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Harmful Algal Blooms (HAB) pose a severe socio-economic problem worldwide. The dinoflagellate species
Alexandrium catenella produces potent neurotoxins called saxitoxins (STXs) and its blooms are associated with the
human intoxication named Paralytic Shellfish Poisoning (PSP). Knowing where and how these blooms originate
is crucial to predict blooms. Most studies in the Chilean Patagonia, were focused on coastal areas, considering
that blooms from the adjacent oceanic region are almost non-existent. Using a combination of field studies and
modelling approaches, we first evaluated the role of the continental shelf off northern Chilean Patagonia as a
source of A. catenella resting cysts, which may act as inoculum for their toxic coastal blooms. This area is
characterized by a seasonal upwelling system with positive Ekman pumping during spring-summer, and by the
presence of six major submarine canyons. We found out that these submarine canyons increase the vertical
advection of bottom waters, and thus, significantly enhance the process of coastal upwelling. This is a previously
unreported factor, among those involved in bloom initiation. This finding put this offshore area at high risk of
resuspension of resting cysts of A. catenella. Here, we discuss in detail the physical processes promoting this
resuspension.

The narrow transition zone between the ocean and the continent has
significant effects on the welfare of society, including health, leisure,
and economy (Vila et al., 2021). Chile's coastal system has experienced
relevant problems on welfare over the last fifty years. In particular,
Harmful Algal Blooms (HABs) have caused important and direct nega-
tive economic impacts, since they have led to bans on the extraction of
shellfish and massive fish death, affecting the aquaculture industry (e.g.

Anderson et al., 2012; Diaz et al., 2019).

The dinoflagellate species Alexandrium catenella produces the Para-
lytic Shellfish Toxins (PST), one of the most potent groups of natural
neurotoxins that cause Paralytic Shellfish Poisoning (PSP) (Fraga et al.,
2015). Events of PSP are more frequent and intense in the southernmost
regions of Chile (Aysén and Magallanes) (Molinet et al., 2003). PST are
accumulated in plankton feeders (mainly bivalves) (Bricelj and
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Fig. 1. Study area in the continental shelf off northern Patagonia. A) Bathymetric map showing the spatial variability of Alexandrium catenella resting cysts
abundance. Red circles and yellow crosses show the sampling stations with the presence and absence of A. catenella resting cyst, respectively; B) spatial variability of
grain size composition (%), sediment temperature (°C), pH, and redox potential (mV) recorded at each sampling station. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

Shumway, 1998; Schantz, 1986; Wiese et al., 2010) and, when regula-
tory limits for their accumulation are exceeded (~80 pg STX eq. 100 g~
meat), the extraction and commercialization of shellfish are banned to
prevent health problems (Fernandez et al., 2003). During A. catenella
blooms, resting cyst are formed through gamete fusion between strains
showing sexual compatibility (complex heterothallism) (Rodriguez-
Villegas et al., 2021a). After fulfilling their physiological maturation
period (mandatory dormancy), and if appropriate environmental con-
ditions are provided (light, temperature, oxygen), the cysts can germi-
nate, potentially leading to a new harmful event (Bravo and Figueroa,
2014; Diaz et al., 2014; Diaz et al., 2018). During the summers of 2009,
2016, and 2018, there were three A. catenella blooms in southern Chile,

which reached remarkably high cell densities (5.0 x 10°, 2.5 x 10°, and
1.2 x 10° cells L_l, respectively) (Alvarez et al., 2019; Armijo et al.,
2020; Diaz et al., 2014; Hernandez et al., 2016; Trainer et al., 2020).
This caused an alarm for a possible recrudescence of the PSP events in
intensity but, also in space, as blooms seem to spread geographically
(Armijo et al., 2020; Guzman et al., 2002; Molinet et al., 2003; Rodri-
guez-Villegas et al., 2020). During the summer of 2018, a global his-
torical maximum of 143,000 pg STX eq. 100 g~ ! was detected in mussels
from the Aysén region (Diaz et al., 2019; Guzman et al., 2018). In this
region there are small-scale benthic fisheries (such as the national
Management and Exploitation Areas of Benthic Resources, MEABRS)
(Castilla and Fernandez, 1998) and marine indigenous areas (such as
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Coastal and Marine Spaces of Indigenous People, ECMPO) (Araos et al.,
2020). As a consequence of these serious bloom events, aquaculture
farms (mussels and salmonids) are expanding towards offshore waters,
where these episodes are supposed to be rare. However, not specific risk
assessment studies are available for those areas, and thus, it is urgent to
specifically evaluate the risk factors meeting in the new cultivation areas
in order to establish appropriate measurements, and thus minimize
losses for the aquaculture sector.

