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Blooms of Alexandrium catenella in
Coastal Waters of Chilean Patagonia:
Is Subantarctic Surface Water
Involved?

David W. Crawford, Paulina Montero and Giovanni Daneri*

Centro de Investigacion en Ecosistemas de la Patagonia (CIEP), COPAS Sur Austral, Universidad de Concepcion,
Coyhaique, Chile

At the southern tip of South America, evidence of shellfish toxicity has been recorded
in the accounts of early explorers and shipwreck survivors since the late 16th Century.
Blooms of the toxic dinoflagellate Alexandrium catenella were described in the western
Magellan Strait in the early 1970s and have since shown a northward progression
through Chilean Patagonia, culminating in a catastrophic toxic event around Chiloé
Island in 2016. This shift has taken place through coastal areas of extremely sparse
human population density, and anthropogenically driven eutrophication is therefore
unlikely to be significantly involved, at least in the south. However, human activities —
such as salmon cultivation — may play a role in the intensification of blooms in the more
densely populated areas of northern Patagonia. In the fjords and channels of Chilean
Patagonia, phytoplankton assemblages are shaped by complex interactions between
freshwater (FW) run-off and intrusions of subantarctic surface water (SASW). In the
context of blooms of A. catenella, we review the properties of SASW - transformed
in coastal waters into modified subantarctic water (MSAW). FW input is characterized
by very low concentrations of dissolved inorganic nitrogen (DIN) and phosphorus (DIP),
but relatively high concentrations of silicic acid (DSi); DIN and DIP are instead supplied
predominantly by SASW which is severely deficient in DSi. These waters therefore
show strong vertical gradients in DIN, DIP and DSi, but also potentially in dissolved
trace metals and CO». Large scale shifts in the relative inputs of SASW or FW can
modify these vertical gradients, potentially forcing competitive changes in phytoplankton
assemblages with latitude, with implications for growth and toxicity of A. catenella
and other harmful species. The northward shift of blooms of A. catenella could be
associated with anomalies in the Southern Annular Mode (SAM) that modify the influence
of MSAW through variations in FW input to coastal waters. The historical presence
of blooms in southern Patagonia and Tierra del Fuego, combined with the strongly
contrasting conditions with latitude and depth, mean that southern Chile represents
an ideal natural laboratory to study climatic and oceanographic influences on dynamics
of A. catenella populations.

Keywords: Chile, Pacific Ocean, phytoplankton “bloom”, Alexandrium catenella, HAB (harmful algal blooms),
fjords and channels, Patagonia, subantarctic water (SAW)
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HISTORICAL BACKGROUND

In their search for a passage to the ocean that they would
later name the “Pacific,’ Ferdinand Magellan’s ships arrived
on the 21st October, 1520 at a cape alongside a promising
looking entrance. Here, according to Antonio Pigafetta, who
accompanied Magellan, they named this the “Cape of the Eleven
Thousand Virgins” (now Cape of the Virgins, or Cabo Virgenes,
Figure 1) before entering the strait (Pigafetta, 1874). After passing
through the first and second narrows, the ships entered a wider
body of water and rounded a cape before heading north west
and naming Cabo Deseado (close to present day Cape Pilar,
Figure 1) as they entered the Pacific Ocean on 28th November,
1520 (Pigafetta, 1874).

At the cape approximately halfway through the strait,
Magellan was still some 160 miles from Cabo Deseado, and
unaware that Pacific water lay less than 100 feet beneath
his ship, overlain by a layer of water derived principally
from the surrounding mountains, streams and glaciers. Over
60 years later, this most southerly cape on the Patagonian
mainland was named “Cape Froward” (Figure 1) by the
English explorer Thomas Cavendish during his 1586-1588
circumnavigation of the globe. In 1587, just north of Cape
Froward, Cavendish encountered many corpses in the remains
of Rey Don Felipe, a settlement established by Pedro Sarmiento
de Gamboa in 1584. ..

“It seemed unto us, that their whole living for a great space was
altogether on muscles [mussels] and limpets; for there was not
anything else to be had” (Henry, 1875).

With the population of Rey Don Felipe apparently decimated
by starvation, Cavendish renamed the town as Port Famine
(Puerto del Hambre, Figure 1). However, the settlement
had survived more than two years, and it has also been
proposed that the residents may have been poisoned through
eating shellfish contaminated by a harmful algal bloom (HAB)
(Espinoza and Espinoza, 2010). Although speculative, this
suggestion is supported by an account only twelve years
later during the voyage of the Dutch explorer Sebald de
Weert. In May 1599 in Great Bay' (Figure 1) to the
west of Cape Froward, the following reaction to eating
mussels was noted. . .

“...and afterwards satisfied their hunger with raw muscles and
green herbs, which occasioned them to fall into dropsies’ and

»

other lingering sickness, of which several died...” (Kerr, 1824).

In April 1767, during the voyage around the world by Samuel
Wallis aboard the Dolphin, similar observations were noted in

'Or Green Bay, which the Dutch named Bay of de Cordes (Kerr, 1824), or Cordes
Bay.

“Dropsy is also now known as oedema, or edema. Victims of PSP poisoning also
exhibited symptoms of edema off Augusta Island, western Patagonia (Garcia et al.,
2004a) and in the Magallanes region (Montebruno, 1993).

the vicinity of Cape Providence (Figure 1), further west in the
Magellan Strait. . .

“We continued daily to gather muscles till the 5th, when
several of the people being seized with fluxes’, the surgeon
desired that no more muscles might be brought into the ship”
(Hawkesworth, 1773).

During the first voyage of the Beagle in May 1829 near
Englefield Island in Seno Otway (Figure 1), to the west of Cape
Froward, Captain Fitzroy’s journal noted. . .

“One of my boat’s crew was ill this day; the first man that had
been seriously so, although several had been slightly affected by
the muscles and limpets; and one had fits” (Fitzroy, 1839).

By the late 1800s, the potential toxicity of shellfish in this
region was clearly evident in an account of a survivor from
a vessel foundered in the middle (Figure 1) of the Strait of
Magellan®. ..

“The mussels, which covered the rocks in great profusion, were
useless for purposes of food: all of our party who partook of
them became violently ill with symptoms of irritant poisoning,
and quickly developed a crimson, papular rash from head to
foot, accompanied by a dreadful thirst and a maddening itching.
These very mussels constitute, strange to say, the staple diet of
the natives, who consume them in enormous quantities and,
apparently, without suffering any ill effects...” (O’Sullivan, 1893,
see also, Anonymous, 1893).

Regarding the diet of indigenous people, there seems little
available evidence for toxicity in shellfish (Guzman et al., 2002),
but it is noteworthy that in a Yaghan Dictionary - cited
in Bruce Chatwin’s famous travelog In Patagonia - a list of
synonyms includes. . .

“Mussels out of season - Shriveled skin -

(Chatwin, 1977).

Old age”

Indigenous peoples such as the Yaghan might have recognized
seasonality in shellfish toxicity and could perhaps mitigate the
effects, as has been noted for the Tinglit people of the Pacific
coast of North America (Moss, 1993). However, there is evidence
in 1891 that indigenous peoples could at times be susceptible to
shellfish poisoning further south (Figure 1) in the Beagle Channel
(Segers, 1891; Lagos, 1998).

In November 1972, a toxic phytoplankton bloom caused
by the dinoflagellate Alexandrium catenella® (Guzman et al.,
1975a; Guzman and Lembeye, 1975; Lembeye et al., 1975)
occurred in the Magellan Strait, slightly to the west of Cape
Froward. Cell abundance and paralytic shellfish poison (PSP)

3Not clear whether “seized” refers to PSP poisoning, but “fluxes” could indicate
diarrhetic shellfish poisoning (DSP). It is however worth noting here that PSP and
DSP toxins can co-occur in Patagonian coastal waters (Garcia et al., 2004b).

