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Abstract A Harmful Algal Blooms Regional Monitoring Program has been carried
out in Chubut coastal waters (Patagonia, Argentina) since the year 2000. This pro-
gram surveys an extended shoreline, with bays and gulfs with shellfish natural
banks and farms. Paralytic shellfish poison (PSP)-toxin-producing species, A. tama-
rense, have been observed during the study period; in addition, species producing
diarrheic shellfish poison (DSP)-toxins, such as Dinophysis acuminata and D. tri-
pos and Prorocentrum lima, and amnesic shellfish poison (ASP)-toxins, as several
species of genus Pseudo-nitzschia, have been identified. Moreover, the production
of the three types of toxins has been proven. Other harmful but nontoxic species
have been registered in the area. The aim of this review is to show the temporal and
spatial distribution of harmful microalgae species, the environmental factors associ-
ated with their occurrence, and their relation to toxic outbreaks during more than
15 years of observations, with special attention focused on the episodes of human
intoxications. In addition, we discussed the accumulation and transfer of some phy-
cotoxins through pelagic food webs, from the first trophic levels to large marine
mammals, such as whales.
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1 Introduction

While harmful algal blooms, in a strict sense, are completely natural phenomena
that have occurred throughout recorded history, in the past two decades, the impact
of such events on public health and economy appears to have increased in frequency,
intensity, and geographical distribution (Van Dolah 2000; Hallegraeff 2004).
Harmful algal blooms (HABs), commonly called red tides, affect virtually every
coastal region of the world. Since the latter term erroneously includes many blooms
that discolor the water but cause no harm and also excludes blooms of highly toxic
cells that cause problems at low (and essentially invisible) cell concentrations, sci-
entists prefer the term HAB (Anderson et al. 2012).

In the broad sense, UNESCO’s Intergovernmental Oceanographic Commission
(IOC) coined the term “harmful algal blooms” (HABs) to designate the occurrence
of a heterogeneous group of microorganisms that are perceived as harmful. Then,
the HAB designation is a societal concept rather than a scientific definition. Blooms
are considered to fit the HAB criterion if they cause injury to human health, to
socioeconomic interests, or to components of aquatic ecosystems (Reguera 2002;
Anderson et al. 2012).

Among the different types of HABs, some may be harmful non-toxigenic. They
may cause serious damage to marine wildlife by clogging the fish gills, decreasing
oxygen levels in the water column, triggering death by anoxia, etc. Some HABs
may injure gill tissues and membranes in fish producing their death by a mechanical
effect of their cellular spines and horns (Hasle and Fryxell 1995) or by producing
hemolytic substances, as it is the case with some species of Raphydophyceae
(Sudrez-Isla and Guzman 1999; Hallegraeff and Hara 2004). On the other hand,
some HAB species are toxigenic and produce blooms that cause illness and death of
fish, seabirds, mammals, and other marine life, often via toxin transfer through the
food web by consumption of filter-feeding organisms that accumulate the toxin-
producing species. Human consumers of seafood contaminated by these toxins may
also be poisoned, suffering acute toxic symptoms and even fatalities in extreme
cases (Anderson et al. 2012). Based on the symptomatology of the intoxication and
on the vectors of transmission, different types of poisoning have been defined
(Fernandez et al. 2002; Wang 2008).

Zooplankton can be an intermediate link in the trophic transfer of phycotoxins to
higher consumers, potentially intoxicating marine fish, birds, and mammals
(Lefebvre et al. 1999; Scholin et al. 2000). The Valdés Peninsula, declared a World
Heritage Site by UNESCO in 2000, and its surrounding gulfs have a rich biodiver-
sity of marine birds and mammals of a great tourist importance; the most represen-
tative species is the southern right whale, Eubalaena australis UNESCO’s Natural
Monument, which finds in these waters an important calving ground. Doucette et al.
(2006), Leandro et al. (2010), and Fire and Van Dolah (2012), among others, have
clearly demonstrated that whales ingest the different toxins that pass through their
digestive tract. Thus, harmful algal blooms pose a risk for this protected species as
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well as for other animals that feed on zooplankton (D’Agostino et al. 2015) and
shellfish.

Red tides in the South American Cone, as in other regions of the world, have
been recorded as early as the time of the great oceanographic expeditions of the
nineteenth century (Reguera 2002). Carreto and Benavides (1993) reported the exis-
tence of historical archives in Argentina describing mortalities within the indige-
nous populations of Ushuaia, caused by shellfish consumption, since 1886. In the
Argentine seashore, this phenomenon was first reported in shelf waters off the
Valdés Peninsula in 1980, when two fishermen died after eating mussels with high
concentrations of paralytic shellfish poison (PSP)-toxins, associated with Gonyaulax
excavata (Braarud) Balech (Carreto et al. 1981). This species was later transferred
to the genus Alexandrium Halim under the name Alexandrium excavatum (Braarud)
Balech et Tangen and synonymized by Balech (1995) as Alexandrium tamarense
(Lebour) Balech. Molecular studies revealed that A. fundyense from eastern USA,
A. catenella from western USA and western South America, and A. tamarense from
western South America are all the same species, the so-called A. tamarense complex
Group I (Lilly et al. 2007), lately renamed A. fundyense (John et al. 2014). After
strong controversy, the final name adopted for the A. tamarense Group I was A.
catenella (Fraga et al. 2015), priority based on seniority (Prud’homme van Reine
and Willem 2017). This study retains the name A. tamarense because of the previ-
ously published literature for this region and since the confirmation of the presence
or absence of alternative ribotypes of this species complex in the eastern South
America has not yet been communicated.

Monitoring of PSP-toxins in shellfish in Chubut coastal waters started after the
1980 event. Nevertheless, several toxic outbreaks, some of them including fatal
cases, have occurred in different sites of the coast ever since (Vecchio et al. 1986;
Esteves et al. 1992; Andrade 2001; Andrade 2002; Santinelli et al. 2002; Baulde
2010; Baulde 2011).