Current Chilean monitoring programs are principally focused on
inland waters (austral fjords and channels); and consequently, the
planktonic-benthic dynamic of A. catenella cells in the adjacent conti-
nental shelf is practically unknown (Espinoza-Gonzalez et al., 2021).
Summarizing, we have addressed here a main question: Is it negligible
the risk of resting cyst resuspension and bloom initiation in deep,
offshore waters of the Chilean Patagonia, regarding the toxic species
A. catenella? For answering that question, we present data on the dis-
tribution of A. catenella resting cysts from the continental shelf off
northern Patagonia, and for the first time, we inspect modelling results
to understand how resting cysts can be resuspended from deep sedi-
ments, to eventually germinate, posing a real risk for A. catenella blooms
in the coastal waters of the continental shelf of Chilean Patagonia.

The study area is located in the northern area of the Chilean Pata-
gonia (Fig. 1A), which is part of one of the most extensive estuarine
regions worldwide (Pantoja et al., 2011), with elevated freshwater in-
puts from rivers and ice melting (Davila et al., 2002). This creates a
zonal salinity gradient that extends offshore by ~4° (Saldias et al.,
2019). The irregular topography/bathymetry is characterized by
islands, channels, sills, rivers, glaciers, etc., highlighting the geographic
complexity of this remote coastal system. There are just few oceano-
graphic studies of the coastal ocean off northern Patagonia, with most
studies conducted in the Inner Sea of Chiloé (e.g., Pantoja et al., 2011,
and references therein). The seasonal variability of sea surface temper-
ature reveals a coastal band of cold water during spring-summer off
Chiloé Island (Saldias et al., 2021b), which is coherent with the north-
ward wind stress field during summer (Pérez-Santos et al., 2019).

To estimate resting cyst abundance in the analyzed area, recent
sediments were sampled at 16 stations (hereafter st.) from the oceanic
region off Northern Patagonia, using a 0.1 m? Van Veen grab during the
austral spring of 2017 (n = 2) and 2018 (n = 14) (Fig. 1A). Three sub-
samples for A. catenella resting cysts were obtained from the top 3 cm
of the grab using a plastic corer of 8 cm length x 6 cm diameter. To avoid
stimulating cyst germination by oxygen, light, and temperature changes,
air bubbles were manually released from each sub-sample that was then
wrapped in aluminum foil and preserved at 4 °C. In the laboratory, the
A. catenella resting cysts were extracted following the procedures out-
lined by Matsuoka and Fukuyo (2000), with slight modifications as
described by Rodriguez-Villegas et al. (2021b).

Simultaneously, three records of temperature, pH, and redox po-
tential (hereafter redox) were taken at haphazard positions in each Van
Veen grab from the sediment surface, using a pre-calibrated multi-
parameter portable MultiLine® meter (Multi 3620 IDS probe, WTW)
with electrodes designed for measuring semisolids. pH was recorded
with a conic electrode with Teflon, fiber, and ceramic triple union, and
temperature compensation. Redox was determined with a platinum
sensor Ag/AgCl saturated (3.5 M KCL) with gel/polymer electrolyte. All
measurements were made according to the Chilean standard ISO NCh:
17025 of 2005.

To determine sediment granulometry, three sediment samples were
collected (~50 g1), freeze-dried, and then separated using a series of
sieves (500, 250, 150, 90, and 63 pm). Each sample was shaken for 15
min in a mechanical sieve shaker (Gilson Company, Inc.). Then, we
recorded the weights of the sediment fractions retained in each sieve and
in the pan (<63 pm). These data were then used to calculate the gran-
ulometry parameters using the rysgran package in R (De Camargo,
2016). The grain size composition of sediment was categorized using the
Wentworth scale chart (Wentworth, 1922) as follows: gravel >2000 pm,
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sand 63-2000 pm, and silt <63 pm. To summarize and characterize each
sampling station, the three sediment subsamples were averaged.

Finally, we calculated median values with Inter Quartile Range (IQR)
for the physical-chemical description of the sediment, and arithmetic
mean values with standard deviations for the definition of the abun-
dance of A. catenella cyst.

The surface wind dataset was obtained from the ERA5 reanalysis,
and the daily gridded (0.25° x 0.25°) ocean surface wind vectors were
downloaded from Copernicus Climate Data Store (https://cds.climate.
copernicus.eu). This dataset was used to calculate the zonal and
meridional components of the wind stress according to Yelland and
Taylor (1996). The surface Ekman transport was calculated for each grid
point of the ERA5 data (Smith, 1968), and the depth of the surface
Ekman layer was computed as in Pond and Pickard (1983) for latitudes
outside +£10° from the Equator. Finally, the Ekman pumping velocity
was calculated according to Smith (1968).