“The survivor’s encampment was 12 miles directly across the strait from Port
Famine (O’Sullivan, 1893).

®For simplicity we have retained the Alexandrium catenella name commonly used
in reports in this region, but some earlier reports used the name Gonyaulax
catenella. We acknowledge that there has been considerable recent taxonomic
debate regarding A. catenella in particular (John et al., 2014a; Fraga et al., 2015)
and the Alexandrium tamarense species complex generally (John et al., 2014b).
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FIGURE 1 | Map of Magallanes and Tierra del Fuego regions of southern Chile and Argentina. The Magellan Strait and Beagle Channel directly connect the southern
Pacific and Atlantic Oceans. Green dots show the approximate position of anecdotal reports of shellfish toxicity from pre-1900 historical sources. Accounts are
reported (see text for details) for Cordes Bay, 1599 (Kerr, 1824), Cape Providence, 1767 (Hawkesworth, 1773), Englefield Island, 1829 (Fitzroy, 1839), Beagle
Channel, 1891 (Segers, 1891), and Fuegian shore opposite Port Famine (O’Sullivan, 1893). Also shown in red are the approximate positions of the focal points of
blooms of A. catenella and/or associated events of shellfish poisoning between the early 1970s and early 1990s. Events were centered on Bahia Bell, Clarence
Island, 1972 (Guzman et al., 1975a,b; Guzman and Lembeye, 1975; Lembeye et al., 1975), Seno Union, 1981 (Lembeye, 1981a,b), Estero Nufez, 1989 (Uribe,
1988; Cited reference is given as 1988, even though the event was given as 1989), Beagle Channel, 1992 (Lembeye, 1992; Carreto and Benavides, 1993;
Benavides et al., 1995). In all cases, blooms or shellfish toxicity were spread across a much wider area than indicated by the red dots (see also Figure 2).

70°W 66°W

were concentrated around Bahia Bell, Isla Clarence on the
north shore of the Tierra del Fuego archipelago (Figure 1),
although toxins in shellfish were noted over a much wider area
(Guzman et al., 1975b).

In February 1981, a second toxic event caused by A. catenella
was recorded around Seno Unién (Canal Union, Figure 1), north
of the Magellan Strait (Lembeye, 1981a,b). Here, abundance was
relatively low, but ecdisic cysts of A. catenella were found in
the digestive system of shellfish (Lembeye, 1981b) resulting in
massive intoxication of the mussel Aulacomya ater over a wide
area (Lembeye, 1981a). A further toxic event was recorded in the
vicinity of Estero Nuiiez in April 1989 (Figure 1); again, cysts of
A. catenella were detected in the digestive tract of A. ater and PSP
toxins were found at lower concentrations across a much wider
area (Uribe, 1988). Toxins were also detected in the Magellan
Strait and Beagle Channel starting in October and November
1991 (Lembeye, 1992), with a bloom of A. catenella subsequently
recorded in January-February 1992 (Figure 1) centered around
Ushuaia in the Beagle Channel (Carreto and Benavides, 1993;
Benavides et al., 1995). Although toxins initially appeared around
the western entrance to the Magellan Strait, the event spread to
all southern channels from approximately 49° 20" S to 54° 55" §
(Lembeye, 1992; Benavides et al., 1995).

NORTHWARD PROGRESSION OF BLOOMS

Fewer blooms have been reported in Magellan and Fuegian
regions since the 1990s, although A. catenella is still present
at lower abundances (Guzman et al., 2013; Pizarro et al,
2011). However, blooms and/or toxic episodes have apparently
expanded northward (Table 1 and Figure 2), with A. catenella
initially detected in the early 1990s in the Aysén Region
(Munoz et al,, 1992; Guzman et al., 2002), and now routinely
detected at lower abundances even in winter (Pizarro et al.,
2018). Monitoring programs were initiated in 1995, and blooms
expanded northwards from 45°47" S in 1996 to the Los Lagos
region around 42°S at Chiloé in 2002 (Clément et al.,, 2002;
Molinet et al., 2003). Mardones et al. (2010) reported an outbreak
in 2009 in the Aysén region that later expanded into the Inland
Sea of Chiloé and, for the first time, the oceanic waters off Chiloé.
This expansion reached the northern end of the Inland Sea of
Chiloé following an exceptional bloom of the Dictyochophyte®
Pseudochattonella verruculosa that killed many farmed salmon

6 Pseudochattonella verruculosa was formerly classified in raphidophyceae but has
now been ascribed to the Dictyochophycean class (Eckford-Soper and Daugbjerg,
2016). Identification of Chilean P. verruculosa was confirmed using the large
subunit (LSU) of the nuclear ribosomal RNA gene (Mardones et al., 2019).
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TABLE 1 | Approximate location and timing of the peak of major blooms or toxic events caused by A. catenella in Patagonian and Fuegian coastal waters. Approximate
date and position of the focal point of each major event is given, although these blooms and toxic events often extended over much greater areas and periods than

indicated below (see individual studies for details).

Maximum Reported Toxicity

Approx. Approx. Location Approx. Max. Reported (Mu)? ng STX eq Species most affected References
Date Latitude Abundance 100 g~
(103 cells I71)
Nov 1972 Bahia Bell, Isla 53.88°S 600 96,000 17,280° Ribbed Mussel Guzman et al.
Clarence; Magallanes (Aulacomya ater) (1975a,b), Guzman and
and Chilean Mussel Lembeye (1975);
(Mytilus chilensis) Lembeye et al. (1975)
Feb 1981 Seno Unioén, Ultima 52.05°S 1.7 6,730 1,2110 Ribbed Mussel Lembeye (1981a,b)
Esperanza Province; (Aulacomya ater)
Magallanes
Apr 1989 Estero Nufiez, Seno 53.30°S - 11,560 2,081P Ribbed Mussel Uribe (1988)
Otway; Magallanes (Aulacomya ater)
Jan-Feb Lapataia Bay, Beagle 54.89°S 821 127,200 Chilean Mussel Benavides et al. (1995)
1992 Channel; Argentina (Mytilus chilensis)
Mar 1996 Islas Huichas; Aysén 45.25°S 31¢ 107,129 Chilean Mussel Molinet et al. (2003)
(Mytilus chilensis)
Mar 1998 Quitralco; Aysén 45.78°S 22° (3549) 99,742 Chilean Mussel Molinet et al. (2003)
(Mytilus chilensis)
Jan 2000 Quitralco; Aysén 45.78°S 5¢ 22,170 Ribbed Mussel Molinet et al. (2003)
(Aulacomya ater)
Feb-Mar Isla Gala; Aysén 44.17°S <5¢ 22,000 Clam (“Aimeja”, Molinet et al. (2003)
2002 species not given)
Mar 2002 Faro Mauchil, Quellon, 43.26°S 789 29,520 Chilean Mussel Clément et al. (2002),
Chiloé; Los Lagos (Mytilus chilensis) Aguilera et al. (2004)
Jul 2002 Augusta Island, San 51.25°S - 8,575 Chilean Mussel Garcia et al. (2004a)
Blas Channel; (Mytilus chilensis)
Magallanes
Jan 2006 East Moraledo 44.30°S 961 9,215 Ribbed Mussel Fuentes et al. (2008)
Channel; Aysén (Aulacomya ater)
Feb—Mar Areas of Cuptana, 45.75°S 6,000 - Reported elsewhere Mardones et al. (2010)
2009 Canalad, Angostura,
Ester, Allan; Aysén
Apr 2016 Chacao Channel, 41.75°S 250 5,000 Pacific Clams Hernandez et al. (2016)
Chiloé; Los Lagos (Gari solida)
May 2016 Cucao Bay, Chiloé; Los 42.60°S - 9,059 Surf Clams Alvarez et al. (2019)

Lagos

(Mesodesma donacium)

aMouse units.
b Assuming approximate conversion factor of 0.18 from mouse units (FAO, 2004).

