, more studies on autochthonous OM and non-

anthropogenic P sources as well as its cycling and potential links to anoxic events (spatially 

and temporally) in Ambon Bay are needed. 

4. 3. Relationship between major dinocysts and environmental parameters 

 Based on the statistical analysis, the concentration and distribution of Brigantedinium 

spp. was strongly correlated with C/N ratios, implying that the species was associated with 

high anthropogenic input in Ambon Bay, which may support high productivity. This agrees 

with the general knowledge that the genus is generally found in high primary productivity 

waters (dominated by diatoms), of which nutrient supply is high under active upwelling 

conditions and high turbulence (Pospelova et al., 2010; Smayda and Trainer, 2010; Bringué et 

al., 2014). In addition, high cyst production of Brigantedinium spp. was found to be 

associated with nutrient enrichment due to high anthropogenic discharges (Pospelova and 

Kim, 2010; Zonneveled et al., 2012). The species is also known as an indicator of nutrient 

rich plume waters (Sangiorgi and Donders, 2004; Zonneveld et al., 2009; Price et al., 2018). 

 Many laboratory studies have revealed that temperature affected vegetative cell 

growth of the toxic species Pyrodinium bahamense (Polysphaeridium zoharyi) as well as cyst 

germination (Siringan et al., 2008; Morquecho et al., 2012; Usup et al., 2012; Morquecho et 

al., 2014).  Sakamoto et al. (2009) concluded that the main factors triggering cyst formation 

are temperature (22.5°C and 32.5°C), dissolved phosphate and nitrate availability. In addition, 

anaerobic conditions would govern cyst dormancy and quiescence. In an in-vitro study, P. 

bahamense var. compressum temporary cyst or pellicle formation were found to be induced 

by low temperature, while viability was preserved at low temperature (Onda et al., 2014). 
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Price et al. (2017) found that higher temperatures and eutrophication correlated with P. 

zoharyi production. This might not be the case in the present study since no correlations were 

found between P. zoharyi and environmental drivers such as nutrient concentrations and 

temperature. However, since Ambon Bay has a tropical water temperature with minor spatial 

variability coupled with various nutrient sources from the land and upwelling, P. zoharyi cyst 

production is likely to occur in the area. 

 Cyst production O. longispinigerum in this study was positively correlated with 

salinity and inverse relationships with temperature existed, implying that the species might 

prefer areas with high average salinities. This was supported by its distribution that was 

mainly found in the outer bay area. A contrasting result was found in the Gulf of Aqaba, 

where the relative abundance of this species was positively correlated with temperature and 

negatively correlated with salinity (Elshanawany and Zonnevels, 2016). Regardless of the 

inverse relationship with physical properties, these authors implied that O. longispinigerum 

has a better adaptation to oligotrophic conditions since its concentrations are negatively 

related to nutrients such as phosphate and nitrate. This is confirmed in our study since the 

species was negatively correlated with N and it showed unclear relationships with dissolved 

phosphate and nitrate. TOC and its ratios to P displayed a close relationship with Q. concreta 

in our study, implying that the species might tolerate low dissolved oxygen. This relationship 

was also recorded in the Mediterranean Sea, in which high Q. concreta concentrations were 

found in areas characterized by high productivity and lower bottom water oxygen levels 

(Elshanawany et al., 2010). In the South China Sea, the species showed a positive relationship 

with chlorophyll-a concentrations (Li et al., 2019). The present study shows a complex 

relationship between dinocyst species and environmental drivers in a semi-enclosed estuary 

Ambon Bay, in eastern Indonesia. Thus, more studies in well ventilated bays in Indonesian 

waters are needed as a comparison to our findings. 

 

5. Conclusions 

 Modern dinocyst assemblages were analysed from the upper sediment in Ambon Bay, 

revealing the occurrence of 23 cyst species. In our study, the recent dinocyst density was three 

to five times higher than observed in the upper sediment collected in 1995, implying high cyst 

productivity during the recent 5 years. A high variability of cyst species and densities were 

found in the inner bay. Cyst forms of the toxin producing dinoflagellate Pyrodinium 

bahamense var. compressum were found in both parts of the bay, yet very high concentrations 

were detected in the inner bay. This indicates that the sediments in the inner bay, where the 

blooms regularly occur, is a potential seedbank. In addition, geochemical data showed that 

Ambon Bay, especially the inner part receives massive allochthonous organic matter and 

major nutrients (N and P) through river discharges. Coupled with upwelling processes during 

the southeast monsoon, continuous anthropogenic nutrient discharges can trigger 

eutrophication in the inner bay, which thus promotes blooms and PSP events. Regardless of 

the complex relationship between dinocyst species and environmental drivers, factors such as 

surface water temperature and salinity drive dinocyst distributions in Ambon Bay. More 

studies are needed to provide a better understanding on dinocyst production and distribution 

(vertically and horizontally) in relation with environmental conditions, in Indonesian coastal 

areas sensitive to toxic algal outbreaks (e.g. Ambon Bay, Kao Bay and Hurun Bay). In 

addition, geochemical analyses are needed to reveal sources of organic matter and major 

nutrients, which can then help to predict and manage future blooms of harmful species and 

toxic events. 
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Summary 

 Densities of phytoplankton higher than 1 million cells per litre sea water are called 

algal blooms. Some algal blooms especially when involving toxin producing species, are 

potentially harmful for marine biota and humans and are therefore called harmful algal 

blooms (HABs). For some highly toxic algal species however, their occurrence in low cell 

abundance can form toxic events that lead to human health problems due to the consumption 

of contaminated marine biota, mainly shellfish. Syndromes of human poisoning from 

shellfish consumption are derived from six types of shellfish toxicity: Paralytic Shellfish 

Poisoning (PSP), Diarrhoetic Shellfish Poisoning (DSP), Neurotoxic Shellfish Poisoning 

(NSP), Amnesic Shellfish Poisoning (ASP), Azaspiracid Shellfish Poisoning (AZP) and 

Ciguatera Food Poisoning (CFP). In Indonesia, toxic HABs are commonly dominated by 

Pyrodinium bahamense var. compressum, a PSP causative species. In Ambon Bay, Eastern 

Indonesia, this species has formed blooms and toxic events over the past decades resulting in 

human fatality and economic problems. The presence of this species has been monitored 

since 2008 and results show that other PSP causative species such as Alexandrium spp. and 

Gymnodinium catenatum also occur at high cell abundances in Ambon Bay. In addition, ASP 

and DSP causative species, Pseudo-nitzschia spp. and Dinophysis spp. are also determined in 

phytoplankton samples, implying that Ambon Bay is potentially subject to various shellfish 

poisoning events in the future. However, information regarding toxin profiles and levels were 

lacking for the area, hampering the establishment of effective HAB management plans. 

At the start of this PhD project, no information was available about the dynamics of 

potentially toxic species, toxin profiles (and levels), as well as the relationship between 

species abundance and composition, and environmental drivers for Ambon Bay as well as for 

Indonesia at large. Thus, the present study aims were: firstly, to investigate dynamics of HAB 

species (both toxic and non-toxic species) in the area; secondly, to reveal toxin components 

 
 
 

 

and levels produced by potentially toxic species; thirdly, to reveal environmental drivers that 

may underlie outbreaks and toxin production in the semi-enclosed estuary; and finally, to 

analyse dinocyst assemblages in Ambon Bay sediments, to investigate the potential of the 

area serving as a seedbank, facilitating future HABs. In this PhD thesis, the following three 

main research questions were formulated: 1) Which toxic species inhabit Ambon Bay and 

what are their toxin components and levels? 2) Which environmental conditions govern 

species abundance and toxin dynamics? 3) Does Ambon Bay serve as a seedbank, which will 

initiate future blooms in the bay? These questions were addressed in five research chapters. 