2 The Chubut Province Monitoring Program

Since the year 2000, a Harmful Algae Blooms and Shellfish Toxicity Monitoring
Program has been carried out in Chubut coastal waters (Patagonia, Argentina) as
part of the Provincial Plan for Prevention and Control of Red Tide. This area covers
an extended shoreline of approximately 1600 km, with bays and gulfs with natural
shellfish banks and farms. The program includes monitoring of harmful algal
blooms and marine environmental conditions, shellfish toxicity control and harvest-
ing closures, educational and training activities, dissemination of information, and
detection of intoxicated consumers in public health centers. At the beginning, only
the northern coastal zone (North Patagonian gulfs) was controlled, but the southern
stations were added several years later. Moreover, amnesic shellfish poison (ASP)
and diarrheic shellfish poison (DSP) have been measured since 2005 and 2008,
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Fig. 1 Study area and location of the sampling stations

respectively. Nowadays, samples are taken monthly or bi-weekly from 12 sites of
the Patagonian shoreline.

The study area is located approximately between 42°-46°S and 64°-67°30'W
(Fig. 1). We will consider the North Patagonian gulfs of San Matias, San José,
Nuevo, and Magagna as part of the northern zone and Camarones and the San Jorge
Gulf as the southern zone. Samples were collected from integrated water column;
250 ml subsamples were preserved with Lugol’s solution and stored for species
identification and enumeration. Afterward, they were counted using the Utermohl
(1958) method with a Leica DMIL phase contrast inverted microscope. In addition,
qualitative phytoplankton samples were taken using a 25 pm mesh net through
oblique tows on a boat and fixed with formaldehyde at a final concentration of 4%.
They were later analyzed at the Instituto de Investigacién de Hidrobiologia of the
Universidad Nacional de la Patagonia.

Living and fixed net samples were observed with an Olympus CX31 phase con-
trast light microscope. Taxonomic identification of dinoflagellates was carried out
following Balech (1995), and diatoms frustules were cleaned following the Hasle
and Fryxell (1970) procedure. Scanning electron microscopy observations of the
samples were made with a Jeol JSM-6360 LV scanning electron microscopy at the
Facultad de Ciencias Naturales y Museo and Universidad Nacional de La Plata and
with a Zeiss Supra 40 at the Universidad de Buenos Aires advanced microscopy
center.
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Fig. 2 Main toxin-producing species in Chubut province. (a) Alexandrium tamarense vegetative
cell, (b) A. tamarense resting cist, (¢) Dinophysis acuminata, (d) D. tripos, (€) Prorocentrum lima,
(f) Pseudo-nitzschia calliantha, (g) P. pungens, (h) P. australis, (i) P. fraudulenta (a—f LM; g—i
SEM) (Scale bars = 20 pm)

3 Harmful Toxin-Producing Species

Outbreaks of harmful algal blooms (HAB) have occurred in coastal waters of
Chubut province (Patagonia, Argentina) since 1980. Different toxin-producing spe-
cies associated with these events have been identified (Fig. 2): (i) paralytic shellfish
poisoning (PSP), Alexandrium tamarense; (ii) diarrheic shellfish poisoning (DSP),
Dinophysis acuminata, D. tripos, D. caudata, D. fortii, D. acuta, Phalacroma
rotundatum, Prorocentrum lima, P. cordatum, and Protoceratium reticulatum; and
(iii) amnesic shellfish poisoning (ASP), Pseudo-nitzschia australis, P. multiseries,
P. pungens, P. fraudulenta, and P. calliantha.

4 Harmful Non-toxigenic Species

Among the harmful non-toxigenic species, the most frequent in the samples were
the diatoms Coscinodiscus wailesii, Thalassiosira mala, Leptocylindrus minimus,
Chaetoceros socialis, C. concavicornis, and Asterionellopsis glacialis, the dinofla-
gellates Prorocentrum micans and Lepidodinium sp., and the silicoflagellates
Dictyocha fibula, D. speculum, and D. octonaria. Although they have not caused
any proven damage to the fauna or flora in this region, they are responsible for
harmful events in other geographic areas (Clément and Lembeye 1993; Hallegraeff
2004; Hasle and Fryxell 1995; Andersen et al. 1995; Hargraves and Maranda 2002;
Fryxell and Hasle 2004; Smayda 2006).
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5 Environmental Features

The seasonal variability of the hydrographic conditions of both the northern and
southern areas is summarized in Fig. 3 and is based on monthly mean temperature,
nitrate + nitrite (hereinafter identified as nitrate), phosphate, and silicic acid data
collected during the Monitoring Program in Chubut coastal waters. Both areas show
the typical seasonal variability of temperate-cold regions. The northern area was
characterized by an annual average salinity of 34.06 + 0.22 (n = 818) (not shown in
the figure), temperature in the range of 10.7 °C-17.5 °C (Fig. 3a). Nutrient concen-
trations (Fig. 3b—d) were highest in winter (nitrate ~ 5 pM, phosphate ~ 1.4 pM, and
silicic acid ~ 5.7 pM) and lowest from spring to early autumn (nitrate <1 pM or no
detected, phosphate <1.1 uM, and silicic acid mainly <2.5 pM). In the southern
area, annual average salinity was 33.46 + 0.41 (n = 336) (not shown in the figure),
and temperature was between 8.4 °C and 15.5 °C (Fig. 3e). The highest nutrient
concentrations (Fig. 3f—h) were also observed in winter, but values were higher than
in the northern area (nitrate ~ 10.5 pM, phosphate ~ 1.6 pM, and silicic acid ~
6.1 pM). The lowest nutrient values were recorded from spring to the end of sum-
mer; concentrations of phosphate and silicic acid concentrations were similar to the
northern area, but nitrate did not reach undetected levels.

6 Spatial and Temporal Dynamics of Harmful Species

Only the more frequent species in the phytoplankton samples were considered in
this analysis. The harmful species showed a large interannual variability in their
occurrence and density and differences between sampling sites (Fig. 4). There were
years, such as 2001, with great species diversity but others with a strong dominance
of a single species, such as 2012 and 2013. A. tamarense was an important compo-
nent within the harmful species in the years 2000, 2004, and 2005 in some stations
of the north zone (Magagna, Nuevo, and San José gulfs) and in the 2010 and 2015 in
the stations of the south zone (San Jorge Gulf). Among Pseudo-nitzschia species, P.
pungens was well represented until 2010 in the northern area (except 2006 and
2008); P. australis until 2006; P. calliantha during 2007, 2008, 2009, 2010, and
2015; and P. fraudulenta from 2006 onward.