°Net samples integrated between 0 and 30 m. Abundances in Molinet et al. (2003) are difficult to decipher but counts from net samples were much lower than

counts from bottles.
9Maximum count from bottle sample.

through gill tissue damage in February 2016 (Buschmann et al.,
2016; Clément et al., 2016; Ledn-Muiioz et al., 2018; Mardones
et al, 2021). This event was closely followed in April 2016
by extensive PSP poisoning of marine organisms caused by
an exceptional bloom of A. catenella (Buschmann et al., 2016;
Herndndez et al., 2016). These were the worst mass mortality
events caused by phytoplankton in the country’s history, with
major impacts on the fishing industry and the economy of
the region. Media reports immediately implicated a variety of
potential causative factors for the A. catenella bloom such as (1)
the dumping 130 km offshore of rotting salmon killed by the
P. verruculosa bloom (2) the sharp recent increase in aquaculture
activities in the region (3) the coinciding of the bloom with

the 2016 El Nifio. Although the role of disposed salmon was
later dismissed (Buschmann et al., 2016), it has been suggested
that this dumping may have been related to a secondary peak
in A. catenella (Armijo et al., 2020). The complexity of factors
involved mean that we remain unable to rationalize the specific
factors behind either this specific catastrophic event, or the
general trends of bloom formation and toxicity of A. catenella
throughout southern Chile.

Blooms of Alexandrium spp. and other HABs appear to be
increasing in intensity and proliferating globally, with most
research focusing on the role of eutrophication (e.g., Nixon,
1995). However, evidence for the role of increased anthropogenic
nutrients in promoting HABs can be equivocal, and site-specific
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FIGURE 2 | Apparent northward shift of blooms and/or toxic episodes caused
by A. catenella; dotted lines show approximate spread of reports for each
decade. Focal points of each of the southerly blooms is also shown in

Figure 1. Associated details are shown in Table 1. 1970s (Guzman et al.,
1975a,b; Guzman and Lembeye, 1975; Lembeye et al., 1975). 1980s
(Lembeye, 1981a,b; Uribe, 1988). 1990s (Lembeye, 1992; Mufoz et al., 1992;
Only mentioned the presence of A. catenella at the mouth of Aysén Fjord: first
recording in Aysén region; Carreto and Benavides, 1993; Benavides et al.,
1995; Molinet et al., 2003). 2000s (Clément et al., 2002; Molinet et al., 2003;
Garcia et al., 2004a; Mardones et al., 2010). 2010s (Hernandez et al., 2016).

(Davidson et al., 2014). In the fjords and channels of Patagonia,
surface freshwater (FW) input is almost devoid of dissolved
inorganic nitrogen (DIN) and phosphorus (DIP) but enriched in
dissolved Si (DSi) (Silva, 2008), suggesting that anthropogenically
driven eutrophication may not be a significant factor, at least
in the sparsely populated south. With few large ports, the role
of discharge of ships ballast waters (e.g., Hallegraeff, 1998),
would also appear to be minimal. However, increased aquaculture
activities, particularly in the Los Lagos region, may have had a
regional influence on HABs in northern Patagonia. The genetic
diversity of populations of A. catenella in southern Chile indicates
that populations were not recently established as a result of
human introduction (Varela et al., 2012). Recent genetic analyses

have confirmed that A. catenella was the species responsible for
the 2016 bloom, but that the genetic patterns consistent with
range expansion were not evident (Paredes et al., 2019).

Toxic events have focused considerable research effort on
A. catenella in southern Chile. This dinoflagellate has a complex
life cycle with a biannual occurrence (Molinet et al.,, 2003),
and alternation between vegetative planktonic cells and benthic
resting cysts. In Patagonian waters, the role of cyst reservoirs
and encystment/excystment cycles can seed recurrence of blooms
within a given area (Uribe et al., 2010; Diaz et al., 2014). However,
low abundance and fast depletion of cysts within sediments
(<3 months, Diaz et al., 2014) has indicated a relatively minor
role for cysts in bloom development (Guzman et al., 2002; Diaz
etal., 2014), although high cyst abundance was in fact observed in
certain fjords following the 2009 bloom (Mardones et al., 2016a).
Major blooms and their geographical expansion in Chilean waters
do not appear to be the result of massive in situ gemination
(Hernandez et al., 2016), but cysts probably do play a more
important role than previously thought (Mardones et al., 2016a).
Indeed, studies of A. catenella on the eastern coast of North
America have suggested a greater conversion of vegetative cells to
resting cysts than previously documented and have emphasized
the potential role of cyst precursors (planozygotes) in bloom
dynamics (Brosnahan et al., 2017).

OCEANIC AND CLIMATIC INFLUENCE?

Temperature is known to play a significant role in blooms of
A. catenella (e.g., Fu et al., 2012), with a critical temperature of
13°C apparently required for blooms to develop oftf northwest
North America (Moore et al, 2008). In Chilean Patagonia,
the situation appears to be more complex, with no significant
relationship noted between temperature and abundance of
A. catenella (Molinet et al., 2003), but with elevated temperatures
sometimes cited as an important factor in bloom development
(Guzman et al., 2002). However, frequency of A. catenella blooms
in the northwestern Chilean Inland Sea was weakly associated
with lower temperatures but not with salinity (Diaz et al,
2014). Cultures of A. catenella isolated from Patagonian waters
and maintained under controlled conditions have also shown
complex relationships between temperature/salinity, growth rate
and cell yields (Uribe et al,, 2010; Aguilera-Belmonte et al,
2013; Avila et al., 2015). The optimal growth of Chilean strains
of A. catenella (i.e., highest growth rate and highest maximal
cell density) was reached within a narrow thermal range (12-
15°C), while optimal growth salinity (20-30) showed a broader
range (Paredes-Mella et al., 2020). Lower temperatures of ~10°C
have been shown to increase the excystment and shorten the
dormancy of resting cysts (Mardones et al., 2016a) and to
increase the toxin content of A. catenella (Aguilera-Belmonte
et al., 2013; Navarro et al., 2006). The response of A. catenella to
temperature and salinity changes shows a considerable plasticity
that appears to be partially dependent on individual strains
(Paredes-Mella et al., 2020).

Despite research on life cycle and physiology, the temporal
and spatial variations in abundance and toxicity of A. catenella in
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southern Chile is not well understood. Given the geographically
extensive nature of toxic episodes (Figure 2), and the
circumstantial evidence of their long term presence, at least
in Magellan and Fuegian regions (Figure 1), it is likely that
larger scale influences are involved, as speculated by many
authors (Table 2). It is also clear that in the Magellan Strait and
Beagle Channel that directly connect Pacific and Atlantic oceans,
elevated abundances are more prevalent on the western side,
more influenced by Pacific water (Figure 2, see also Lembeye,
1992; Benavides et al., 1995).