In chapter 2, a proliferation of a P. bahamense var. compressum (Pbc) in Ambon bay 

was documented. The species is known as a paralytic shellfish toxin producer, thriving in 

subtropical and tropical regions. It is known to be endemic in Southeast Asia, as it occurs 

frequently in some countries including the Philippines, Malaysia and Indonesia. In Indonesia, 

more than 427 PSP cases were recorded between the 1990s and 2000s, of which 17 deaths 

had been reported. Water discoloration caused by high cell densities of P. bahamense var. 

compressum was first recorded in Kao Bay in 1994, and subsequently in the same year, a PSP 

event due to the species was reported in Ambon. During the wet season of 2012, a bloom of 

the species occurred in Ambon Bay with abundances exceeding 2 million cells per litre. The 

bloom occupied an area of approximately 110 acres, located close to a densely inhabited 

coastal area. Seven people were hospitalized after consuming affected shellfish collected in 

the bay several days before the bloom event. The bloom also affected local aquaculture 

businesses due to high fish mortality in the fish cages. This was the first reported bloom event 

that was associated with fish kills in Ambon Bay. PSP toxin analysis from plankton pellets 

showed that saxitoxin and gonyautoxin dominated toxin profiles, both of which have been 

known to be responsible for human poisoning. This is the first study in Eastern Indonesia 
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algal blooms. Some algal blooms especially when involving toxin producing species, are 

potentially harmful for marine biota and humans and are therefore called harmful algal 

blooms (HABs). For some highly toxic algal species however, their occurrence in low cell 

abundance can form toxic events that lead to human health problems due to the consumption 

of contaminated marine biota, mainly shellfish. Syndromes of human poisoning from 

shellfish consumption are derived from six types of shellfish toxicity: Paralytic Shellfish 

Poisoning (PSP), Diarrhoetic Shellfish Poisoning (DSP), Neurotoxic Shellfish Poisoning 

(NSP), Amnesic Shellfish Poisoning (ASP), Azaspiracid Shellfish Poisoning (AZP) and 

Ciguatera Food Poisoning (CFP). In Indonesia, toxic HABs are commonly dominated by 

Pyrodinium bahamense var. compressum, a PSP causative species. In Ambon Bay, Eastern 

Indonesia, this species has formed blooms and toxic events over the past decades resulting in 

human fatality and economic problems. The presence of this species has been monitored 

since 2008 and results show that other PSP causative species such as Alexandrium spp. and 

Gymnodinium catenatum also occur at high cell abundances in Ambon Bay. In addition, ASP 

and DSP causative species, Pseudo-nitzschia spp. and Dinophysis spp. are also determined in 

phytoplankton samples, implying that Ambon Bay is potentially subject to various shellfish 

poisoning events in the future. However, information regarding toxin profiles and levels were 

lacking for the area, hampering the establishment of effective HAB management plans. 

At the start of this PhD project, no information was available about the dynamics of 

potentially toxic species, toxin profiles (and levels), as well as the relationship between 

species abundance and composition, and environmental drivers for Ambon Bay as well as for 

Indonesia at large. Thus, the present study aims were: firstly, to investigate dynamics of HAB 

species (both toxic and non-toxic species) in the area; secondly, to reveal toxin components 

 
 
 

 

and levels produced by potentially toxic species; thirdly, to reveal environmental drivers that 

may underlie outbreaks and toxin production in the semi-enclosed estuary; and finally, to 

analyse dinocyst assemblages in Ambon Bay sediments, to investigate the potential of the 

area serving as a seedbank, facilitating future HABs. In this PhD thesis, the following three 

main research questions were formulated: 1) Which toxic species inhabit Ambon Bay and 

what are their toxin components and levels? 2) Which environmental conditions govern 

species abundance and toxin dynamics? 3) Does Ambon Bay serve as a seedbank, which will 

initiate future blooms in the bay? These questions were addressed in five research chapters. 

In chapter 2, a proliferation of a P. bahamense var. compressum (Pbc) in Ambon bay 

was documented. The species is known as a paralytic shellfish toxin producer, thriving in 

subtropical and tropical regions. It is known to be endemic in Southeast Asia, as it occurs 

frequently in some countries including the Philippines, Malaysia and Indonesia. In Indonesia, 

more than 427 PSP cases were recorded between the 1990s and 2000s, of which 17 deaths 

had been reported. Water discoloration caused by high cell densities of P. bahamense var. 

compressum was first recorded in Kao Bay in 1994, and subsequently in the same year, a PSP 

event due to the species was reported in Ambon. During the wet season of 2012, a bloom of 

the species occurred in Ambon Bay with abundances exceeding 2 million cells per litre. The 

bloom occupied an area of approximately 110 acres, located close to a densely inhabited 

coastal area. Seven people were hospitalized after consuming affected shellfish collected in 

the bay several days before the bloom event. The bloom also affected local aquaculture 

businesses due to high fish mortality in the fish cages. This was the first reported bloom event 

that was associated with fish kills in Ambon Bay. PSP toxin analysis from plankton pellets 

showed that saxitoxin and gonyautoxin dominated toxin profiles, both of which have been 

known to be responsible for human poisoning. This is the first study in Eastern Indonesia 
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providing evidence of shellfish toxicity detected in plankton samples related to Pbc 

occurrences in eastern Indonesia. 

Given the fact that other potential toxin producing species had been frequently 

detected in high densities in phytoplankton samples derived from the monitoring program 

since 2008, dynamics and toxin profiles as well as their levels associated with these algal 

species became a priority research topic. In chapter 3, the neurotoxin domoic acid (DA) and 

its producer (the marine diatom genus Pseudo-nitzschia), were investigated during a 7-month 

field campaign in Ambon Bay. Approximately, 26 out of 52 Pseudo-nitzschia species are 

known to be producers of the neurotoxin DA. This toxin is found to accumulate in copepods 

and other filter feeders, which can be transferred further through the food web and be fatal to 

higher marine organisms, from shellfish to marine mammals. Environmental properties that 

promote the proliferation of Pseudo-nitzschia are not well understood and vary between 

regions and seasons. Yet, some factors are likely to regulate cell specific toxin production 

such as phosphate, silicate, pH, irradiance, salinity and temperature. Pseudo-nitzschia species 

had been frequently observed in phytoplankton samples collected in Ambon Bay, yet no 

studies particularly addressed this genus and its neurotoxin DA in Indonesian waters, 

including the eastern part of the country. Thus, the present study was aimed to investigate the 

variability of Pseudo-nitzschia and DA levels as well as their relationships with 

environmental drivers in Ambon Bay. Weather, biological and water physicochemical 

parameters were collected during a seven-month field campaign, encompassing the wet and 

dry seasons. Vegetative cells of Pseudo-nitzschia spp. and pDA were found in 98.6% and 

51.4% of the samples, respectively. The highest levels of both Pseudo-nitzschia spp. cell 

abundance and pDA were found in the wet season, showing a strong positive correlation 

between both parameters. Temperature and mixed layer depth positively correlated with 

Pseudo-nitzschia spp. and pDA during the dry season, while ammonium showed positive 

 
 
 

 

correlations in both seasons. The results implied that Ambon Bay might potentially be subject 

to amnesic shellfish poisoning. This study represents the first successful investigation of the 

presence and variability of Pseudo-nitzschia spp. and its neurotoxin DA in Indonesian waters. 

In chapter 4, variability of dinoflagellate species and their associated paralytic 

shellfish toxins (PSTs), diarrhetic shellfish toxins (DSTs) and pectenotoxin-2 (PTX2) were 

studied. PSTs, a group of paralytic toxin compounds, are responsible for paralytic shellfish 

poisoning (PSP) events, produced by marine dinoflagellates such as Alexandrium spp. (A. 

catenella, A. minutum, A. fundyense), Gymnodinium catenatum and Pyrodinium bahamense. 

These toxins are divided into three groups: highly toxic carbamoyls (saxitoxin (STX), 

neosaxitoxin (NEO) and gonyautoxins (GTX1-4), intermediate toxic decarbomoyls (dcSTX, 

dcGTX and dcNEO); and the least toxic N-sulfocarbamoyls (C1-4, B1 and B2). 

Environmental factors, which have shown to influence PST production include temperature, 

salinity, light intensity, nutrient concentration and increased CO2. DSTs such as okadaic acid 

(OA) and dinophysistoxins (DTXs) as well as pectenotoxins (PTXs) are produced as 

secondary metabolites by the dinoflagellate genus Dinophysis Ehrenberg. Approximately 12 

Dinophysis species are known to produce DSTs, and seven species are confirmed to be 

associated with diarrhetic shellfish poisoning (DSP) events. The toxin production of 

Dinophysis is influenced by a combination of genetic and environmental factors, resulting in 

species and location specific variability in toxin profiles and cell quotas. The presence of 

these PSTs and DSTs producing species had been confirmed in phytoplankton samples from 

Ambon Bay. Yet, toxin information such as toxin components and levels were completely 

lacking for Ambon Bay and Indonesia in general. A seven-month field campaign was carried 

out to investigate dynamics of potentially toxic dinoflagellates as well as their associated 

toxins, in relation with environmental conditions in Ambon Bay. Several PSTs producing 

species were determined in phytoplankton net samples, of which Gymnodinium catenatum 
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providing evidence of shellfish toxicity detected in plankton samples related to Pbc 

occurrences in eastern Indonesia. 

Given the fact that other potential toxin producing species had been frequently 

detected in high densities in phytoplankton samples derived from the monitoring program 

since 2008, dynamics and toxin profiles as well as their levels associated with these algal 

species became a priority research topic. In chapter 3, the neurotoxin domoic acid (DA) and 

its producer (the marine diatom genus Pseudo-nitzschia), were investigated during a 7-month 

field campaign in Ambon Bay. Approximately, 26 out of 52 Pseudo-nitzschia species are 

known to be producers of the neurotoxin DA. This toxin is found to accumulate in copepods 

and other filter feeders, which can be transferred further through the food web and be fatal to 
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regions and seasons. Yet, some factors are likely to regulate cell specific toxin production 
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had been frequently observed in phytoplankton samples collected in Ambon Bay, yet no 

studies particularly addressed this genus and its neurotoxin DA in Indonesian waters, 

including the eastern part of the country. Thus, the present study was aimed to investigate the 

variability of Pseudo-nitzschia and DA levels as well as their relationships with 

environmental drivers in Ambon Bay. Weather, biological and water physicochemical 

parameters were collected during a seven-month field campaign, encompassing the wet and 

dry seasons. Vegetative cells of Pseudo-nitzschia spp. and pDA were found in 98.6% and 

51.4% of the samples, respectively. The highest levels of both Pseudo-nitzschia spp. cell 

abundance and pDA were found in the wet season, showing a strong positive correlation 

between both parameters. Temperature and mixed layer depth positively correlated with 

Pseudo-nitzschia spp. and pDA during the dry season, while ammonium showed positive 

 
 
 

 

correlations in both seasons. The results implied that Ambon Bay might potentially be subject 

to amnesic shellfish poisoning. This study represents the first successful investigation of the 

presence and variability of Pseudo-nitzschia spp. and its neurotoxin DA in Indonesian waters. 