7 Spatial and Temporal Dynamics of Alexandrium tamarense
and PSP

Alexandrium tamarense was present throughout Chubut province coasts, with maxi-
mum cell densities at the end of winter and during spring in the northern zone
(Santinelli et al. 2002) and during spring and summer in the south (Pérez et al. 2013)
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Fig. 5 Seasonal dynamics of Alexandrium tamarense density (as In cell L7") in Chubut coastal
waters between 2000 and 2015

(Fig. 5). This species produced recurrent toxic events during spring and summer
associated with a wide interannual variability in toxin concentrations (Andrinolo
et al. 1999; Carreto et al. 1996; 1998a, b; Esteves et al. 1992; Reyero et al. 1998;
Santinelli et al. 2002).

In the northern zone, cell densities of this species were below 10* cells L~!
although they led to toxin levels in shellfish, frequently exceeding the regulatory
levels established by the World Health Organization (WHO) and by the Argentinian
Food Code (AFC) (800 pg STX eq./kg of tissue). The maximum toxin level recorded
was 41,114 pg STX eq./kg of tissue in Aequipecten tehuelchus (shellfish) in Bengoa
station (San José Gulf) in November 2003, following a peak of 6.6 x 10° cells L-!
of A. tamarense in October. In contrast, high densities of this species were recorded
in the Nuevo Gulf in January 1988, (75 x 10* cells L™!), associated with 13,230 pg
STX eq./Kg of tissue in Aulacomya atra (Esteves et al. 1992) and in December 1993
(2.3 x 10° cells L) without toxicity results (Santinelli 2008).

In the southern zone, the highest cell density (7 x 10° cells L~!) and the highest
percentage of this dinoflagellate (52%) in relation to the whole phytoplankton com-
munity were recorded in January 2010 associated with a toxicity peak of more than
22,000 pg STX eq./kg of shellfish tissue. At this time, five cases of intoxication with
a half-hour incubation period and one fatal case occurred in Rada Tilly (Baulde
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2010). By late spring (November), the annual maximum of this species (1.9 x 10°
cells L1, 97% of total phytoplankton) was recorded. It should be noted that this has
been the record value for all the sampling stations that are part of the monitoring
program since 2000. At Belvedere station, the net sample was formed exclusively
by A. tamarense resting cysts, indicating that the populations were going through an
encystment phase. Toxin levels in Mytilus edulis platensis reached 88,596 pg STX
eq Kg™! of tissue a month later (December).

Blooms occurred in summer with temperatures between 15 and 17 °C and
nitrate + nitrite practically depleted. Those from the spring were observed with
temperatures between 8 and 10 °C and with undetectable nitrate + nitrite concen-
trations. One year later (December 2011), a new toxic bloom occurred north of
the San Jorge Gulf associated with more than 100,000 pg STX eq Kg™! of shell-
fish tissue, causing two severe cases of intoxicated people, one of them fatal
(Baulde 2011). HPLC analyses of phytoplankton and filter-feeding bivalves,
both in the north (Nuevo and San José gulfs) and in the south (San Jorge Gulf),
showed that gonyautoxins (GTXs) were the most abundant PSP-toxins. Among
these, GTX 1-4 epimers were predominant, and GTX 2 and GTX 3 were present
in low concentrations. Small amounts of N-sulfocarbamoyl (C1-C4) and (C1-
C2) were detected in mollusk samples but not in phytoplankton and only traces
of STX and dc STX in both phytoplankton and shellfish (Reyero et al. 1998;
Andrinolo et al. 1999; Sastre et al. 2013).

8 Spatial and Temporal Dynamics of DSP-Toxin-,
Pectenotoxin-, and Yessotoxin-Producing Species

Table 1 shows the sites, dates, and environmental conditions in which the highest
cell densities of the DSP-toxin-, pectenotoxin-, and yessotoxin-producing species
were recorded. The presence of several Dinophysis species has been reported
since the start of the monitoring program in 2000. Dinophysis tripos has also been
detected along the coast throughout all the seasons, but peaks of abundance were
observed mainly in autumn and winter. It was recorded for the first time in May
2007 with a cell density of 2 x 10* cells L~! in Lobos (San Matias Gulf) and
reached a maximum of 26 x 10° cells L~! in Riacho (San José Gulf) in March 2015
(Fig. 6a). Dinophysis acuminata was registered along the whole coast (San Matias,
San José, Nuevo, and San Jorge gulfs and in Magagna and Camarones) mainly in
spring and summer. In November 2007, it reached a maximum density of 5 x 10°
cells L' in the San José Gulf (Larralde) (Fig. 6b). D. acuminata is the main agent
of chronic and persistent episodes (spring-autumn) of DSP (part of the lipophilic
toxin complex), mainly okadaic acid, in bivalves from the Galician coast (Reguera
and Pizarro 2008). Dinophysis fortii and D. acuta were registered in the Nuevo
Gulf in January 2006, with a maximum density of 4 x 10% cells L=!. Two species,
Dinophysis caudata and Phalacroma rotundatum (Dinophysis rotundata), were
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Table 1 Maximum cell density, sampling site and date, and hydrographic data of lipophilic
shellfish toxin (LST)-producing species (nutrients in pM)

NO;- | PO,

Species Cells L! Site Date T°C | Salinity | N P Si0,-Si

D. tripos 8400 Bengoa Aug 11 34.5 2.53 | 1.20 3.79
2010

D. 5400 Larralde Nov 12 | 34.0 0.03 | 0.83 0.20

acuminata 2007

D. caudata | Scarce in net Lobos Feb 17 344 0.16 | 1.59 0.03

samples 2009

D. fortii 400 Parana Jan 17 | 33.8 0.25 | 0.78 1.19
2006

D. acuta 440 Parana Jan 17 | 33.8 0.06 | 0.89 1.53
2006

P Scarce in net Malaspina | Oct 9 33,7 0,03 |0,70 |1,07

rotundatum | samples 2005

P. lima 1320 Riacho May 14 | 33.7 2 4.17 1.32
2004

P. cordatum | 6200 Camarones | Nov 12.5] 33.6 0.21 | 0.95 2.48
2005

P. Scarce in net Pardelas Oct 12 | 343 0.29 | 0.73 1.15

reticulatum | samples 2010

not detected in samples for quantitative analysis; they occurred sporadically and
were detected in qualitative analysis. D. caudata was only found in the San Matias
Gulf in summer. These results show that Dinophysis species only appeared spo-
radically in quantitative samples. There are two possible explanations for this
finding: on the one hand, the sporadic occurrence in quantitative plankton samples
may be due to low cell densities, a common feature among Dinophysis spp., which
makes it difficult to acquire accurate quantitative information and will often be
associated with high counting errors (Reguera et al. 2012). On the other hand, it
is known that populations of Dinophysis are aggregated in patches or in thin lay-
ers of the water column and thus they may escape observation with conventional
sampling methods (Escalera et al. 2012).