The water column of the fjords and channels of Chilean
Patagonia is shaped by complex interactions between FW run-oft
and intrusions of oceanic water (Figure 3), but few detailed in situ
hydrographic data has been published for blooms of A. catenella
in these waters, particularly in the vertical dimension. Because of
the widely differing properties of continentally derived FW and
oceanic waters, caution is required in the interpretation of simple
growth rate versus temperature (T) and salinity (S) experiments
conducted under controlled conditions. Using raw data from the
first two blooms in 1972 and 1981 (Guzmaén et al., 1975a; Guzman
and Lembeye, 1975; Lembeye et al., 1975; Lembeye, 1981b), a TS
plot suggests that in contrast to the diatom Skeletonema costatum,
higher abundances of A. catenella were more closely associated
with the low temperature and higher salinity (and density) that
characterize subsurface oceanic waters (Figure 4). Moreover, the
higher abundances of A. catenella were more associated with
depths of 5 m and greater, in contrast to the elevated abundances
of S. costatum associated with estuarine water (EW) at depths of
5 m and shallower (Figure 5). Using a larger data set, a similar
response has been shown for field populations of A. catenella in
the Magellan region (Paredes-Mella et al., 2020). An association

with higher temperatures was evident in the Aysén and Los Lagos
regions (Paredes-Mella et al., 2020), but it is notable that the
elevated abundances of A. catenella were still associated with the
temperature and salinity characteristic of oceanic waters at these
latitudes (Sievers and Silva, 2008).

In the context of blooms of A. catenella, this region presents
a paradox: despite extremely poor weather conditions, and
almost pristine coastal environments with low human population
density, the southern tip of South America suffers from some
of the highest levels of natural bioaccumulation of PSP toxins
by shellfish in the world (HAEDAT, webpage; Carreto and
Benavides, 1993; Benavides et al., 1995; Lagos, 1998). Here we
now examine features of Patagonian coastal waters that might
be pertinent to blooms of A. catenella, with particular focus
on oceanic waters.

PROPERTIES OF SUBANTARCTIC
SURFACE WATER

South America is the only land mass to interrupt the subtropical
front (STF) (Orsi et al.,, 1995) that defines the northern extent
of subantarctic surface water (SASW). The coast of Chilean
Patagonia is therefore in a unique oceanographic position, being
strongly influenced by the presence of SASW (Figure 3), which
shares properties with subantarctic mode water (SAMW) formed
north of the polar frontal zone (Sarmiento et al., 2004; Schneider
and Bravo, 2006). SAMW forms at the base of deep winter
mixed layers in a circumpolar belt in the Southern Ocean, and
is defined by specific oceanographic properties, with density (o;)
in the range 26.5-27.1 kg m~? (Sarmiento et al., 2004). In the

TABLE 2 | Summary of comments regarding potential larger-scale oceanic/climatic influences on blooms of A. catenella in Patagonian and Fuegian regions

of southern Chile.

Comment

References

“The periodicity and geographic extension of the phenomenon also suggests the
existence of some low frequency (ca. 10 years) climatic-hydrographic interaction
underlying the high toxicity outbreaks in the region.”

“It seemed to be associated with a mesoscale phenomenon combining some complex
climatic and hydrographic conditions, as suggested by its duration and geographic

extent.”

“The duration and geographic coverage of blooms of A. catenella and the presence of

PSP cannot be explained by local factors. . .”

“Expanding spatial distribution of A. catenella blooms seems to be strongly related to

Uribe (1988)

Benavides et al. (1995)

Guzman et al. (2002)2

Molinet et al. (2003)

surface water drift driven by wind forcing as well as by circulation features of inland seas

in northwest Patagonia in southern Chile.”

“Within the Chilean fjords, the extensive geographic coverage of A. catenella blooms

associated to PSP outbreaks suggests that climatic oceanographic factors are
responsible for the initiation of these phenomena.”

“Likewise, the presence of A. catenella in two of the stations in the Gulf of Pefias show
an oceanic influence on the distribution of this species in the interior channels in the

southern area...”

“Thus, other mechanisms likely account for the development and recurrence of blooms

in this area, for example, the entrance of offshore planktonic populations or cysts.”
“Our results suggest that large-scale atmospheric and oceanographic processes
(climatic anomalies) modulated the late summer A. catenella bloom observed in
southern Chile.”

Guzman et al. (2013)

Pizarro et al. (2011)2

Diaz et al. (2014)

Hernandez et al. (2016)

aTranslated from Spanish.
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FIGURE 3 | Approximate schematic representation of how the southern Pacific Ocean influences fiords and channels of Patagonia and Tierra del Fuego.
Subantarctic surface water (SASW) approaches the coast and interacts with continental run-off to form modified subantarctic water (MSAW) along the coast. MSAW
enters the fiords and channels under a surface layer of estuarine water (EW) formed from freshwater flow (FW) derived from rainfall, rivers and glacial melt. Red
dotted line gives approximate position of the Subantarctic Front (SAF). Position of currents and water masses are not drawn to scale.

south-eastern Pacific off the south-western coast of Patagonia
(70-92°W), SAMW forms south of 56°S, varying spatially and
seasonally between temperature of ca. 6-8°C, salinity of ca.
34.1-34.4, and o; of 26.5-27.1 (Schneider and Bravo, 2006).
Immediately to the north of 56°S, surface waters have a
temperature of 7-8°C and salinity of 33.9-34.1 (Schneider and
Bravo, 2006), and further north off central Chile, SASW warms
to 11.5-12°C and slightly freshens to 33.8-33.9 (Silva et al,,
2009) due to continental run-off from northern Patagonia and
the associated tongue of lower salinity water extending offshore
(Orsi et al., 1995).

Another important characteristic of SAMW is a severe
deficiency in silicic acid (Si(OH)4 or DSi) (Sarmiento et al., 2004),
a property also notable in SASW. Whereas concentrations of
nitrate (NO37) in SASW vary from ~3 to ~20 uM, depending
upon latitude and season, concentrations of Si(OH)s vary
from undetectable to only 2-3 uM (Odate and Fukuchi, 1995;
Timmermans et al., 1998; Sedwick et al., 1999; Hiscock et al.,
2003; Boyd et al,, 2008), and are of the order (or less than)
of measured half-saturation constants for growth of Antarctic
diatoms on Si (e.g., Nelson and Tréguer, 1992). These observed

nutrient concentrations lead to a negative Si* (Si—NOs) of
—10 to —15 pumol kg~! in SAMW, which are the lowest
Si* values observed anywhere in the surface of the ocean
(Sarmiento et al., 2004). Negative Si* results from iron (Fe)
limitation in the Southern Ocean, which increases the ratio
of biogenic silica to particulate organic nitrogen (Si:N) of
diatoms and exported biogenic particles, thus decreasing the
dissolved Si(OH)4 to NO3™ ratio in the upper water column.
Negative Si* is an important feature of SAMW, which, as the
primary conduit of nutrients for the thermocline throughout the
southern hemisphere and North Atlantic (Sarmiento et al., 2004),
has a significant impact upon global productivity of diatoms
(Sarmiento et al., 2004). Similarly, the strongly negative Si* of
SASW must in some circumstances constrain the growth of
diatoms in the coastal waters of Chilean Patagonia, making
this region potentially sensitive to biogeochemical processes
occurring in the Southern Ocean. However, modeling suggests
little evidence for short term changes in properties of SASW
related to recent climate change (e.g., Boyd et al., 2008).