In chapter 4, variability of dinoflagellate species and their associated paralytic 

shellfish toxins (PSTs), diarrhetic shellfish toxins (DSTs) and pectenotoxin-2 (PTX2) were 

studied. PSTs, a group of paralytic toxin compounds, are responsible for paralytic shellfish 

poisoning (PSP) events, produced by marine dinoflagellates such as Alexandrium spp. (A. 

catenella, A. minutum, A. fundyense), Gymnodinium catenatum and Pyrodinium bahamense. 

These toxins are divided into three groups: highly toxic carbamoyls (saxitoxin (STX), 

neosaxitoxin (NEO) and gonyautoxins (GTX1-4), intermediate toxic decarbomoyls (dcSTX, 

dcGTX and dcNEO); and the least toxic N-sulfocarbamoyls (C1-4, B1 and B2). 

Environmental factors, which have shown to influence PST production include temperature, 

salinity, light intensity, nutrient concentration and increased CO2. DSTs such as okadaic acid 

(OA) and dinophysistoxins (DTXs) as well as pectenotoxins (PTXs) are produced as 

secondary metabolites by the dinoflagellate genus Dinophysis Ehrenberg. Approximately 12 

Dinophysis species are known to produce DSTs, and seven species are confirmed to be 

associated with diarrhetic shellfish poisoning (DSP) events. The toxin production of 

Dinophysis is influenced by a combination of genetic and environmental factors, resulting in 

species and location specific variability in toxin profiles and cell quotas. The presence of 

these PSTs and DSTs producing species had been confirmed in phytoplankton samples from 

Ambon Bay. Yet, toxin information such as toxin components and levels were completely 

lacking for Ambon Bay and Indonesia in general. A seven-month field campaign was carried 

out to investigate dynamics of potentially toxic dinoflagellates as well as their associated 

toxins, in relation with environmental conditions in Ambon Bay. Several PSTs producing 

species were determined in phytoplankton net samples, of which Gymnodinium catenatum 
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was the most abundant. Toxin profiles were dominated by Decarbamoyl (dcGTX2-3 and 

dcSTX) and N-sulfocarbamoyl (C1-2), while the highly toxic carbamate group (GTX2-3 and 

STX) showed lower levels. The total PST levels showed a strong correlation with 

Gymnodinium catenatum cell densities, implying that the species was the main PST producer 

in the bay. Okadaic acid (OA) and its derivatives dinophysistoxins (DTXs) were not detected, 

yet PTX2 and its seco-acid PTX2sa were successfully detected. This implies that Dinophysis 

strains in Ambon Bay only produce PTXs. Three Dinophysis species were identified in 

phytoplankton samples, of which D. miles was found to be the most abundant. Abundances of 

this species showed a weak correlation with PTX2 levels. Thus, the present results revealed 

the first worldwide record of D. miles associated with PTX2 occurrence. Vertical mixing, 

tidal elevation and irradiance attenuation were the main environmental factors that regulated 

both toxins and cell abundances, while nutrients showed only weak correlations. 

Since a positive correlation between PTX2 and D. miles was found previously, and 

because scientific information regarding this species was virtually non-existent, our next 

analysis was fully concentrated on this species. In chapter 5, an extended field sampling was 

done to further investigate dynamics of D. miles and PTXs in Ambon Bay. The dinoflagellate 

genus Dinophysis Ehrenberg has a wide distribution range in marine environments 

worldwide, of which some species may inhabit narrow environmental ranges whereas others 

have a broad distribution range due to their ability to acclimate to different temperature and 

salinity ranges. The genus is generally found at low densities in phytoplankton communities. 

Yet, high abundances can be observed in coastal waters with densities exceeding 105 cells L-

1, which thus may threat shellfish industries and human health. Ten species of the genus are 

associated with the production of diarrhetic shellfish toxins (DSTs) some of which causing 

environmental problems at relatively low cell numbers (few hundred cells L-1). Information 

regarding Dinophysis spp. and their toxin variability in the field is rare, whereas culture 

 
 
 

 

studies are limited since species belonging to the genus are difficult to isolate and maintain in 

laboratories. The objective of this study was thus to investigate dynamics of Dinophysis 

species and their associated toxins in relation with environmental drivers in Ambon Bay. 

Phytoplankton samples and physiochemical water properties were analysed during a 1.5-year 

period. Both PTX2 and its secoacid (PTX2sa) were detected, of which levels positively 

correlated with D. miles abundances and were elevated during the dry season. This implies 

that D. miles cells contain rather constant PTX2sa levels under certain environmental 

conditions. Regardless of the high variability of environmental impacts on both cell density 

and toxin level for the different seasons, dissolved nitrate concentrations were found to play a 

major regulatory role, judging from the overall data. 

The previous chapters focused completely on the vegetative forms of the potentially 

toxic species and their relationships with environmental drivers. In the final chapter (6), we 

extended our observation to dinoflagellate cysts (dinocysts) to investigate if Ambon Bay may 

serve as a seedbank facilitating HABs and toxic events in the area. To this end, the upper 2 

cm of the sediment were collected from 10 stations located in both the inner and outer bay. 

Sediments were processed for palynological and geochemical analyses, while average water 

parameter data was obtained from the available monitoring program provided by LIPI. 

Twenty three dinocyst species were determined from sediment samples, of which 

Polysphaeridium zoharyi (cysts of the toxic Pyrodinium bahamense) was found as the second 

dominant species occurring at high abundances. The results furthermore showed that 

regulation of environmental drivers on dinocysts were complex, and no particular parameters 

were found to induce P. zoharyi distribution in Ambon Bay. Yet, factors such as surface 

water temperature and salinity generally played an important role. Both total dinocyst 

concentration and P. zohary abundance were found to be three to five times higher than found 

in an earlier study implying that Ambon Bay potentially serves as a seedbank. Judging from 
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studies are limited since species belonging to the genus are difficult to isolate and maintain in 

laboratories. The objective of this study was thus to investigate dynamics of Dinophysis 

species and their associated toxins in relation with environmental drivers in Ambon Bay. 

Phytoplankton samples and physiochemical water properties were analysed during a 1.5-year 
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Sediments were processed for palynological and geochemical analyses, while average water 
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in an earlier study implying that Ambon Bay potentially serves as a seedbank. Judging from 
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the geochemical analysis, the inner part of Ambon Bay receives massive allochthonous 

organic matter and major nutrients (N and P) through river discharges, which fuels high 

productivity potentially resulting in (toxic) harmful algal blooms. 

The research conducted in this PhD thesis has filled several important gaps in our 

knowledge and understanding of HABs and toxic events in Ambon Bay and Indonesia at 

large. I successfully described potentially toxic algal species and their associated toxins from 

natural samples in conjunction with environmental conditions. Regardless of the complex 

seasonal variation, environmental factors such as temperature, vertical mixing, tidal 

elevation, irradiance attenuation, ammonium and nitrate showed species specific impacts on 

regulating both cell density and toxin level. The results presented in this thesis provide 

valuable information to enrich HAB base line data in Ambon and Indonesia, which can help 

to establish a good early warning system to tackle future human illness and fatality. Based on 

our findings, the following recommendations can herewith be made:  

1. The presence and proliferations of Pyrodinium bahamense var. compressum are known 

as the main toxic species related to socio-economic and human health problems in 

Indonesia. Yet, the present research has demonstrated the presence of a number of other 

potentially toxic species, as well as their associated toxins. This implies that the 

monitoring program should encompass the full range of potentially toxic species. In 

addition, toxin analyses should be taken into account as an important parameter in the 

program, and thus toxin profiles and levels should be continuously monitored in Ambon 

Bay. 

2. Some potentially toxic species showed a persistent occurrence throughout the year, 

which means that their proliferations may not be restricted to one particular season. As a 

result, the monitoring program should encompass the whole year and a constant 

sampling frequency.  

 
 
 

 

3. Toxins detected in the bay are known to cause human shellfish poisonings. Yet, in this 

thesis, such information was not obtained. Thus, all the relevant toxins should be 

analyzed both in plankton samples and in shellfish flesh. 