Other producers of lipophilic toxins present in the study zone were Prorocentrum
lima, first reported by Santinelli et al. (1995) and related to human intoxications in
Puerto Madryn city (Gayoso and Ciocco 2001; Gayoso et al. 2002), P. cordatum and
Protoceratium reticulatum. P. lima was most abundant in the northern zone in
autumn. P. cordatum in the southern coast in summer and P. reticulatum was only
registered in net samples in the Nuevo Gulf in spring. D. tripos could be identified
as a pectenotoxin (PTX)-producing species in North Patagonian gulfs and thus most
likely responsible for positive DSP mouse bioassays in the region. The PTX-2 pro-
duction associated with D. tripos along the Chubut coast is in accordance with other
observations in the Argentine Sea (Fabro et al. 2015) as well as in other regions
(Rodriguez et al. 2012). Our study suggests that D. tripos blooms associated with
the presence of DSP in shellfish are becoming a recurrent phenomenon in the North



508 A. V. Sastre et al.

a 30000 -
25000 - A
~ 20000 -
|
© 15000 -
3
10000 4 E
5000 - O o
O ey O
o lmmxao MO O A Ao LA
N O 0 0 O OO OO O ©O O~ — "N M < v v O
QPP QQQQ v o v o T
>¥C""_Q‘—COC>50_Q>~>~‘—50)
2838933832532 88232

mBengoa [plLarralde 4 Riacho ¢ Lobos @A Parana

# Pardelas
b 6000 1
5000 4
~ 4000 - (] (]
-
£ 3000 - A mA
3 <o
O
2000 +
O A O #X
1000 AR A - o -
0 T L] L] T T T T T T LI} T L] L] T T T T L] L T L] L] ? T T L] 1
N~ [c) ® @ (o] (o] (o] (o] o o — — ™ e} ©
IR LLIIIYIT LT T YT
> = C e QO = C o C > =5 (&} [ = s
2<36223832588=90
m Bengoa O Larralde A Riacho & Lobos
A Parana % Rada Tilly <> Belvedere

Fig. 6 Cell densities of Dinophysis tripos (a) and D. acuminata (b) in different locations of the
Chubut coastal area between November 2007 and August/October 2016

Patagonian gulfs (Gracia Villalobos et al. 2015). However, D. tripos has never been
cited as the causative agent of DSP events when it was the only or the overwhelm-
ingly dominant species of Dinophysis in the micro-sized phytoplankton (Reguera
et al. 2014). In contrast, D. acuminata has been identified as the causative agent of
DSP in Southern Brazil (Proenca et al. 2007) and, combined with D. caudata, in
Uruguay (Méndez and Ferrari 2002) and Argentina (Sar et al. 2010, 2012; Sunesen
et al. 2014). A coastal species, D. acuminata, has a strong negative impact on
shellfisheries, because it is an early blooming species with a very long growing
season (spring to autumn). This is the most cosmopolitan Dinophysis species asso-
ciated with DSP events (Reguera et al. 2014). Between 2009 and 2016, fishing
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Table 2 Maximum cell density, sampling site and date, and hydrographic data of amnesic shellfish
toxin (AST)-producing species (nutrients in pM)

Species Cells L' | Site Date T°C | Salinity | NO;-N | PO,-P | SiO,-Si
P. australis 394,800 Larralde | Nov 2009 |12 33.9 0.00 0.78 0.26
P. pungens 2,197,440 |Riacho | Nov2010 |12 |34.2 0.55 0.86 1.19
P. fraudulenta | 4,174,400 | Larralde |Dec 2012 |13 - 0.00 0.97 0.34
P. calliantha | 3,292,800 | Bengoa | Dec 2010 |13 34.0 0.00 0.96 0.37

authorities had to implement 15 closures for commercial extraction due to DSP-
toxins in the Chubut coastal zone.

9 Spatial and Temporal Dynamics of Pseudo-nitzschia spp.

P. australis, P. pungens, P. multiseries, and P. pseudodelicatissima have been cited
in North Patagonian gulfs (San Matias, San José, and Nuevo Gulfs) (Sastre et al.
1995, 2001). Later, following the taxonomic review by Lundholm et al. (2003), it
was verified that according to the ultrastructure of the areolae, the latter species cor-
responded to P. calliantha. Table 2 shows the sites, dates, and environmental condi-
tions in which the highest cell densities of the amnesic toxin-producing species
were recorded.

P. fraudulenta has been the most common species in Chubut coastal waters. It
has been present in all the sampling stations and showing the highest cell densities.
This species, together with P. calliantha and P. pungens, has several times exceeded
densities of 10° cells L=!, in the northern gulfs (San Matias, San José, and Nuevo)
reaching levels between 2 and 4 x 10° cells L~! in the San José Gulf (Table 2).