Trace metals have received little attention in terms of their
potential role in the dynamics of HABs in this region. As well
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FIGURE 4 | Temperature-salinity (TS) diagrams for blooms of A. catenella in Magallanes and Tierra del Fuego regions in 1972 and 1981. Hydrographic and cell
abundance data were taken from the area (Figures 1, 2) centering on Bahia Bell, Clarence Island in 1972 (Guzman et al., 1975a; Guzman and Lembeye, 1975;
Lembeye et al., 1975) and Seno Union, 1981 (Lembeye, 1981a,b). Circles represent abundance of the dinoflagellate A. catenella (left) and the diatom S. costatum
(right). Gray lines represent contours of constant density (op). Shaded areas are a schematic representation of the approximate salinity ranges of subantartic surface
water (SASW; ~33-34.6), modified subantarctic water (MSAW; ~31-33), and estuarine water (EW; ~21-31) according to Sievers and Silva (2008).
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FIGURE 5 | Depth, salinity, abundance plots for blooms of A. catenella in Magallanes and Tierra del Fuego regions in 1972 and 1981. Hydrographic and cell
abundance data were taken from the area (Figures 1, 2) centering on Bahia Bell, Clarence Island in 1972 (Guzman et al., 1975a; Guzman and Lembeye, 1975;
Lembeye et al., 1975) and from Seno Union, 1981 (Lembeye, 1981a,b). Circles represent abundance of the dinoflagellate A. catenella (left) and the diatom

S. costatum (right). Shaded areas are a schematic representation of the approximate salinity ranges of subantartic surface water (SASW; ~33-34.6), modified
subantarctic water (MSAW; ~31-33), and estuarine water (EW; ~21-31) according to Sievers and Silva (2008).

as having a strongly negative Si*, SASW is strongly deficient et al., 2011), suggesting that SASW with negative Si* could also

in Fe, with total concentrations of dissolved Fe typically of the
order ~0.03-0.1 nM (Sedwick et al., 1999; Hutchins et al., 2001;
Leblanc et al.,, 2005; Boyd et al., 2008). SASW approaching the
coast of Chile is therefore likely to have total Fe concentrations
low enough to limit the growth of diatoms and possibly other
phytoplankton. A strong linear relationship between DSi and
zinc (Zn) has been noted for both the South Atlantic (Wyatt
et al, 2014) and the Southern Ocean (Ellwood, 2008; Croot

be strongly deficient in dissolved Zn. Concentrations of total
dissolved Zn of 0.2 to 0.3 nM have been measured in SASW
both in the Australian region (Ellwood, 2008) and the northern
Drake Passage (Croot et al., 2011). In New Zealand subantarctic
waters, levels of total dissolved Zn as low as 6 pM have been
reported, concentrations which are the lowest documented so
far for any open ocean region (Leblanc et al., 2005). Given that
Zn availability can significantly alter silicification in diatoms
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(De La Rocha et al., 2000), the combination of Si, Fe, and Zn
deficiency in SASW could have a significant impact on growth
of diatoms, and potentially other phytoplankton. Although the
evidence for growth limitation of phytoplankton by Zn can be
equivocal in some high-nitrate low-chlorophyll (HNLC) ocean
areas, Zn could be a potentially limiting micronutrient where
SASW meets the more productive coastal waters of Patagonia.
Other trace elements could be significant, with the lowest global
concentrations of manganese (Mn) also reported in the Drake
Passage (Browning et al., 2014).

Within and north of the subantarctic front, SASW is generally
relatively rich in dinoflagellates (Kopczynska et al., 2001; Wolf
et al., 2014), albeit at much lower abundances than in coastal
waters. In contrast, the relative abundance of diatoms increases
from the polar frontal zone southwards (Wolf et al., 2014)
presumably because of Si limitation north of the polar front. In
enrichment studies in subantarctic waters, where Fe was added
without Si, growth of dinoflagellates and other flagellated cells
were stimulated, whereas growth of diatoms was limited by
availability of Si(OH)4 (Coale et al., 2004). In the Drake Passage,
A. tamarense has been shown to be present at concentrations of
5-20 cells L~! north of the polar front, but rarely encountered
to the south of the front (Ho et al., 2003); this Antarctic strain of
A. tamarense has been isolated and shown to be toxic (Lee et al.,
2012). Routine phytoplankton counts may miss dinoflagellates
present at these low abundances, which represent only 0.5-2 cells
in a 100 ml sedimented sample under an inverted microscope.
We have no specific information on the presence of A. catenella
itself in SASW, but the concept of offshore low density “seed”
populations advected into the coastal region (Hernandez et al.,
2016) cannot be ruled out.

CONTINENTAL FRESHWATER AND
MODIFIED SUBANTARCTIC WATER

Continental Patagonia is subject to high levels of precipitation
and glacier melt, resulting in an enormous estuarine zone with
one of the greatest influences of FW on the planet (Calvete and
Sobarzo, 2011). The intricate network of fjords and channels are
typically characterized by a two-layer system, where continental
run-oft delivers DSi into near surface low salinity waters that
overly oceanic water richer in DIN and DIP (Sievers and Silva,
2008). Further from shore, physical mixing and high levels of
production, sinking and remineralization of biogenic particles
produce what is known as modified subantarctic water (MSAW)
from SASW. The properties of MSAW are therefore driven by
differential inputs of both SASW and FW, with Si* more positive
with proximity to FW source, and varying with latitude, from
positive in the north to negative in southern Patagonia and
Fuegian coastal waters (Torres et al., 2014). Average Si(OH)4
concentrations in the surface waters in spring vary from ~19 uM
in northern Patagonian waters down to only ~2 M in southern
waters (Torres et al., 2014), values similar to those of ~3 pM
at two stations north of the subantarctic front, off the tip of
south-western South America (Timmermans et al., 1998). This
Si deficit has been proposed as a factor in shaping phytoplankton

assemblages in southern waters, where dinoflagellates dominate
chlorophyll in NO3 ™ rich (5-10 wM), Si(OH)4 poor (<2 uM)
waters of an inner-fjord in the Strait of Magellan (Torres et al.,
2011a) and where concentrations of Si are lower than, or similar
to, half saturation constants for growth of Antarctic diatoms
(Nelson and Tréguer, 1992). In contrast, northern Patagonian
coastal waters, having higher concentrations of Si(OH)4, have
been characterized by high rates of diatom productivity in austral
spring (e.g., Montero et al., 2017). Although Si* in MSAW tends
to be positive in the north, diatoms acclimated to these high levels
of Si could have relatively higher half saturation constants for
growth on Si, making them particularly susceptible to limitation
during conditions of reduced Si. There is clear potential for the
negative Si* in southern coastal waters to spread northwards
because of spatial and temporal variations in continental run-
off (Torres et al., 2014) or from large scale circulation changes
that affect the relative input of SASW into MSAW (see later
section on Latitudinal Shifts in Water Column Properties).
However, to date there has been little specific attention given
to the role of such variations of Si* in driving competition
between toxic dinoflagellates and diatoms in this area. The ratio
of concentrations of DIN and DIP have also been shown to be
important in driving variations in toxicity of Alexandrium spp.
(e.g., Lee et al., 2012), although Si* itself should have no direct
bearing upon toxicity because N:P ratios are likely to be relatively
constant within SASW. However, vertical gradients of DIN and
DIP resulting from variations in relative inputs of SASW and
freshwater could have some impact on toxicity. Optimum growth
of A. catenella in cultures has been shown to occur at unbalanced
(elevated) N:P ratios (Paredes-Mella et al., 2020), however, these
experiments were conducted by varying P concentrations at very
high saturating concentrations of N.