4. The inner bay receives massive organic matter as well as nitrogen input through rivers, 

after which these will accelerate productivity and trigger algal blooms. The area also 

harbors high concentrations of toxic dinocyts, serving as a potential seedbank. As a 

result, the monitoring program should primarily focus on the Inner Bay. In addition, the 

establishment of an effective wastewater management program is required in this 

particular and secluded area. 

5. Findings of the field research conducted in this thesis need to be supported by dedicated 

culture studies. Laboratory experiments are crucial to specifically learn more about 

species specific variability in toxin composition and level, and how these are influenced 

by environmental scenarios. 
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Samenvatting 
Dichtheden van fytoplankton hoger dan 1 miljoen cellen per liter zeewater worden 

algenbloeien genoemd. Sommige algenbloeien zijn potentieel schadelijk voor mariene biota 

en voor mensen, vooral wanneer deze worden veroorzaakt door toxine-producerende soorten. 

Deze worden daarom Harmful Algal Blooms (HAB's) genoemd. Echter, sommige zeer giftige 

algensoorten kunnen in lage celaantallen al giftige gebeurtenissen veroorzaken, hoofdzakelijk 

door consumptie van schelpdieren die leiden tot gezondheidsproblemen bij de 

mens. Syndromen van menselijke vergiftiging als gevolg van de consumptie van schelpdieren 

vallen uiteen in vijf categoriën: Paralytic Shellfish Poisoning (PSP), Diarrhoetic Shellfish 

Poisoning (DSP), Neurotoxic Shellfish Poisoning (NSP), Amnesic Shellfish Poisoning 

(ASP), en Azaspiracid Shellfish Poisoning (AZP). In Indonesië worden giftige HAB's vaak 

gedomineerd door Pyrodinium bahamense var. compressum, een PSP-veroorzakende 

dinoflagellaat. In Ambon Bay, Oost Indonesië, heeft deze soort de afgelopen decennia 

regelmatig bloeien gevormd en giftige gebeurtenissen veroorzaakt, resulterend in dodelijke 

slachtoffers en economische schade. Als gevolg hiervan is in 2008 een 

monitoringsprogramma geïnstalleerd en wordt de aanwezigheid van deze soort nauwgezet 

gevolgd. De resultaten van dit monitoringsprogramma tonen aan dat andere PSP-

veroorzakende soorten zoals Alexandrium spp. en Gymnodinium catenatum ook hoge 

celaantallen kunnen bereiken in Ambon Bay. Bovendien worden potentieel ASP en DSP 

veroorzakende soorten zoals Pseudo-nitzschia spp. en Dinophysis spp. regelmatig in 

fytoplanktonmonsters aangetroffen. Dit impliceert dat Ambon Bay mogelijk onderhevig is 

aan verschillende vergiftigingsrisico’s. Er was echter een volledig gebrek aan informatie over 

mogelijk aanwezige toxines in het gebied, waardoor het opstellen van effectieve HAB-

beheerplannen werd belemmerd. Met andere woorden, bij aanvang van dit PhD project was 

er geen informatie beschikbaar over de dynamiek van potentieel giftige soorten, 

toxineprofielen (en niveaus), evenals over de relatie tussen soortensamenstelling en 

omgevingsfactoren, voor zowel Ambon Bay als voor Indonesië in het algemeen. De 

onderzoeksdoelen van dit PhD project waren ten eerste om de dynamiek van HAB soorten in 

het gebied te onderzoeken; ten tweede om toxinecomponenten en niveaus te analyseren 

geproduceerd door potentieel giftige soorten; ten derde, om milieufactoren aan het licht te 

brengen die ten grondslag zouden kunnen liggen aan uitbraken en toxineproductie; en tot slot 

om dinocyst- gemeenschappen in Ambon Bay-sedimenten te analyseren om te onderzoeken 

of het gebied dienst doet als zaadbank van HAB soorten. In dit proefschrift werden aldus drie 

 
 
 

 

belangrijke onderzoeksvragen geformuleerd: 1) Welke giftige soorten leven in Ambon Bay 

en wat zijn hun toxinecomponenten en niveaus? 2) Welke omgevingsomstandigheden sturen 

soorten- en toxinedynamiek? 3) Doet Ambon Bay dienst als zaadbank, waardoor toekomstige 

bloeien in de regio worden gefaciliteerd? Bovenstaande vragen zijn behandeld in vijf 

onderzoekshoofdstukken. 

In hoofdstuk 2 werd een bloei van P. bahamense var. compressum ( Pbc ) in Ambon 

Bay beschreven. De soort staat bekend als een producent van schelpdiertoxines, die goed 

gedijt in subtropische en tropische regio's. Het is bekend dat Pbc endemisch is in Zuidoost-

Azië, en het komt vaak voor in landen als de Filippijnen, Maleisië en Indonesië. In Indonesië 

werden tussen 1990 en 2000 meer dan 427 gevallen van PSP geregistreerd, waaronder 17 

dodelijke slachtoffers. Verkleuring van het water veroorzaakt door hoge celdichtheden 

van P. bahamense var. compressum werd voor het eerst beschreven in Kao Bay in 1994. 

Vervolgens werd in datzelfde jaar een PSP gebeurtenis gemeld in Ambon veroorzaakt door 

Pbc. Tijdens het natte seizoen van 2012 kwam een bloei van de soort voor in Ambon Bay met 

een celdichtheid van meer dan 2 miljoen cellen per liter. De bloei besloeg een gebied van 

ongeveer 110 hectare en was gelegen dicht bij een dichtbevolkt kustgebied. Zeven mensen 

werden in het ziekenhuis opgenomen na consumptie van aangetaste schelpdieren, enkele 

dagen voor de piek van de bloei. De bloei had ook gevolgen voor lokale aquacultuur-

bedrijven vanwege de hoge vissterfte in de viskooien. Dit was de eerste gerapporteerde Pbc 

bloei die werd geassocieerd met vissterfte in Ambon Bay. PSP-toxineanalyse van 

planktonpellets toonde aan dat saxitoxine en gonyautoxine de toxineprofielen domineerden. 

Beide toxines kunnen verantwoordelijk zijn voor menselijke vergiftiging. Dit is de eerste 

studie in Oost-Indonesië die het bewijs levert van toxiciteit met betrekking tot Pbc voorvallen 

in Oost-Indonesië.  

Tijdens het monitoringprogramma werden andere potentieel toxine-producerende 

soorten vaak in hoge dichtheden waargenomen. Vandaar dat het onderzoeken van de 

dynamiek en toxineprofielen, geassocieerd met deze algensoorten, een hoge prioriteit 

had. In hoofdstuk 3 werd het neurotoxine domoic acid (DA) en zijn producent (het mariene 

diatomeeën geslacht Pseudo-nitzschia ), onderzocht tijdens een 7 maanden durende 

veldcampagne in Ambon Bay. Ongeveer 26 van de 52 Pseudo-nitzschia soorten staan bekend 

als producenten van het neurotoxine DA. Dit toxine kan zich ophopen in het voedselweb via 

copepoden en andere filterfeeders, en kunnen uiteindelijk dodelijk zijn voor hogere mariene 

organismen, inclusief zeezoogdieren. Omgevingsfactoren die de proliferatie van Pseudo-
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nitzschia bevorderen worden niet goed begrepen en ze kunnen variëren tussen regio's en 

seizoenen. Onderzoek elders heeft aangetoond dat sommige factoren de celspecifieke 

toxineproductie reguleren. Deze omvatten fosfaat- en silicaatconcentratie, pH, lichtintensiteit, 

zoutgehalte en temperatuur. Het geslacht Pseudo-nitzschia was al vaak waargenomen in 

fytoplanktonmonsters verzameld in Ambon Bay, maar geen enkele studie richtte zich in het 

bijzonder op dit geslacht en zijn neurotoxine. De huidige studie was dus bedoeld om de 

variabiliteit van Pseudo- nitzschia en DA niveaus, alsmede hun relaties met 

omgevingsfactoren in Ambon Bay te bestuderen. Weersomstandigheden, biologische en 

fysicochemische parameters werden verzameld tijdens een veldcampagne van zeven 

maanden, die de natte en droge seizoenen omvatten. Vegetatieve cellen van Pseudo-

nitzschia spp. en pDA werden gevonden in 98,6% en 51,4% van de monsters. De hoogste 

niveaus van zowel Pseudo-nitzschia spp. celaantallen als pDA (particulair DA) werden 

gevonden in het natte seizoen. Temperatuur en diepte van de wind gemengde laag waren 

positief gecorreleerd met Pseudo- nitzschia spp. en pDA tijdens het droge seizoen, terwijl 

ammonium positief was gecorreleerd in beide seizoenen. De resultaten impliceren dat Ambon 

Bay mogelijk blootgesteld kan worden aan ASP. Deze studie is het eerste succesvolle 

onderzoek naar de aanwezigheid en variabiliteit van Pseudo-nitzschia spp. en het neurotoxine 

DA in Indonesische wateren.  