The highest densities of Pseudo-nitzschia spp. were observed between 2008 and
2012. The ASP-toxin, domoic acid (DA), was detected in continental shelf waters of
the Argentine Sea (Southwestern Atlantic Ocean) in July 2000 associated with P.
australis (Negri et al. 2004). In Chubut coastal waters, this ASP-toxin was measured
in phytoplankton concentrates from the Nuevo Gulf (Pardelas station) and
Camarones in October 2005, rich in P. fraudulenta and P. pungens (Sastre et al.
2007). Both species co-occurred during the spring bloom at the Pardelas and
Camarones stations. Blooms coincided with nutrient decline and increased values of
temperature and Secchi disk depth reads. The species P. australis, P. fraudulenta,
and P. pungens are worldwide known as DA producers (Lelong et al. 2012).
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10 Accumulation and Transport of Some Phycotoxins
Through Pelagic Food Webs

Phycotoxins in Chubut coastal waters are concentrated by primary consumers as
filter-feeding bivalve mollusks, such as Mytilus edulis platensis, Aulacomya atra,
Aequipecten tehuelchus, Ameghinomya antiqua, Ensis macha, and Panopea abbre-
viata, and by secondary consumers, such as gastropods Odontocymbiola magel-
lanica, Buccinanops cochlidium, Buccinanops globulosus, and Trophon geversianus.
When PSP-toxin levels in these species exceed the regulatory limits (800 pg Kg=! of
shellfish tissue) established by the World Health Organization (WHO), the fishing
authority implements closures for commercial extraction. These closures mainly
affect the artisanal fisheries and mariculture between September and March.

In addition, Cadaillén (2012) demonstrated the transfer of these phycotoxins
(PSP and DA) to zooplankton, the next trophic link in the planktonic food chain, in
the study area. This author showed that during spring 2010, ASP-toxins reached a
maximum concentration of 42.78 pg DA g tissue™' in zooplankton from Riacho,
associated with a sharp increase of P. pungens and P. fraudulenta populations. In
addition, P. australis and P. calliantha were detected in net samples. Overall, spe-
cies of the genus Pseudo-nitzschia represented 81% of the total phytoplankton com-
munity. A. tamarense was present in this gulf since the end of winter (September),
and STX levels in phytoplankton reached a maximum of 1.866 pg STX eq g cell™
in Bengoa and 3.380 pg STX eq g tissue™ in zooplankton in Larralde (November).
In the Nuevo Gulf, the maximum toxin level in zooplankton, 25.75 pg DA g tis-
sue™!, was associated with a bloom of P. fraudulenta, when this species represented
90% of the total phytoplankton.

Undoubtedly, the presence of toxin-producing phytoplankton species and the
possibility of transfer of their toxins to the zooplankton pose a risk to marine organ-
isms, such as fish, birds, and mammals, which are zooplankton consumers belong-
ing to a unique ecosystem of great tourist interest. D’ Agostino et al. (2015) found
fragments of Pseudo-nitzschia spp. frustules in all the southern right whale
Eubalaena australis fecal samples analyzed. At least four taxa, P. australis, P.
fraudulenta, P. pungens, and the P. pseudodelicatissima complex, were identified in
the feces and water samples analyzed. Micro-sized crustacean remains, mainly
copepodite five mandibular gnathobases of Calanus australis (a common species in
the Argentine Sea), were also found in fecal samples of live and dead whales from
the San José Gulf (D’Agostino et al. 2016). These findings indicate that southern
right whales may have been exposed to DA, while feeding in this area and copepods
could have acted as the main vector of this neurotoxin.

In recent years, there have been an increased number of dead whales found in the
Valdés Peninsula area (753 dead whales from 2003 to 2016, Southern Right Whale
Health Monitoring Program), and 4 main hypotheses were proposed to explain this
phenomenon (Rowntree et al. 2013). One of them, addressed in this study, is the trans-
fer of marine biotoxins along the food web from producing organisms to southern right
whales through mesozooplanktonic vectors. Trace levels of STXs and DA were
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detected in samples of feces, urine, and tissues collected from dead individuals of E.
australis in the Valdés Peninsula (Uhart et al. 2009; Rowntree et al. 2013). Southern
right whale mothers and their calves are exposed to biotoxin-producing algae in the
Valdés Peninsula area. High-risk levels of Pseudo-nitzschia spp. and A. tamarense
occurred between 2007 and 2013, the period with the highest number of dead whales
(>50 deaths/year) (Wilson et al. 2016). The occurrence of toxic Pseudo-nitzschia spp.
blooms concurrently with the whale season and the detection of high levels of DA
(710 pg DA g~! dry weight) in southern right whale’s feces, in some cases higher than
those reported during marine mammal mortality events, demonstrate the natural risk to
which the whales are exposed during their stay in this area (D’ Agostino et al. in press).

11 Conclusions

Distinct environmental conditions in the northern and southern areas of Chubut
coastal waters and large differences between seasons have been observed. The com-
position and abundance of harmful microalgae species showed a large site-specific
interannual variability. Some years presented a good diversity of harmful species,
whereas others had an almost exclusive dominance of a single species. The PSP-
toxin producer Alexandrium tamarense was present throughout the entire coast of
the Chubut province. In the north, maximal cell densities appeared by the end of
winter and during spring; however, it was not necessary to reach high densities to
cause toxic events (low biomass toxic HABs). In contrast, cell maxima occurred in
spring-summer in the south, and densities exceeding one million cells per liter were
necessary to produce a high accumulation of toxins. The similarities between the
PSP-toxin profiles in the filter-feeding bivalves and in the co-occurring phytoplank-
ton strongly support the view that the dinoflagellate A. tamarense is the source of
PSP-toxin contamination in the Valdés Peninsula. GTX1 and STX were the most
powerful PSP-toxins in the toxin profile. The predominance of GTX1 may have
been decisive in the intoxication episodes registered in the San Jorge Gulf in 2010
and 2011. In addition to human illness, PSP-toxins are cause of major economic
losses due to the commercial shellfish harvesting closures.

Among the producers of DSP-toxins and pectenotoxins, high cell densities of D.
tripos were found mainly in autumn and winter but restricted to the San Matias and
San José gulfs, whereas D. acuminata peaked in December and was not frequent in
all the stations. Closures to commercial shellfish extraction due to DSP-toxins asso-
ciated with D. tripos are becoming a recurrent phenomenon in the North Patagonian
gulfs. The other lipophilic toxin-producing species found in the Chubut province
coastal zone occurred only sporadically and in low densities.

Although several species of the genus Pseudo-nitzschia cited as toxic in other
parts of the world occur in high cell densities in Chubut, no human poisoning by
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DA has been reported in the region. It has not been confirmed if toxin accumula-
tion has been the probable cause of death in stranded whales. However, it has been
demonstrated that whales are exposed to toxins (PSP-toxins and DA) in the Valdés
Peninsula since their stay coincides with the toxic phytoplankton bloom season,
and it has been confirmed that they feed on contaminated zooplankton in this
breeding area.