Oceanographic studies clearly focus on NO3;~ as the
principal source of DIN, but any impact of increased relative
presence of SASW upon the competition between diatoms and
dinoflagellates could be compounded by additional sources of
dissolved nitrogen. Preference for ammonium (NH4") is an
important functional trait potentially driving competition within
phytoplankton assemblages (Glibert, 2016). NH4" has been
shown to be utilized by another bloom forming dinoflagellate in
Patagonian coastal waters (Iriarte et al., 2005), and NH4 ™, urea
and dissolved organic nitrogen (DON) are known to be utilized
by some species of Alexandrium (Anderson et al., 2012; Dagenais-
Bellefeuille and Morse, 2013). The presence of these alternative
forms of dissolved N could drive the “effective” Si* to be even
more negative, further favoring non-siliceous phytoplankton,
of clear significance in areas such as the Inner Sea of Chiloé,
where anthropogenic influences and aquaculture activities are
higher, and where resulting variations in dissolved N:P ratio
could also impact on toxicity of dinoflagellates. In controlled
cultures, slightly higher growth rates on reduced forms of N have
been shown for Chilean strains of A. catenella (Paredes-Mella
et al., 2020). However, these experiments were conducted under
highly saturating (>100 |LM) concentrations of NO3~, NH*
and urea that are not representative of Patagonian fjords (e.g.,
Silva, 2008); the implications of these recent data are therefore
yet be resolved.
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The exceptionally low concentrations of trace elements in
SASW suggest that their availability to phytoplankton will be
largely driven by supply from continental run-off into surface
coastal waters, and so complex vertical interactions are likely
between surface FW and EW, recycling within the water column,
and intrusions of SASW and MSAW. Potentially limiting
concentrations of Si, Fe, Zn, and other elements could not only
force competitive shifts in phytoplankton but could also influence
toxicity of dinoflagellates, although few data are presently
available. Stratification of trace metal availability in MSAW could
favor those taxa with vertical migration behaviors and the ability
to feed on other cells. Indeed, mixotrophy is increasingly thought
to be an important factor in nutrition of dinoflagellates and
potentially in HAB formation (e.g., Jeong et al., 2015; Glibert,
2016). Alexandrium catenella is not only phototrophic but can
also feed on Skeletonema (Yoo et al., 2009), a common diatom in
Patagonian coastal waters (Montero et al., 2017).

Ocean “acidification” from increasing atmospheric CO, has
been responsible for relatively small changes in pH of surface
oceanic waters to date. However, Patagonian coastal waters
are not only subject to this acidification, but also to much
greater dynamic vertical changes in the carbonate system caused
by variability in the interaction between SASW, MSAW and
continentally derived FW. The dissolved concentration of free
CO; (or its partial pressure, pCO;) and pH are driven by
complex physico-chemical and biological influences on total
CO; (Cr) and total alkalinity (Ar), with Cr in SASW likely
to be ~2.1 mM (e.g., Boyd et al,, 2008), but only <0.2 mM
in melting glacial freshwater (Vargas et al., 2018). A strong
linear relationship is generally observed between At and salinity
in Patagonian waters (Torres et al, 2011b), although this
relationship can also be influenced by non-carbonate sources
of Ar, or variability in the FW end-members (Vargas et al,
2018). The strong vertical gradients in Cr, Ar, and pCO; (Torres
et al., 2011b) have potential implications for HAB dynamics,
with members of the A. tamarense species complex showing
increased growth and toxicity under conditions of high pCO,
(Fu et al., 2012; Hattenrath-Lehmann et al., 2015), a response
apparently exacerbated by N limitation (Eberlein et al., 2016).
Mardones et al. (2016b) have also described morphological
variations and non-linear growth responses of A. catenella
to pH/pCO, carbonate changes. Latitudinal gradients in the
interaction between FW, SASW and MSAW could have an
impact on CO, induced growth and toxicity of dinoflagellates
such as Alexandrium, and further study is clearly required.

STRATIFICATION AND VERTICAL
DISTRIBUTION

Despite variable wind forcing, the fjords and channels of
Chilean Patagonia are generally subject to weakened vertical
mixing resulting both from topographical protection, and,
from the interaction between MSAW, EW, and FW. The
resulting gradients in temperature, salinity and density have
consequences for availability of nutrients and the light field
experienced by phytoplankton, although Smayda (2002) has

questioned whether the stratification that accompanies flagellate
blooms is a significant trigger factor. Nonetheless, stratification
of the water column regulates competition between different
functional forms of phytoplankton, with vertically migrating red-
tide dinoflagellates thriving under conditions of low turbulence
(e.g., Margalef, 1978; Glibert, 2016). Turbulence directly inhibits
the growth of some dinoflagellates (Berdalet and Estrada, 1993)
and is known to reduce growth rate and chain length in
cultures of A. catenella (Sullivan et al, 2003). In the field,
subsurface populations of A. catenella have been observed to
concentrate within a narrow depth interval (~2 m) where both
current shear and turbulence intensity were at a minimum
(Sullivan et al., 2003).

In the two-layered system characteristic of Magellan and
Fuegian coastal waters, the inflow of MSAW beneath a seaward
flow of EW allows motile dinoflagellates such as A. catenella to
maintain an optimum position in the water column. Some dense
blooms of A. catenella have been noted to occur during periods
of increased water column stability (e.g., Guzman and Lembeye,
1975; Benavides et al., 1995), although it is not clear whether
reduced turbulence, improved irradiance, or access to nutrients
in a stratified water column were the most significant factors.
Few data are available on vertical distribution of A. catenella
in Chilean waters, but aggregation of A. catenella cells in the
upper water column has been noted during blooms in Aysén
(Molinet et al., 2003), and in the Magellan Strait (Figure 5).
Strong stratification of PSP toxins (Figure 6) has also been noted
in mussels held at fixed depths near Cailin Island, off Chiloé
Island (Garcia et al., 2004b), with maxima of toxins occurring at
~5-7 m depth. This suggests an average position of A. catenella
cells approximately at the depth of a weak pycnocline (o; ~25.20)
described in Quellon Bay (Caceres et al., 2008). However, during
a dense bloom in an inlet in the eastern Moraledo Channel,
A. catenella aggregated at shallower depths of 1-3 m, in lower
salinity water (Fuentes et al., 2008).

These contrasting vertical distributions could be consistent
with observations on the east coast of North America that
emphasized the combined role of vertical migration patterns
and life cycle events in bloom dynamics of A. catenella
(Brosnahan et al, 2017). A diel pattern of vertical migration
of vegetative cells was observed, with migration to a fixed
daytime light intensity (30-40% of maximum surface irradiance)
during bloom development (Brosnahan et al., 2017). However,
planozygotes (cyst precursors) seemed to abandon this light
threshold and aggregate closer to the surface, thus potentially
increasing dispersal (Brosnahan et al., 2017). Should this pattern
be replicated in Patagonian waters, vegetative cells could be
retained by the two-layer flow within fjords and channels,
with planozygotes being dispersed by the near surface flow of
low salinity EW.

LATITUDINAL SHIFTS IN WATER
COLUMN PROPERTIES

Clearly some features of Patagonian and Fuegian coastal waters
provide favorable conditions for growth or accumulation of
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FIGURE 6 | Vertical stratification of PSP toxins in samples of mussel (Mytilus
chilensis) tissue from Cailin Island, off Chiloé Island on April 24, 2002 (Data
taken from Garcia et al., 2004b). PSP toxins were associated with the
presence of A. catenella (Garcia et al., 2004b). M. chilensis were suspended
from an aquaculture shellfish lantern at various depths, and the toxin contents
therefore reflect the average position and toxicity of A. catenella cells in the
water column. GTXs, Gonyautoxins; neoSTX, neoSaxitoxin; STX = Saxitoxin.

A. catenella. Figure 7 provides a generalized schematic overview
of the principal properties of the upper water column in these
waters, as outlined in previous sections. The figure also indicates
how vertical distribution and patterns of vertical migration might
influence growth and retention of A. catenella.