In hoofdstuk 4 werden de variabiliteit van dinoflagellate soorten en hun bijbehorende 

paralytische schelpdiertoxines (PST's), diaretische schelpdiertoxines (DST's) en 

pectenotoxine-2 (PTX2)  bestudeerd. PST's, een groep van toxineverbindingen, zijn 

verantwoordelijk voor Paralytic Shellfish Poisoning (PSP) -gebeurtenissen, geproduceerd 

door mariene dinoflagellaten zoals Alexandrium spp. (A. catenella, A. minutum, 

A. fundyense),  Gymnodinium catenatum en Pyrodinium bahamense. Deze gifstoffen zijn 

onderverdeeld in drie groepen: zeer giftige carbamoyls (saxitoxine (STX), 

neosaxitoxine (NEO) en gonyautoxines (GTX1-4), intermediaire 

giftige decarbomoyls (dcSTX , dcGTX en dcNEO); en de minst giftige N-

 sulfocarbamoyls (C1-4, B1 en B2). Omgevingsfactoren waarvan is aangetoond dat ze de 

PST-productie beïnvloeden zijn temperatuur, zoutgehalte, lichtintensiteit, 

nutriëntenconcentratie en verhoogde CO2.  

DST's zoals okadaïnezuur (OA) en dinophysistoxines (DTXs), evenals pectenotoxines 

(PTXs) worden geproduceerd als secundaire metabolieten door het dinoflagellaten-

geslacht Dinophysis Ehrenberg. Van ongeveer 12 Dinophysis- soorten is bekend dat ze DST's 

 
 
 

 

produceren en van zeven soorten wordt bevestigd dat ze dat zijn geassocieerd 

met Diarrhoetic  Shellfish Poisoning (DSP) -uitbraken. De toxineproductie van 

Dinophysis wordt beïnvloed door een combinatie van genetische en omgevingsfactoren, 

resulterend in soort- en locatiespecifieke variabiliteit in toxineprofielen en celquota. De 

aanwezigheid van potentieel PST's en DST's producerende soorten was eerder al bevestigd in 

fytoplanktonmonsters van Ambon Bay. Echter, kennis over de gerelateerde 

toxinecomponenten en -niveaus ontbrak volledig voor Ambon Bay en Indonesië in het 

algemeen. Tijdens een zeven maanden durende veldcampagne werd daarom de dynamiek van 

potentieel giftige dinoflagellaten, evenals de bijbehorende gifstoffen, in relatie tot de 

omgevingsomstandigheden in Ambon Bay onderzocht. Verschillende potentieel PST’s 

producerende soorten werden aangetoond in fytoplankton netmonsters, 

waarvan Gymnodinium catenatum de meest voorkomende was. Toxineprofielen werden 

gedomineerd door Decarbamoyl (dcGTX2-3 en dcSTX ) en N- sulfocarbamoyl (C1-2), 

terwijl de zeer giftige carbamaatgroep (GTX2-3 en STX) lagere niveaus vertoonde. De totale 

PST-niveaus vertoonden een sterke correlatie met de celdichtheid van 

Gymnodinium catenatum, wat impliceert dat de soort de belangrijkste PST-producent was in 

de baai. Okadaic acid (OA) en zijn derivaten dinophysistoxins (DTXs) werden niet 

gedetecteerd. Echter, PTX2 en zijn seco- zuur PTX2sa werden met succes gedetecteerd. Dit 

toont aan dat de Dinophysis stammen in Ambon Bay alleen PTX’s produceren. 

Drie Dinophysis- soorten werden geïdentificeerd in fytoplanktonmonsters, waarvan D. 

miles de meest voorkomende bleek te zijn. Deze soort vertoonde een correlatie met PTX2-

niveaus, waardoor voor het eerst de associatie van D. miles  met PTX2 werd 

aangetoond. Verticale menging, getij en lichtintensiteit waren de belangrijkste 

omgevingsfactoren die toxines en celdichtheden reguleerden, terwijl nutriënten slechts 

zwakke correlaties vertoonden.  

Aangezien eerder (hoofdstuk 4) een positieve correlatie tussen PTX2 en D. 

miles werd gevonden, en omdat wetenschappelijke informatie over deze soort vrijwel 

volledig ontbrak, was onze volgende studie volledig op deze soort 

geconcentreerd. In hoofdstuk 5 werd een uitgebreide set velddata geanalyseerd om de 

dynamiek van D. miles en PTX's in Ambon Bay verder te onderzoeken . Het dinoflagellaten 

genus Dinophysis Ehrenberg heeft een breed en wereldwijd distributiebereik. Sommige 

soorten leven in nauw gedefinieerde bandbreedtes van omgevingsfactoren, terwijl andere een 

breed distributiebereik hebben vanwege hun vermogen om zich aan te passen aan 
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produceren en van zeven soorten wordt bevestigd dat ze dat zijn geassocieerd 
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bijvoorbeeld verschillende temperaturen en zoutgehaltes. Het geslacht wordt over het 

algemeen gevonden in lage dichtheden. Toch worden in kustwateren incidenteel hoge 

dichtheden (> 105 cellen L- 1) waargenomen, en wordt als gevolg hiervan de 

schelpdierindustrie en de menselijke gezondheid bedreigd. Tien soorten van het geslacht 

Dinophysis worden geassocieerd met de productie van Diarrhoetic Shellfish Poisoning 

(DST's), waarbij sommige soorten al milieuproblemen veroorzaken bij relatief lage 

celaantallen (enkele honderden cellen L-1). Informatie met betrekking tot Dinophysis spp. en 

hun toxinevariabiliteit in het veld is zeer beperkt, terwijl culturestudies beperkt zijn omdat de 

soorten zeer moeilijk te isoleren en te kweken zijn. Het doel van deze studie was om de 

dynamiek van Dinophysis te onderzoeken en ook de bijbehorende gifstoffen in relatie tot 

omgevingsfactoren in Ambon Bay. Fytoplanktonmonsters en fysiochemische 

watereigenschappen werden gedurende een periode van 1,5 jaar geanalyseerd. Zowel PTX2 

als het secozuur (PTX2sa) werden gedetecteerd, waarvan positieve niveaus gecorreleerd 

waren met D. miles celaantallen, vooral tijdens het droge seizoen. Dit houdt in dat D. miles-

 cellen vrij constante PTX2sa-niveaus bevatten onder bepaalde combinaties van 

omgevingsfactoren. Ongeacht de grote variabiliteit aan milieueffecten op zowel celdichtheid 

als toxinegehalte tijdens de verschillende seizoenen, bleek nitraatconcentratie een belangrijke 

regulerende rol te spelen. 

De vorige hoofdstukken waren volledig gericht op de vegetatieve vormen van het 

potentieel giftige soorten en hun relaties met omgevingsfactoren. In het laatste hoofdstuk (6) 
werd het onderzoek uitgebreid richting dinoflagellaatcysten (dinocysten). Dit werd gedaan 

om te onderzoeken of Ambon Bay kan dienen als een zaadbank die HAB's en toxische 

gebeurtenissen in het gebied mogelijk maakt. Daartoe werd op 10 locaties in zowel de Inner 

als de Outer Bay de bovenste 2 cm van het sediment verzameld. Sedimentmonsters werden 

verwerkt voor palynologische en geochemische analyses, terwijl gegevens van gemiddelde 

waterparameters werden verkregen uit het beschikbare monitoringsprogramma van LIPI. 

Drieëntwintig dinocyst soorten werden gevonden in de sedimentmonsters, waarbij 

Polysphaeridium zoharyi (cysten van de giftige Pyrodinium bahamense ) de op 1 na meest 

dominerende soort was. De resultaten lieten bovendien een complexe regulering van 

omgevingsfactoren op dinocysten zien: geen enkele specifieke parameter bleek te correleren 

met de distributie van P. zoharyi in Ambon Bay. Echter, factoren zoals 

oppervlaktetemperatuur in de waterkolom en zoutgehalte speelden over het algemeen een 

belangrijke rol. Zowel totale dinocyst concentratie als P. zohary dichtheden waren drie tot 

 
 
 

 

vijf keer hoger dan gevonden in een eerdere studie. Afgaande op de geochemische analyse 

ontvangt het binnenste deel van Ambon Bay via rivierafvoeren enorme hoeveelheden 

allochtoon organisch materiaal en belangrijke voedingsstoffen (N en P), waardoor juist hier 

het risico op (giftige) schadelijke algenbloeien sterk wordt verhoogd. 