Chubut coastal waters are an adequate environment for the development of
Harmful Algal Blooms and the production of phycotoxins. Therefore, it is necessary
to maintain a permanent monitoring to take measures to prevent human poisoning
and to understand possible effects on the marine fauna as well as to initiate new
lines of research including molecular analysis and the use of satellite images for the
early detection of the blooms.

Acknowledgments We are grateful to Dr Martha Ferrario for her great help in identifying species
of the genus Pseudo-nitzschia and the divers and helmsmen of the Provincial Plan for Prevention
and Control of Red Tide (Chubut province) for the collection of phytoplankton samples and to the
Ministry of Fisheries of Chubut province for providing data on timing of shellfish harvesting clo-
sures. This work was supported by Project 10/c312, “Atlas de Microalgas Marinas Nocivas de la
Costa de la Provincia de Chubut” from Universidad Nacional de la Patagonia San Juan Bosco.

References

Andersen RJ, Blackburn SI, Taylor FIR et al (1995) Algal culture collections and toxic algal
strains. In: Hallegraeff GM, Anderson DM, Cembella AD (eds) Manual on harmful marine
microalgae. IOC, UNESCO, Paris, pp 489-531

Anderson DM, Cembella AD, Hallegraeff GM (2012) Progress in understanding harmful algal
blooms: paradigm shifts and new technologies for research, monitoring, and management.
Annu Rev Mar Sci 4:143-176

Andrade A (2001) Brote de Intoxicacion por Veneno Paralizante de Molusco. Informe de la
Direccion de Salud Ambiental, Chubut, diciembre 2000, p 6

Andrade A (2002) Brote de Intoxicacion por Veneno Paralizante de Molusco. Informe de la
Direccion de Salud Ambiental, Chubut, octubre 2002, p 4

Andrinolo D, Santinelli N, Otafio S et al (1999) Paralytic shellfish toxins in mussel and Alexandrium
tamarense at Valdés Peninsula, Chubut, Patagonia, Argentina: kinetics of a natural depuration.
J Shellfish Res 18(1):1-17

Balech E (1995) The genus Alexandrium Halim (Dinoflagellata). Sherkin Island Marine Station,
Sherkin Island, p 151

Baulde D (2010) Brote de Intoxicacion por Veneno Paralizante de Molusco. Informe de la
Direccion de Salud Ambiental, Chubut, enero 2010, p 7

Baulde D (2011) Brote de Intoxicacion por Veneno Paralizante de Molusco. Informe de la
Direccion de Salud Ambiental, Chubut, diciembre 2011, p 6

Cadaillon AM (2012) Floraciones algales nocivas y ficotoxinas en fitoplancton y zooplancton de
los Golfos Nuevo y San José. Tesis de grado, Facultad de Ciencias Naturales, Sede Puerto
Madryn, Universidad Nacional de la Patagonia San Juan Bosco, Chubut, Argentina, p 168

Carreto JI, Benavides HR (1993) World record of PSP in Southern Argentina. Harm Alg News,
10C, UNESCO 5:2

Carreto JI, Lasta M, Negri RM et al (1981) Los fenémenos de Marea Roja y toxicidad de moluscos
bivalvos en el Mar Argentino. Contr INIDEP 399:55



Harmful Marine Microalgae in Coastal Waters of Chubut (Patagonia, Argentina) 513

Carreto JI, Elbusto C, Sancho H et al (1996) Comparative studies on paralytic shellfish toxins pro-
files of marine snails, mussels and an Alexandrium tamarense isolated from the Mar del Plata
coast (Argentina). Rev Invest Desarr Pesq 10:101-107

Carreto JI, Akselman R, Montoya NG et al (1998a) Alexandrium tamarense blooms dynamics and
Mitylus edulis toxicity in coastal waters of mar del Plata (Argentina). In: Reguera B, Blanco J,
Fernandez ML, Wyatt T (eds.) Harmful Microalgae, IOC, UNESCO, Santiago de Compostela,
pp 135-138

Carreto JI, Montoya NG, Cucchi Colleoni AD et al (1998b) Alexandrium tamarense blooms and
shellfish toxicity in the Argentine Sea: a retrospective view. In: Reguera B, Blanco J, Ferndndez
ML, Wyatt T (eds.) Harmful Microalgae, IOC, UNESCO, Santiago de Compostela, pp 131-134

Clément A, Lembeye G (1993) Phytoplankton monitoring programme in the fish farm region of
the South of Chile. In: Smayda TJ, Shimizu Y (eds) Toxic phytoplankton blooms in the sea.
Elsevier, Amsterdam, pp 223-228

D’Agostino VC, Hoffmeyer MS, Almandoz GO et al (2015) Potentially toxic pseudo-nitzschia
species in plankton and fecal samples of Eubalaena australis from Peninsula Valdés calving
ground, Argentina. J Sea Res 106:39—43

D’Agostino VC, Hoffmeyer MS, Degrati M (2016) Fecal analysis of southern right whales
(Eubalaena australis) in Peninsula Valdés calving ground, Argentina: Calanus australis, a key
prey species. ] Mar Biol Assoc UK 96(4):859-868

D’Agostino VC, Degrati M, Sastre V et al (in press) Domoic acid in marine pelagic food web:
Exposure of southern right whale Eubalaena australis in Peninsula Valdés calving ground,
Argentina. Harm Al

Doucette GJ, Cembella AD, Martin JL et al (2006) Paralytic shellfish poisoning (PSP) toxins
in North Atlantic right whales Eubalaena glacialis and their zooplankton prey in the Bay of
Fundy, Canada. Mar Ecol Prog Ser 306:303-313

Escalera L, Pazos Y, Doval MD et al (2012) A comparison of integrated and discrete depth sam-
pling for monitoring Dinophysis. Pollut Bull 64:106-113

Esteves JL, Santinelli N, Sastre V et al (1992) A toxic dinoflagellate bloom and PSP production
associated with upwelling in Golfo Nuevo, Patagonia Argentina. Hydrobiology 242:115-122

Fabro E, Almandoz GO, Ferrario ME et al (2015) Co-occurrence of Dinophysis tripos and pec-
tenotoxins in Argentinean shelf waters. Harmful Algae 42:25-33