The first recorded bloom in 1972 (Guzmdn et al.,, 1975a) —
and several of the major blooms that followed - occurred in
El Nifo years, and it has been suggested that development of
A. catenella blooms may be influenced by ENSO variability
(Guzman et al., 2002). The exceptional 2016 bloom also coincided
with positive El-Nino and Southern Annular Mode (SAM)
anomalies (Herndndez et al., 2016; Trainer et al., 2020), although
the timing of major events over the past 50 years (from Table 1)
has not consistently corresponded with fluctuations in the Nifio
3.4 index (Figure 8A; see also Trainer et al, 2020). The raw

monthly index for the SAM also suggests no consistent long-term
relationship with bloom events (Trainer et al., 2020). However,
the major bloom peaks in southern Patagonia and Tierra del
Fuego between the 1970s and early 1990s seem to be associated
with negative SAM anomalies when using a 12-month trailing
mean (Figure 8B). The northward shift of blooms was then
gradually associated with positive SAM anomalies (Figure 8B)
resulting in a highly significant relationship between SAM index
(12-month trailing mean) and approximate latitude (Table 1)
of major bloom events (Figure 8C). The relationship was
significant using SAM trailing means of 6-12 months (see legend
Figure 8C), but not significant using either raw SAM index or
a 3-month trailing mean (see legend Figure 8C). With flushing
times in some fjords of the order of several months (Mardones
et al,, 2021), and long timescales involved in development and
persistence of A. catenella blooms (Guzman et al., 2002), a long
lag period between climatic effects and bloom events would
appear to be realistic.

The Southern Annular Mode is an indicator of the relative
position of the belt of westerly winds prevailing over southern
South America. A positive phase of SAM indicates a southerly
shift in westerlies, with negative SAM anomalies associated
with a northward shift of the wind belt. The timing and
latitude of exceptional A. catenella events suggests a complicated
relationship with these SAM anomalies (Figures 8B,C), and
the mechanisms involved are as yet unclear. Water column
properties (Figure 7) vary with latitude, and with composition of
MSAW, which is potentially driven by intrusions of SASW, input
of FW, variations in wind mixing and vertical stratification, or
combinations of these processes.

Regarding the relative input of SASW, the ocean offshore
of northern Patagonia is sensitive to the latitudinal position of
the bifurcation of the west wind drift (WWD) which can be
a macro scale indicator of oceanographic and meteorological
variability (Gatica et al., 2009). There is also evidence for episodic
decreases in sea surface temperature in the Inner Sea of Chiloé
associated with a shift of sea surface currents to a zonal direction
and the entry of large “parcels” of subantarctic water (Giesecke
et al., 2014) which have been responsible for mass occurrence of
salps, decreases in chlorophyll-a, and changes in phytoplankton
community structure (Giesecke et al., 2014). A weakening in
the annual cycle of chlorophyll-a concentration and abnormally
cold sea surface temperature in the Inner Sea of Chiloé during
2009-2010 has also been linked to transient large-scale climate
forcing (Lara et al., 2016). Intrusions of SASW into coastal
waters clearly have potential biological implications, but more
information is required on any direct role of SASW on dynamics
of A. catenella.

Regarding variations in FW input into EW and MSAW,
latitudinal gradients in continental precipitation can impact
the Si* ratio in Patagonian coastal waters (Torres et al,
2014) with consequences for competition between siliceous and
non-siliceous phytoplankton (Torres et al., 2011a, 2014). The
exceptional A. catenella blooms of 2009 and 2016 were the
first to be observed in coastal oceanic waters off Chiloé Island
(Mardones et al., 2010; Buschmann et al., 2016) with the latter
associated with one the driest Patagonian summers on record
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FIGURE 7 | Schematic diagram of the generalized structure of the water column in the fjords and channels of Chilean Patagonia and Tierra del Fuego, indicating the
principal processes that potentially influence populations of the dinoflagellate A. catenella. Subantarctic surface water (SASW) flows into coastal waters and forms
modified subantarctic water (MSAW) through the interaction with estuarine water (EW). MSAW is overlain by a near-surface layer of EW fed by input of continental
freshwater (FW) derived from precipitation, streamflow and glacier melt; the resulting pycnocline reduces mixing between the two layers. Temperature (T) is variable in
FW and EW, which are high in silicic acid (Si(OH)4) and potentially in dissolved trace metals (few data available), but low in salinity (S), nitrate and phosphate (NOz~
and PO437), total CO, (C1) and total alkalinity (Ar). SASW and MSAW are high in S, NO3~, PO,%", Cr and A7, but low in T, Si(OH)4, and dissolved trace metals.
Vertical distribution is not well described for these waters, but A. catenella is thought to aggregate close to the pycnocline where it can optimize vertical position
within strong gradients of T, S, irradiance, macro- and micro-nutrients, dissolved CO», and potentially turbulence. Gradients of pH and pCO, (not indicated) within
the pycnocline — and in the surface layer — will be driven by the strong gradients in Cr and Ar, and by air-sea exchange of gaseous COs. Physical retention of

A. catenella within certain fiords and channels could be promoted by vertical migration patterns within the two-layered flow. Encystment and excystment processes
ensure recurrence of A. catenella under favorable conditions. Advection of A. catenella into coastal waters and dispersal of cells within the upper EW layer are major
unknowns in Chilean waters. The above diagram represents a broad schematic description that depends on relative inputs of SASW and FW and associated
properties; local patterns vary with ocean circulation, latitude, and climate changes.

(Clément et al., 2016; Herndndez et al., 2016; Leén-Mufioz et al.,
2018). The reduced input of FW into coastal waters apparently
increased the relative supply of subsurface SASW into near
surface waters (Buschmann et al., 2016; Ledn-Munoz et al., 2018).

The Southern Annular Mode is a weak but significant
predictor of Andean streamflow south of 43°S (Masiokas et al.,
2019). Over the past few decades, as positive SAM anomalies
become more frequent, precipitation (Garreaud et al., 2013) and
streamflow (Masiokas et al., 2019) have been significantly lower
in north and central Patagonia. In contrast, precipitation and
streamflow in recent years have been significantly higher south
of 50°S (Garreaud et al., 2013; Masiokas et al., 2019), with dryer
conditions more frequent during negative SAM phases in the far
south of Patagonia (Weidemann et al., 2018).

The slightly counter-intuitive differential influences of SAM
anomalies in the north and south of Patagonia could explain the
northward shift in distribution of blooms. The events caused by
A. catenella in the 1970s-1990s in southern Patagonia and Tierra
del Fuego occurred during significantly drier conditions than the
long-term average (Masiokas et al., 2019), whereas the region
has experienced significantly wetter conditions in recent years
(Masiokas et al., 2019). These observations could help to explain
the lower frequency of exceptional blooms in the far south in
recent years. North and central Patagonia has seen a significant
reduction in streamflow from conditions that were previously
wetter (Masiokas et al., 2019), potentially explaining the increased
frequency of blooms in recent years.

The changing position of the westerly wind belt seems to play
some long-term role in distribution and intensity of blooms,
and the influence of these climatic shifts on FW flow into
coastal waters appears to be significant. Variations in streamflow
with latitude and consequential changes in availability of DSi,
DIN and DIP could have been involved in observed shifts in
distribution of A. catenella blooms, but other properties of a
stratified water column could also be involved, such as trace
metals and CO; (Figure 7). A shallower surface EW layer driven
by reductions in FW would also have implications for the vertical
distribution of A. catenella regarding optimization of irradiance
and availability of DIN and DIP. SAM anomalies not only
influence FW input into coastal waters but will also be associated
with latitudinal variations in wind forcing and cloud cover;
vertical mixing and incident irradiance are both likely drivers of
the vertical position of A. catenella in the water column. Further
research is clearly required on the detailed vertical dynamics of
A. catenella populations and how these are influenced by oceanic
and climatic forcing.