Het onderzoek beschreven in dit proefschrift heeft een aantal belangrijke hiaten in 

kennis op kunnen vullen en ons begrip van HAB's en toxische gebeurtenissen in Ambon Bay 

en Indonesië sterk vergroot. We hebben met succes potentieel giftige algensoorten en de 

bijbehorende toxines beschreven in natuurlijke monsters in combinatie met 

omgevingsomstandigheden. Ongeacht de complexe seizoensvariatie lieten 

omgevingsfactoren zoals temperatuur, verticale menging, licht-uitdoving, ammonium en 

nitraat soortspecifieke effecten zien op de regulering van zowel celdichtheid als 

toxineniveau. De resultaten in dit proefschrift bieden waardevolle informatie om HAB 

baseline gegevens in Ambon en Indonesië te verkrijgen, wat kan helpen om een effectief 

Early warning systeem op te zetten om toekomstige ziekten en sterfgevallen bij de mens te 

kunnen voorkomen. Gebaseerd op onze bevindingen kunnen aldus de volgende 

aanbevelingen worden gedaan: 

1. Pyrodinium bahamense var. compressum leek tot nog toe de belangrijkste HAB soort, 

die in verband kan worden gebracht met sociaaleconomische en menselijke 

gezondheidsproblemen in Indonesië. Echter, het huidige onderzoek heeft de 

aanwezigheid van een aantal andere potentiele HAB soorten aangetoond, evenals de 

bijbehorende toxines. Dit houdt in dat monitoringprogramma’s het volledige scala aan 

potentieel giftige soorten moet omvatten. Bovendien moeten toxineanalyses in 

aanmerking worden genomen als een belangrijke parameter in het programma, en dus 

zullen toxineprofielen en -niveaus continu moeten worden gecontroleerd in Ambon Bay. 

2. De meeste potentieel giftige soorten komen het hele jaar door voor, wat betekent dat hun 

verspreiding niet beperkt is tot één bepaald seizoen. Als gevolg hiervan zal het 

monitoringprogramma het hele jaar en een constante bemonsteringsfrequentie moeten 

omvatten. 

3. Van de toxines die in de baai zijn gedetecteerd, is bekend dat ze vergiftigingen via 

schelpdierconsumptie kunnen veroorzaken. Echter in dit proefschrift werd geen 

informatie verzameld over toxine accumulatie in schelpdieren. Alle toekomstige 

relevante gifstoffen zouden dus zowel in planktonmonsters als in schelpdiervlees moeten 

worden geanalyseerd. 
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4. De Inner Bay ontvangt via de rivieren zowel veel particulair organisch materiaal als 

stikstof, waarna deze de productiviteit kunnen verhogen en algenbloeien kunnen 

veroorzaken. Het gebied herbergt ook hoge concentraties giftige dinocysten, die dienen 

als een potentiële zaadbank. Als gevolg hiervan zou het monitoringsprogramma zich 

hoofdzakelijk moeten richten op de Inner Bay. Om de risico’s op toekomstige uitbraken 

te beperken zou een effectief afvalwaterbeheerprogramma moeten worden opgezet. 

5. Resultaten van dit op velddata gebaseerde onderzoek zal moeten worden ondersteund 

door gerichte cultuurstudies. Laboratoriumexperimenten zijn cruciaal om specifiek meer 

kennis te genereren van soortspecifieke variabiliteit in toxinesamenstelling en niveau en 

hoe deze worden beïnvloed door omgevingsfactoren. 

 

  

 
 
 

 

Ringkasan 

 Kepadatan fitoplankton yang melebihi satu juta sel per liter air laut disebut ledakan 

alga. Beberapa ledakan alga/fitoplankton terutama ketika melibatkan spesies penghasil racun 

dapat mengakibatkan kematian biota laut lainnya dan juga menimbulkan bahaya bagi 

kesehatan manusia. Melihat akibat negatif dari fenomena ini, ledakan fitoplankton lebih 

dikenal dengan sebutan harmful algal blooms (HABs) atau ledakan alga berbahaya. Untuk 

beberapa spesies fitoplankton yang sangat beracun, kemunculannya dalam kelimpahan sel 

yang rendah dapat menyebabkan masalah kesehatan manusia sebagai akibat dari 

mengkonsumsi biota laut yang telah terkontaminasi racun dari fitoplankton. Pada umumnya, 

racun tersebut terakumulasi di tubuh biota laut seperti kerang-kerangan. Keracunan pada 

manusia setelah mengkonsumsi kerang dapat dikategorikan dalam enam sindrom, antara lain: 

Paralytic Shellfish Poisoning (PSP), Diarrhoetic Shellfish Poisoning (DSP), Neurotoxic 

Shellfish Poisoning (NSP), Amnesic Shellfish Poisoning (ASP), Azaspiracid Shellfish 

Poisoning (AZP) and Ciguatera Food Poisoning (CFP). Di Indonesia, HAB beracun biasanya 

didominasi oleh fitoplankton Pyrodinium bahamense var. compressum, spesies penyebab 

PSP. Di Teluk Ambon, Indonesia Timur, spesies ini ditemukan dengan kepadatan yang tinggi 

selama beberapa dekade terakhir yang mengakibatkan masalah kesehatan dan kematian 

manusia, serta masalah ekonomi. Kehadiran spesies ini telah dipantau sejak 2008 dalam 

program monitoring Teluk Ambon. Hasil dari kegiatan monitoring ini juga mendapatkan 

beberapa spesies penyebab PSP lainnya seperti Alexandrium spp. dan Gymnodinium 

catenatum yang hadir dengan kelimpahan sel tinggi di Teluk Ambon. Selain itu, spesies 

penyebab ASP dan DSP, Pseudo-nitzschia spp. dan Dinophysis spp. juga ditemukan dalam 

sampel fitoplankton, yang menyiratkan bahwa Teluk Ambon berpotensi mengalami berbagai 

peristiwa keracunan kerang di masa depan. Namun, studi mengenai profil toksin dan tingkat 

konsentrasinya belum pernah dilakukan di Ambon dan Indonesia secara umum. Minimnya 

informasi tentang HAB dan jenis toksin yang dihasilkan menjadi penghambat dalam 

pembuatan rencana pengelolaan dampak negatif ledakan fitoplankton beracun secara efektif. 

Di awal studi PhD ini, observasi tentang dinamika spesies yang berpotensi toksik di 

perairan Teluk Ambon dan Indonesia sangat jarang dilakukan. Disamping itu, profil toksin 

(dan level) dari spesies phytoplankton beracun, serta hubungannya dengan faktor lingkungan 

di Teluk Ambon dan Indonesia belum pernah dilakukan. Dengan demikian, penelitian ini 

bertujuan: pertama, untuk menyelidiki dinamika spesies HAB (spesies beracun dan tidak 

beracun) di Teluk Ambon; kedua, untuk mengungkapkan komponen dan level toksin yang 
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Di awal studi PhD ini, observasi tentang dinamika spesies yang berpotensi toksik di 

perairan Teluk Ambon dan Indonesia sangat jarang dilakukan. Disamping itu, profil toksin 

(dan level) dari spesies phytoplankton beracun, serta hubungannya dengan faktor lingkungan 

di Teluk Ambon dan Indonesia belum pernah dilakukan. Dengan demikian, penelitian ini 

bertujuan: pertama, untuk menyelidiki dinamika spesies HAB (spesies beracun dan tidak 

beracun) di Teluk Ambon; kedua, untuk mengungkapkan komponen dan level toksin yang 
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dihasilkan oleh spesies yang berpotensi toksik; ketiga, untuk mengungkapkan faktor 

lingkungan yang mempengaruhi ledakan kelimpahan phytoplankton beracun dan produksi 

toksin di daerah tersebut; dan selanjutnya untuk menyelidiki potensi Teluk Ambon sebagai 

bank benih (seedbank) dengan menganalisis komunitas dinocyst di sedimen. Dalam tesis PhD 

ini, tiga pertanyaan utama penelitian dirumuskan sebagai berikut: 1) Spesies beracun apa 

yang mendiami Teluk Ambon dan apa saja komponen serta tingkat toksinnya? 2) Kondisi 

lingkungan manakah yang mempengaruhi kelimpahan spesies dan dinamika toksin? 3) 

Apakah Teluk Ambon berfungsi sebagai seedbank, yang akan menjadi sumber ledakan alga 

beracun di masa depan? Pertanyaan-pertanyaan ini dibahas dalam lima bab penelitian. 

Bab 2 thesis ini membahas tentang ledakan P. bahamense var. compressum (Pbc) di 

Teluk Ambon yang terjadi di tahun 2012. Spesies ini diketahui sebagai penghasil racun yang 

dikenal dengan nama paralytic shellfish toxin. Pbc tumbuh subur di daerah subtropis dan 

tropis yang lebih lanjut diketahui sebagai spesies endemik di Asia Tenggara dan ledakannya 

telah ditemui di negara-negara seperti Filipina, Malaysia dan Indonesia. Di Indonesia, lebih 

dari 427 kasus PSP tercatat antara tahun 1990-an dan 2000-an, dimana 17 kematian telah 

dilaporkan. Perubahan warna air laut yang disebabkan oleh ledakan sel Pbc yang tinggi 

pertama kali ditemui di Teluk Kao pada tahun 1994. Pada tahun yang sama, satu kejadian 

PSP karena ledakan spesies ini dilaporkan di Ambon. Pada musim hujan di tahun 2012, 

ledakan sel Pbc terjadi di Teluk Ambon dengan kepadatan lebih dari 2 juta sel per liter air 

laut. Luas tempat terjadinya ledakan ini diperkirakan menempati area seluas 110 hektar, yang 

meliputi daerah perairan pantai yang berpenduduk padat. Tujuh orang dirawat di rumah sakit 

setelah mengkonsumsi kerang yang telah terkontaminasi racun Pbc beberapa hari sebelum 

ledakan species ini terdokumentasi. Disamping menimbulkan masalah kesehatan manusia, 

kejadian ledakan Pbc juga memberi dampak negatif terhadap perekonomian masyarakat 

pesisir di Teluk Ambon. Hal ini disebabkan karena banyak ikan ditemukan mati di dalam 

keramba apung pada area budidaya di teluk bagian dalam. Di Teluk Ambon, kejadian 

kematian masal ikan yang berasosiasi dengan ledakan Pbc adalah yang pertama kali 

dilaporkan. Hasil analisa toksin PSP dari sampel pelet plankton menunjukkan bahwa 

saxitoxin dan gonyautoxin mendominasi profil toksin, yang keduanya diketahui bertanggung 

jawab atas keracunan manusia. Ini adalah studi pertama di Indonesia Timur yang 

memberikan bukti keracunan kerang yang terdeteksi dalam sampel plankton terkait dengan 

kejadian Pbc di Indonesia timur. 