Fernandez ML, Miguez A, Cacho E et al (2002) Bioensayos con mamiferos y ensayos bioquimicos
y celulares para la deteccion de toxinas. En: Sar EA, Ferrario ME, Reguera B (eds.) Floraciones
Algales Nocivas en el Cono Sur Americano, Instituto Espafiol de Oceanografia, Madrid,
pp 77-120

Fire SE, Van Dolah FM (2012) Marine toxins emergence of harmful algal blooms as health threats
to marine wildlife. In: Aguirre AA, Ostfeld R, Daszak P (eds) New directions in conservation
medicine: applied cases of ecological health. Oxford University Press, New York, pp 374-389

Fraga S, Sampedro N, Larsen J et al (2015) Arguments against the proposal 2302 by John et al to
reject the name Gonyaulax catenella (Alexandrium catenella). Taxon 64(3):634-635

Fryxell GA, Hasle GR (2004) Taxonomy of harmful diatoms. In: Hallegraeff GM, Anderson DM,
Cembella AD (eds) Manual on harmful marine microalgae, IOC. UNESCO, Paris, pp 465-509

Gayoso AM, Ciocco NF (2001) Observations on Prorocentrum lima of North-Patagonian coastal
waters (Argentina) associated with diarrhoeic disease episode. Harm Alg News, IOC, UNESCO
22: 4

Gayoso AM, Dover S, Morton SL et al (2002) Possibility of diarrheic shellfish poisoning associ-
ated with Prorocentrum lima (Dinophyceae) in Patagonian Gulfs (Argentina). J Shellfish Res
21:461-463

Gracia Villalobos L, Santinelli N, Sastre V et al (2015) Dinophysis species associated with
Diarrhetic Shellfish Poisoning (DSP) episodes in North Patagonian gulfs (Chubut, Argentina).
J Shellfish Res 34(3):1141-1149



514 A. V. Sastre et al.

Hallegraeff GM (2004) Harmful algal blooms: a global overview. In: Hallegraeff GM, Anderson
DM, Cembella AD (eds) Manual of harmful marine microalgae, IOC. UNESCO, Paris,
pp 25-49

Hallegraeff GM, Hara'Y (2004) Taxonomy of harmful marine raphidophytes. In: Hallegraeff GM,
Anderson DM, Cembella AD (eds) Manual of harmful marine microalgae. IOC, UNESCO,
Paris, pp 511-522

Hargraves PE, Maranda L (2002) Potentially toxic or harmful microalgae from the northeast coast.
Northeast Nat 9:81-120

Hasle GR, Fryxell GA (1970) Diatoms: cleaning and mounting for light and electron microscopy.
Trans Am Microsc Soc 89(4):469-474

Hasle GR, Fryxell GA (1995) Taxonomy of diatoms. In: Hallegraeff GM, Anderson DM, Cembella
AD (eds) Manual of harmful marine microalgae. IOC, UNESCO, Paris, pp 339-364

John U, Litaker RW, Montresor M (2014) Formal revision of the Alexandrium tamarense spe-
cies complex (Dinophyceae) taxonomy: the introduction of five species with emphasis on
molecular-based (rDNA) classification. Protist 165:779-804

Leandro LF, Rolland RM, Roth PB et al (2010) Exposure of the North Atlantic right whale
Eubalaena glacialis to the marine algal biotoxin, domoic acid. Mar Ecol Prog Ser 398:287-303

Lefebvre KA, Powell CL, Busman M et al (1999) Detection of domoic acid in northern anchovies
and California Sea lions associated with an unusual mortality event. Nat Toxins 7:85-92

Lelong A, Hégaret H, Soudant P et al (2012) Pseudo-nitzschia (Bacillariophyceae) species, domoic
acid and amnesic shellfish poisoning: revisiting previous paradigms. Phycologia 51:168-216

Lilly EL, Halanych KM, Anderson DM (2007) Species boundaries and global biogeography of the
Alexandrium tamarense complex (Dinophyceae). J Phycol 43:1329-1338

Lundholm N, Moestrup O, Hasle GR et al (2003) A study of the Pseudo-nitzschia pseudodeli-
catissima/cuspidata complex (Bacillariophyceae): what is P. pseudodelicatissima? J Phycol
39:797-813

Méndez, S, Ferrari G (2002) Floraciones algales nocivas en Uruguay: Antecedentes, proyectos en
curso y revision de resultados. En: Sar EA, Ferrario ME, Reguera B (eds.) Floraciones algales
nocivas en el Cono Sur Americano, Instituto Espafiol de Oceanografia, Madrid, pp 271-288

Negri RM, Montoya NG, Carreto JI et al (2004) Pseudo-nitzschia australis, Mytilus edulis,
Engraulis anchoita, and domoic acid in the argentine sea. In: Steidinger K, Landsberg JH,
Tomas CR, Vargo GA (eds.). Harmful and toxic algal blooms, IOC, UNESCO, pp 139-141

Pérez LB, Santinelli N, Sastre V et al (2013) Morfologia y presencia estacional de Alexandrium
tamarense (Lebour) Balech en estaciones costeras del Golfo San Jorge (Patagonia, Argentina).
Rev Natur Patag 6:50-60

Proenga LAO, Schramm MA, Tamanaha MS et al (2007) Diarrhetic shellfish poisoning (DSP)
outbreak in subtropical Southwest Atlantic. Harm Alg News 33:19-20

Prud’homme van Reine W, Willem F (2017) Report of the Nomenclature Committee for Algae:
15. Taxon 66:191-192

Reguera B (2002) Establecimiento de un programa de seguimiento de microalgas toxicas. En: Sar
EA, Ferrario ME, Reguera B (eds.) Floraciones Algales Nocivas en el Cono Sur Americano.
Instituto Espaiiol de Oceanografia, Madrid, pp 19-54

Reguera B, Pizarro G (2008) Planktonic dinoflagellates which produce polyether toxins of the old
DSP complex. In: Botana LM (ed) Seafood and freshwater toxins: pharmacology, physiology
and detection, 2nd edn. CRC Press, London, pp 257-284

Reguera B, Velo-Sudrez L, Raine R et al (2012) Harmful Dinophysis species: a review. Harmful
Algae 14:87-106