OTHER HAB SPECIES

Because of the records extending over several decades, the
present review has focused upon blooms of A. catenella. However,
variations in DSi, DIN and other key properties driven by relative
inputs of SASW and FW could also impact other HAB species
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FIGURE 8 | (A) Variation in monthly Nifio 3.4 index between 1957 and 2020 (3-month running mean). Data provided by Climate Prediction Center, NOAA
(http://www.cpc.ncep.noaa.gov/data/indices/oni.asci.txt). Positive anomalies shaded in pink, negative shaded in blue. Vertical red lines indicate the approximate
time of peak events caused by A. catenella in Patagonian and Fuegian coastal waters (taken from Table 1). (B) Variation in monthly Southern Annular Mode (SAM)
index (12-month trailing mean) between 1957 and 2020. Data provided by (http://www.nerc-bas.ac.uk/icd/gjma/sam.html). Vertical red lines as described in (A).
(C) Significant relationship between monthly SAM index shown in (B) and latitude of peak events caused by A. catenella (taken from Table 1). Linear regression is
also significant with a 9 month (2 = 0.601, p < 0.01) or a 6 month (2 = 0.428, p < 0.05) trailing mean for SAM index, but is not significant with a 3-month trailing
mean, or with the raw monthly index.

that have been recorded in Chilean coastal waters (e.g., Lagos,
1998; Lembeye, 2008; Diaz et al., 2019).

Several dinoflagellates produce lipophilic toxins, such as
Dinophysis spp., responsible for DSP toxins, and Protoceratium
reticulatum, which produces yessotoxins (YTX) (Diaz et al,
2019). Blooms of P. reticulatum occur off the northern Chilean
coast (Diaz et al., 2019) but also occur in the fjords and channels
of southern Chile (Alves-de-Souza et al., 2014, 2019). Thin
layers of P. reticulatum and Dinophysis acuminata are present
in Reloncavi Fjord (Alves-de-Souza et al.,, 2014), with blooms
apparently linked to shallowing of the salinity driven pycnocline
and intrusion of MSAW (Alves-de-Souza et al., 2019) presumably
rich in DIN and DIP. The preference of P. reticulatum for low
streamflow and positive SAM (Alves-de-Souza et al., 2019) may

indicate a similar niche to A. catenella, although blooms of
P. reticulatum are not thought to be highly toxic to humans
(Diaz et al., 2019).

The catastrophic mass mortality event in northern Patagonia
in early 2016 was the result of a convergence of a southerly
expansion of P. verruculosa with the northerly expansion of
A. catenella (Trainer et al., 2020) that coincided with positive
anomalies of both El-Nifio and SAM (Trainer et al., 2020).
High cell densities of P. verruculosa were noted at relatively
high temperatures (>15°C) during previous bloom episodes
(Trainer et al., 2020), but in culture, growth rates and maximum
cell densities do not vary strongly between temperatures of
12-18°C (Mardones et al., 2021). Cell growth of Chilean P.
verruculosa is enhanced under moderate-high salinity conditions
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(Mardones et al., 2019), and cells aggregate into thin layers within
the halocline in Reloncavi Sound (Mardones et al., 2021) with
a vertical migration behavior that might allow access to DIN
and DIP in MSAW (Leén-Muifioz et al., 2018) and promote
retention in a fjord with low flushing rates (Mardones et al.,
2021). The apparent convergence of blooms of P. verruculosa
and A. catenella in 2016 from opposite latitudes suggests a
possible overlap of differential preferences along the MSAW-
EW spectrum.

Dinoflagellates of the genus Karenia are known to produce
ichthyotoxins in Chilean waters (Mardones, 2020; Mardones
et al., 2020). Extensive blooms of various species of Karenia
have been observed in Magellanic fjords (Uribe and Ruiz, 2001),
around Chiloé Island (Clément et al., 2001; Mardones, 2020), off
the Aysén coast (Villanueva et al., 2017), and off the Chilean coast
further north ~37-44°S (Mardones et al., 2020). In March-April
1999, an extensive bloom of Karenia sp. originated off the coast
of Patagonia between 42° and 54°S, with toxicity extending into
inshore waters around Chiloé Island (Clément et al., 2001). In the
Gulf of Pefias in 2017 (Villanueva et al., 2017), high abundance
of several species of Karenia were associated with a frontal zone
between MSAW and upwelling of SASW (Villanueva et al., 2017).
This association of blooms of Karenia spp. with offshore waters
(Villanueva et al., 2017; Mardones, 2020) is supported by culture
studies showing optimal growth of K. selliformis at temperatures
and salinities between those of MSAW and SASW (Mardones
et al., 2020). Extensive blooms of Karenia spp. in inshore waters
seem to be associated with periods of low precipitation (Clément
et al, 2001), indicating that offshore fronts between MSAW
and SASW could shift during climate anomalies thus promoting
ichthyotoxin problems closer to shore (Mardones, 2020).

Regarding siliceous species, diatoms of the genus Pseudo-
nitzschia have been associated with amnesic shellfish poisoning
(ASP) on the northern and southern coasts of Chile (Diaz et al.,
2019). Other diatoms such as Leptocylindrus spp. and Chaetoceros
spp. cause respiratory dysfunction in fish through mechanical
gill damage (Diaz et al., 2019; Mardones, 2020). An interesting
corollary to the apparent increases in non-siliceous HAB blooms
would be whether blooms of HAB diatoms decrease in response
to reduced availability of DSi under conditions of low FW
inputs into MSAW.

The sporadic nature of blooms means that we have insufficient
data on the role of large-scale oceanographic processes on
growth of HAB species in Patagonian and Fuegian waters,
particularly with reference to eco-physiological niches, and
how competitive shifts may be driven by changing water
column properties.

IMPLICATIONS AND CONCLUSIONS

The Magellan and Fuegian regions are extremely sparsely
populated, and many events of water discoloration and toxicity
of shellfish will have gone either unnoticed, or unrecorded. Our
historical understanding of the spatial and temporal distribution
of these events is therefore limited by the availability of relevant
records of indigenous peoples and early explorers. Toxic episodes

have been reported in the south over several centuries, but
over more recent years, a northward expansion of exceptional
A. catenella blooms has occurred. It is not known whether
this represents a novel spread or is part of a longer-term cycle
in distribution.

We have briefly reviewed evidence for an oceanic influence
on these blooms, but there is a sparsity of available associated
data on physical and chemical properties of the water column
on which to speculate on detailed mechanisms. However, we
have highlighted notable properties of SASW that have received
little research attention. When interacting with coastal waters,
properties of SASW and MSAW can potentially impact on the
growth, retention, toxicity and encystment/excystment cycles of
dinoflagellates such as A. catenella and other HAB species, and
on competitive interactions between species. Variation of input
of continental FW into coastal waters seems to be a major factor
shaping the influence of MSAW on HAB bloom dynamics. In
an enhanced dinoflagellate setting potentially driven by low DSi
in SASW and MSAW, other factors could also be significant
in bloom dynamics, such as dissolved trace metals and CO,
and allelopathic interactions between species (e.g., Granéli et al.,
2008).

Larger scale studies are required that extend from the fjords
into the ocean, employing high resolution vertical and horizontal
sampling of water column properties and life cycle stages of
A. catenella. Elucidation of the factors involved with triggering
blooms may depend on our ability to conduct studies at temporal
and spatial scales appropriate for examining the interactions
between FW and oceanic waters in these complex coastal areas.
Chilean Patagonia represents an expansive natural mesocosm
where blooms of A. catenella occur over an extensive latitudinal
range encompassing contrasting anthropogenic influences. Even
without a significant role for eutrophication, these blooms
could nevertheless be influenced by large scale anthropogenically
driven ocean/atmosphere interactions.
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