 
 
 

 

Mengingat fakta bahwa spesies potensial penghasil toksin lainnya sering terdeteksi 

dengan kepadatan sel yang tinggi dalam sampel fitoplankton yang berasal dari program 

monitoring Teluk Ambon sejak 2008, dinamika dan profil toksin serta level mereka yang 

terkait dengan spesies-spesies alga ini menjadi topik penelitian prioritas. Dalam bab 3, 

neurotoxin domoic acid (DA) dan produsernya (diatom genus Pseudo-nitzschia) diobservasi 

selama 7 bulan di Teluk Ambon. Sekitar 26 dari 52 spesies Pseudo-nitzschia diketahui 

sebagai penghasil neurotoxin domoic acid (DA). Racun ini sering ditemukan pada copepoda 

dan hewan laut lainnya (filter feeders). DA dapat ditransfer lebih lanjut melalui jaring 

makanan ke organisme laut yang lebih tinggi, dari kerang ke mamalia laut. Karakteristik 

lingkungan yang mendorong ledakan sel Pseudo-nitzschia belum begitu dipahami dengan 

baik dan bervariasi di antara wilayah dan musim. Beberapa faktor lingkungan yang 

cenderung memiliki pengaruh terhadap produksi toksin DA adalah fosfat, silikat, pH, radiasi, 

salinitas, dan suhu. Diatom Pseudo-nitzschia sering ditemukan dalam sampel fitoplankton 

yang diambil di Teluk Ambon, namun tidak ada penelitian yang secara khusus membahas 

tentang genus ini dan DA di perairan Indonesia, teristimewa perairan bagian timur. Dengan 

demikian, penelitian ini bertujuan untuk menyelidiki variabilitas Pseudo-nitzschia dan DA 

serta hubungannya dengan faktor-faktor lingkungan di Teluk Ambon. Parameter cuaca, 

biologi, fisika dan kimia air dikumpulkan selama tujuh bulan survei lapangan, yang meliputi 

musim hujan dan panas. Sel-sel vegetatif Pseudo-nitzschia spp. dan pDA ditemukan masing-

masing 98,6% dan 51,4% dari total sampel. Kelimpahan sel Pseudo-nitzschia spp. dan pDA 

yang tinggi ditemukan pada musim hujan dan menunjukkan korelasi positif yang kuat antara 

kedua parameter. Suhu dan mixed layer depth berkorelasi positif dengan Pseudo-nitzschia 

spp. dan pDA selama musim panas, sementara amonium menunjukkan korelasi positif 

dengan kedua parameter biologi pada kedua musim. Hasil penelitian ini menyimpultkan 

bahwa Teluk Ambon berpotensi mengalami kejadian amnesic shellfish poisoning. Penelitian 

ini merupakan studi pertama yang dilakukan di perairan Indonesia tentang variabilitas 

Pseudo-nitzschia spp. dan DA. 

Dalam bab 4 thesis ini, variabilitas spesies dinoflagellate dan racun-racun yang 

berasosiasi seperti paralitik (PSTs), diarrhetic (DST) dan pectenotoxin-2 (PTX2) diteliti. PST 

adalah kelompok senyawa toksin paralitik yang bertanggung jawab atas PSP, yang diproduksi 

oleh dinoflagellata laut seperti Alexandrium spp. (A. catenella, A. minutum, A. fundyense), 

Gymnodinium catenatum dan Pyrodinium bahamense. PSTs dibagi menjadi tiga kelompok: 

carbamoyls yang sangat beracun (saxitoxin (STX), neosaxitoxin (NEO) dan gonyautoxins 
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(GTX1-4), decarbomoyls (dcSTX, dcGTX dan dcNEO); dan N-sulfocarbamoyls (C1- 4, B1 

dan B2). Faktor-faktor lingkungan yang telah diketahui mempengaruhi produksi PST adalah 

suhu, salinitas, intensitas cahaya, konsentrasi nutrisi dan peningkatan CO2. DST seperti 

okadaic acid (OA) dan dinophysistoxins (DTX) serta pectenotoxins (PTXs) ) diproduksi 

sebagai metabolit sekunder oleh dinoflagellate genus Dinophysis Ehrenberg. Diperkirakan 12 

spesies Dinophysis mampu memproduksi DST, dan tujuh spesies diketahui berhubungan 

dengan kejadian keracunan kerang yang menyebabkan diarrhetic poisoning (DSP). Produksi 

toksin oleh Dinophysis dipengaruhi oleh kombinasi faktor genetik dan lingkungan. 

Kombinasi ini menghasilkan profil toksin dan kuota toksin per sel sangat tergantung pada 

jenis dan lokasi. Jenis fitoplankton penghasil PST dan DST di Teluk Ambon telah 

teridentifikasi dalam sampel plankton dan mereka hadir dalam jumlah yang cukup tinggi. 

Namun, informasi tentang toksin, seperti komponen dan konsentrasinya sama sekali kurang 

untuk Teluk Ambon dan Indonesia secara umum. Untuk itu, tujuh bulan sampling program 

dalam projek PhD ini dilakukan untuk menyelidiki dinamika dinoflagellata yang berpotensi 

beracun serta racun yang dihasilkan. Variabilitas species dan toksin kemudian dikaitkan 

dengan kondisi lingkungan di Teluk Ambon. Beberapa spesies penghasil PST ditemukan 

dalam sampel fitoplankton dan Gymnodinium catenatum adalah yang paling melimpah. Profil 

toksin didominasi oleh Decarbamoyl (dcGTX2-3 dan dcSTX) dan N-sulfocarbamoyl (C1-2), 

sedangkan kelompok carbamate yang sangat beracun (GTX2-3 dan STX) menunjukkan 

tingkat yang rendah. Total level PST menunjukkan korelasi kuat dengan kepadatan sel 

Gymnodinium catenatum, menyiratkan bahwa spesies ini adalah produsen utama PST di 

Teluk Ambon. Okadaic acid (OA) dan turunannya dinophysistoxins (DTXs) tidak terdeteksi, 

namun PTX2 dan PTX2sa berhasil dideteksi. Hal ini menyiratkan bahwa strain Dinophysis di 

Teluk Ambon hanya memproduksi PTX. Tiga spesies Dinophysis diidentifikasi dalam sampel 

fitoplankton dan D. miles ditemukan paling banyak dan mendominasi komposisi species dari 

genus ini. Kelimpahan D. miles menunjukkan korelasi yang lemah dengan kadar PTX2. 

Namun, hasil ini menjadi temuan pertama di dunia yang mengungkapkan bahwa D. miles di 

Teluk Ambon adalah penghasil PTX2. Mixed layer depth, pasang surut dan penetrasi cahaya 

adalah faktor lingkungan utama yang mempengaruhi produksi toksin dan kelimpahan sel 

dinoflagelata di Teluk Ambon, sementara nutrisi hanya menunjukkan korelasi yang lemah. 

Korelasi positif antara PTX2 dan D. miles yang ditemukan sebelumnya, dan karena 

informasi ilmiah mengenai spesies ini masih sangat baru dan terbatas, riset selanjutnya 

dilakukan dengan fokus pada spesies ini. Dalam bab 5, dinamika D. miles dan PTX di Teluk 

 
 
 

 

Ambon dilakukan dengan menambah waktu pengambilan sampel. Genus dinoflagellata 

Dinophysis Ehrenberg memiliki jangkauan distribusi yang luas di lingkungan laut di seluruh 

dunia, di mana beberapa spesies dapat menghuni rentang lingkungan yang sempit sedangkan 

yang lain memiliki rentang distribusi yang luas karena kemampuan mereka untuk 

menyesuaikan diri dengan suhu dan kisaran salinitas yang berbeda. Genus ini umumnya 

ditemukan pada kepadatan rendah dalam komunitas fitoplankton. Namun, kelimpahan tinggi 

dapat ditemui di perairan pantai dengan kepadatan melebihi 105 sel L-1. Informasi tentang 

Dinophysis spp. dan variabilitas toksinnya di perairan sangat jarang dilakukan, sedangkan 

studi kultur hanya terbatas pada spesies tertantu, karena genus ini termasuk dalam kategori 

yang sulit diisolasi dan dikultur di laboratorium. Tujuan dari penelitian ini adalah untuk 

menyelidiki dinamika spesies Dinophysis dan racun yang diproduksi serta kaitannya dengan 

faktor lingkungan di Teluk Ambon. Sampel fitoplankton dan fisiokimia air dianalisis selama 

1,5 tahun periode sampling. Konsentrasi tinggi dari PTX2 dan PTX2sa terdeteksi pada musim 

panas, dan konsentrasinya berkorelasi positif dengan kelimpahan D. miles. Ini menyiratkan 

bahwa sel D. miles juga sebagai penghasil PTX2sa dalam kondisi lingkungan tertentu. 