Reguera B, Riob6 P, Rodriguez F et al (2014) Dinophysis toxins: causative organisms, distribution
and fate in shellfish. Mar Drugs 12:394-461

Reyero M, Santinelli N, Otafio S et al (1998) Toxins profiles of PSP from molluscs and phy-
toplankton containing Alexandrium tamarense (Lebour) Balech in two patagonian gulfs
(Argentina). In: Reguera B, Fernandez ML, Wyatt T (eds) Harmful Algae. Xunta de Galicia
and IOC-UNESCO, pp 507-508



Harmful Marine Microalgae in Coastal Waters of Chubut (Patagonia, Argentina) 515

Rodriguez F, Escalera L, Reguera B et al (2012) Morphological variability, toxicology and genet-
ics of the dinoflagellate Dinophysis tripos (Dinophysiaceae, Dinophysiales). Harmful Algae
13:26-33

Rowntree VJ, Uhart MM, Sironi M et al (2013) Unexplained recurring high mortality of southern
right whale Eubalaena australis calves at Peninsula Valdés, Argentina. Mar Ecol Prog Ser
493:275-289

Santinelli N (2008) Fitoplancton de un ambiente costero sometido a perturbacién antrépica: Bahia
Nueva, Provincia del Chubut. Tesis Doctoral, Facultad de Ciencias Naturales, Sede Trelew,
Universidad Nacional de la Patagonia San Juan Bosco, Chubut, Argentina, p 176

Santinelli N, Caille G, Lettieri A (1995) Harmful algae and PSP toxicity along the northern
Patagonian coast. Harmful algae News, IOC, UNESCO 9:6

Santinelli N, Sastre V, Esteves JL (2002) Episodios de algas nocivas en la Patagonia Argentina. En:
Sar EA, Ferrario ME, Reguera B (eds.) Floraciones Algales Nocivas en el Cono Sur Americano.
Instituto Espaiiol de Oceanografia, Madrid, pp 197-208

Sar EA, Sunesen I, Lavigne A et al (2010) Dinophysis spp. asociadas a deteccion de toxinas diar-
reicas (DSTs) en moluscos y a intoxicacion diarreica en humanos (Provincia de Buenos Aires,
Argentina). Rev Biol Mar Oceanogr 45:451-460

Sar EA, Sunesen I, Goya AB et al (2012) First report of diarrheic shellfish toxins in mollusks from
Buenos Aires Province (Argentina) associated with Dinophysis spp.: evidence of okadaic acid,
dinophysis toxin-1 and their acyl derivatives. Bol Soc Argent Bot 47:5-14

Sastre AV, Santinelli NH, Esteves JL (1995) Fitoplancton del Golfo San Matias de tres campaias
de muestreo (Noviembre’92, Septiembre’93 y Marzo’94). Physis Sec A 53(124-125):7-12

Sastre AV, Santinelli NH, Esteves JL et al (2001) Aspectos ecolégicos de especies de Pseudo-
nitzschia en aguas costeras patagénicas. En: Alveal K, Antezana T (eds.) Sustentabilidad de la
biodiversidad. Univ de Concepcién, Concepcion, pp 217-235

Sastre V, Santinelli N, Marino G et al (2007) First Domoic acid detection produced by Pseudo-
nitzschia species, Chubut coastal waters, Patagonia, Argentina. Harm Alg News, I0C,
UNESCO 34:12-14

Sastre AV, Santinelli NH, Willers V et al (2013) Floraciones de Alexandrium tamarense y TPM en el
Golfo San Jorge. XXXIV Jornadas Argentinas de Botdnica. Bol Soc Arg Bot 48(Supl):175-176

Scholin CA, Gulland F, Doucette GJ, Benson S, Busman M, Chavez FP, Cordaro J, DeLong R, De
Vogelaere A (2000) Mortality of sea lions along the Central California coast linked to a toxic
diatom bloom. Nature 403:80-83

Smayda TJ (2006) Harmful algal bloom communities in Scottish coastal waters: Relationship to
fish farming and regional comparisons —A Review. Scottish Executive Environment Group.
[online]. http://www.scotland.gov.uk/publications

Sudrez-Isla B, Guzman L (1999) Mareas rojas y toxinas marinas. Serie Orientaciones en Ciencias,
Tecnologia y Cultura, Editorial Universitaria, Santiago, Chile, p 77

Sunesen I, Lavigne AS, Goya AB et al (2014) Episodios de toxicidad en moluscos de aguas mari-
nas costeras de la provincia de Buenos Aires (Argentina) asociados a algas toxigenas (marzo
de 2008—marzo de 2013). Bol Soc Argent Bot 49(3):327-339

Uhart M, Rowntree VJ, Sironi M et al (2009) Continuing southern right whale mortality events at
Peninsula Valdés, Argentina. Report IWC SRW Assessment Workshop SC/61/BRG18

Van Dolah FM (2000) Marine algal toxins: origins, health effects, and their increased occurrence.
Environ Health Perspect 108:133-141

Vecchio J, Tartaglione J, Orozco J et al (1986) Intoxicacién por VPM (Marea Roja). Medicina
6:705-707

Wang DZ (2008) Neurotoxins from marine dinoflagellates: a brief review. Mar Drugs 6:349-371

Wilson C, Sastre AV, Hoffmeyer M et al (2016) Southern right whale (Eubalaena australis) calf
mortality at peninsula Valdes, Argentina: are harmful algal blooms to blame? Mar Mam Sci
32(2):423-451


http://www.scotland.gov.uk/publications>

	Harmful Marine Microalgae in Coastal Waters of Chubut (Patagonia, Argentina)
	1 Introduction
	2 The Chubut Province Monitoring Program
	3 Harmful Toxin-Producing Species
	4 Harmful Non-toxigenic Species
	5 Environmental Features
	6 Spatial and Temporal Dynamics of Harmful Species
	7 Spatial and Temporal Dynamics of Alexandrium tamarense and PSP
	8 Spatial and Temporal Dynamics of DSP-Toxin-, Pectenotoxin-, and Yessotoxin-Producing Species
	9 Spatial and Temporal Dynamics of Pseudo-nitzschia spp.
	10 Accumulation and Transport of Some Phycotoxins Through Pelagic Food Webs
	11 Conclusions
	References