Konsentrasi nitrat terlarut ditemukan memainkan peran utama dalam mempengaruhi 

kelimpahan sel dan konsentrasi toksin jika dilihat dari keseluruhan data. 

Bab-bab sebelumnya fokus sepenuhnya pada sel vegetatif dari spesies yang berpotensi 

beracun dan hubungannya dengan faktor lingkungan. Dalam bab terakhir (6), focus 

pengamatan difokuskan ke kista dinoflagellata (dinocysts), untuk menyelidiki apakah Teluk 

Ambon dapat berfungsi sebagai seedbank yang memfasilitasi HAB dan kejadian keracunan 

kerang di daerah tersebut. Untuk mencapai tujuan ini, kista dinoflagelata dianalisa pada 

permukaan 2 cm sedimen yang dikoleksi dari 10 stasiun yang terletak di bagian dalam dan 

luar Teluk Ambon. Sedimen diproses untuk keperluan analisa palynologi dan geokimia, 

sementara data parameter air laut rata-rata diperoleh dari program monitoring yang dilakukan 

oleh LIPI. Dua puluh tiga spesies dinocyst ditemukan dari sampel-sampel sedimen termasuk 

Polysphaeridium zoharyi (kista Pyrodinium bahamense), yang ditemui dengan kelimpahan 

tinggi. Hasil selanjutnya menunjukkan bahwa pengaruh faktor lingkungan pada kelimpahan 

dan distribusi dinocysts adalah kompleks, dan tidak ada parameter khusus yang ditemukan 

mempengaruhi distribusi P. zoharyi di Teluk Ambon. Namun, faktor-faktor seperti suhu air 

permukaan dan salinitas umumnya memainkan peran penting. Konsentrasi total dinocyst dan 

P. zohary pada studi ini ditemukan tiga sampai lima kali lebih tinggi daripada yang 

ditemukan dalam penelitian sebelumnya di tahun 2007. Hasil ini memberi kesimpulan bahwa 
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panas, dan konsentrasinya berkorelasi positif dengan kelimpahan D. miles. Ini menyiratkan 

bahwa sel D. miles juga sebagai penghasil PTX2sa dalam kondisi lingkungan tertentu. 

Konsentrasi nitrat terlarut ditemukan memainkan peran utama dalam mempengaruhi 

kelimpahan sel dan konsentrasi toksin jika dilihat dari keseluruhan data. 

Bab-bab sebelumnya fokus sepenuhnya pada sel vegetatif dari spesies yang berpotensi 

beracun dan hubungannya dengan faktor lingkungan. Dalam bab terakhir (6), focus 

pengamatan difokuskan ke kista dinoflagellata (dinocysts), untuk menyelidiki apakah Teluk 

Ambon dapat berfungsi sebagai seedbank yang memfasilitasi HAB dan kejadian keracunan 

kerang di daerah tersebut. Untuk mencapai tujuan ini, kista dinoflagelata dianalisa pada 

permukaan 2 cm sedimen yang dikoleksi dari 10 stasiun yang terletak di bagian dalam dan 

luar Teluk Ambon. Sedimen diproses untuk keperluan analisa palynologi dan geokimia, 

sementara data parameter air laut rata-rata diperoleh dari program monitoring yang dilakukan 

oleh LIPI. Dua puluh tiga spesies dinocyst ditemukan dari sampel-sampel sedimen termasuk 

Polysphaeridium zoharyi (kista Pyrodinium bahamense), yang ditemui dengan kelimpahan 

tinggi. Hasil selanjutnya menunjukkan bahwa pengaruh faktor lingkungan pada kelimpahan 

dan distribusi dinocysts adalah kompleks, dan tidak ada parameter khusus yang ditemukan 

mempengaruhi distribusi P. zoharyi di Teluk Ambon. Namun, faktor-faktor seperti suhu air 

permukaan dan salinitas umumnya memainkan peran penting. Konsentrasi total dinocyst dan 

P. zohary pada studi ini ditemukan tiga sampai lima kali lebih tinggi daripada yang 

ditemukan dalam penelitian sebelumnya di tahun 2007. Hasil ini memberi kesimpulan bahwa 
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Teluk Ambon sangat berpotensi berperan sebagai seedbank. Dilihat dari analisis geokimia, 

Teluk Ambon bagian dalam menerima bahan organik allochthonous dan nutrisi (N dan P) 

dalam jumlah yang tinggi melalui aliran sungai-sungai. Hal ini dapat memicu tingkat 

produktivitas tinggi yang berpotensi menghasilkan ledakan phytoplankton yang berbahaya 

(beracun). 

Penelitian-penelitian yang dilakukan dalam tesis PhD ini telah mengisi beberapa celah 

penting dalam pengetahuan dan pemahaman kita tentang HAB dan peristiwa keracunan 

kerang di Teluk Ambon dan Indonesia pada umumnya. Studi ini secara umum berhasil 

menggambarkan spesies alga yang berpotensi toksik dan racun terkait dari sampel alami 

bersamaan dengan pengaruh faktor lingkungan. Terlepas dari variasi musiman yang 

kompleks, faktor lingkungan seperti suhu, pencampuran vertikal (MLD), ketinggian pasang 

surut, intensitas cahaya, amonium dan nitrat menunjukkan dampak pada kepadatan sel dan 

konsentrasi toksin. Hasil yang disajikan dalam tesis ini memberikan informasi berharga untuk 

memperkaya data dasar HAB di Ambon dan Indonesia, yang selanjutnya dapat membantu 

untuk membangun sistem peringatan dini yang baik untuk mengatasi masalah kesehatan 

manusia dan kematian di masa depan. Berdasarkan hasil dan temuan penelitian dalam tesis 

ini, beberapa poin dapat direkomendasikan sebagai berikut: 

1. Pyrodinium bahamense var. compressum adalah spesies beracun, dimana kehadiran dan 

proliferasinya terkait dengan masalah sosial ekonomi dan kesehatan manusia di Indonesia. 

Penelitian ini mendapatkan bahwa selain spesis ini, sejumlah spesies yang berpotensi 

toksik lainnya serta racun yang terkait juga ditemukan. Ini menyiratkan bahwa program 

monitoring harus dilakukan secara menyeluruh mencakup semua spesies yang berpotensi 

menghasilkan racun. Selain itu, analisis toksin harus diperhitungkan sebagai parameter 

penting dalam program monitoring. Dengan demikian profil dan level toksin dapat terus 

dipantau di Teluk Ambon. 

2. Kehadiran beberapa spesies yang berpotensi beracun terdeteksi secara terus-menerus 

sepanjang tahun, yang berarti bahwa kejadian ledakan dapat terjadi pada waktu yang tidak 

bisa diprediksi dan tidak terbatas pada satu musim tertentu. Untuk mengantisipasi hal 

tersebut, program monitoring harus dilakukan secara berkelanjutan sepanjang tahun 

dengan frekuensi pengambilan sampel yang konstan. 

3. Racun-racun yang terdeteksi dalam sampel plankton di Teluk Ambon diketahui dapat 

menyebabkan keracunan pada manusia. Namun, dalam tesis ini, informasi toksin yang 

 
 
 

 

terakumulasi dalam daging kerang tidak tersedia. Dengan demikian, semua racun-racun 

yang relevan harus dianalisis baik dalam sampel plankton maupun daging kerang. 

4. Teluk Ambon bagian dalam menerima bahan organik dan input nitrogen yang tinggi 

melalui sungai yang akhirnya dapat mempercepat tingkat produktivitas dan memicu 

ledakan alga. Daerah ini juga menampung dinocyts dari spesies beracun dengan 

konsentrasi yang tinggi sehingga dapat berperan sebagai bank benih (seedbank) yang 

potensial. Untuk itu, program monitoring dapat difokuskan hanya pada teluk dalam. Selain 

itu, pemantauan pengelolaan air limbah yang efektif secara berkelanjutan juga sangat perlu 

dilakukan di daerah teluk dalam ini. 

5. Temuan-temuan yang dihasilkan dari penelitian lapangan dalam tesis ini perlu didukung 

oleh studi-studi kultur. Dalam hal ini, eksperimen-eksperiment dalam laboratorium sangat 

penting dilakukan pada spesies-spesies tertentu untuk mempelajari lebih lanjut tentang 

profil dan level toksin yang diproduksi, serta pengaruh faktor lingkungan yang turut 

berpearan. 
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