Hydrodynamic data from the regional model HYCOM (HYbrid Co-
ordinate Ocean Model) were used to perform numerical simulations of
particle dispersion. Data for January 2016, 2017, 2018, and 2019 were
obtained from the model website (www.hycom.org). The simulations
were run with the lagrangian model OpenDrift (Dagestad et al., 2018).
Thus, 276 particles distributed in a regular grid were released at the
depth of 200, 150, 100, and 0 m, and followed for six days. Finally, the
model was configured with outputs every 3 h.

In this study, we used field sampling, oceanographical, and model-
ling approaches and present conclusive results on the risk of A. catenella
bloom initiation - through resting cyst resuspension, germination and
cell growth - in the adjacent oceanic areas of the fjord system of northern
Patagonia. Our risk assessment is based on the following indicators:

Resting cysts were found in 36 % of the sampling stations with
abundances ranging from 2 to 68 cysts cm™> (9.6 + 18.4; n = 16;
Fig. 1A). The highest abundance was recorded at st.13 and the lowest at
st. 1, at 168 m and 18 m depth, respectively (Fig. 1A). St.1 was the only
site where we found empty cysts of A. catenella even in high abundance
(~44 empty cysts cm™>; data not shown). These cysts abundances are
relatively low when compared to values reported in sediments from
other regions of the world with abundance up to 9000-cyst cm ™ (White
and Lewis, 1982). Nevertheless, these low A. catenella cysts abundance
(small inoculum) contrasting with the intense blooms recorded in the
last years in the Chilean fjords (Diaz et al., 2022).

All resting cysts were deposited in sediments that were mostly
composed of fine sand (median = 82.9 %, IQR = 8.40), followed by silt
(median = 16.1 %, IQR = 8.19), and gravel (median = 0.51 %, IQR =
1.68) (Fig. 1B). Moreover, they were found in sediments with a median
temperature of 8.74 °C (IQR = 2.73), a pH of 7.68 (IQR = 0.23), and a
redox of —57.90 mV (IQR = 197.63) (Fig. 1B).

Previous results revealed that not only cysts are formed in the studied
area, but also that germination processes occur and contribute to the
population dynamics of this toxic species in the water column (Diaz
et al., 2014; Rodriguez-Villegas et al., 2021b, 2022). Indeed, A. catenella
strains isolated from oceanic areas (Bahia Mansa, ~40.6°S) showed a
higher reproductive compatibility index than other strains, and this
factor is directly proportional to resting cysts production (Rodriguez-
Villegas et al., 2021a). Moreover, cyst germination, either in situ or via
resuspension into the water column through advective flows, enhances
the potential PST outbreak risk. Recent toxins profiles from oceanic
strains (Bahia Mansa ~40.6°S and Bahia Coliumo ~36°S) showed a high
concentration of toxins per cell. In these strains, there was a prevalence
of C2, C1, GTX3, GTX4 (Rodriguez-Villegas et al., 2021a), and GTX5
(Paredes-Mella et al., 2021) toxins, that could be accumulated in
different tissues of filter-feeding bivalves. Some of these toxins (princi-
pally C1 and C2) could be then biotransformed to more toxic and more
thermodynamically stable forms (e.g., GTX1, GTX2, and STX) by enzy-
matic activities (Oshima, 1995; Oyaneder-Terrazas et al., 2017).

The influence of wind on the ocean surface layer contributes to the
vertical mixing of the water column, favoring the input of nutrients to
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Fig. 3. Six-day evolution of particles released from the continental shelf off Chiloé island over the Cucao submarine canyon at four fixed depths (0, 100, 150, and
200 m) obtained from HYCOM forecast model simulations between January 1-6, 2016.

the photic layer, and therefore, increasing the primary production
(Tomczak and Godfrey, 1994). Also, the alongshore wind stress forces
the upwelling/downwelling of coastal waters (Bakun, 1973). Therefore,
the upwelling process is another mechanism favoring the vertical
advection of subsurface waters, activating the biological production of
plankton. Along the coastal area of Chile, upwelling conditions by
Ekman transport (ET) and Ekman pumping (EP) mainly dominate during
spring-summer (Bravo et al., 2016) because of the influence of the
southeast Pacific subtropical anticyclone (Rahn and Garreaud, 2013;
Schneider et al., 2017). Recently, upwelling was reported up to 44°S,
evidencing an increase in chlorophyll-a and a decrease in the tempera-
ture of the sea surface off Chiloé island (Narvaez et al., 2019; Pérez-
Santos et al., 2019). The long-term seasonal mean of the offshore ET and
upward velocity of EP confirmed the occurrence of upwelling during
summer from ~41° to 46°S. The occurrence of these processes extended
offshore to ~75°W, showing an Ekman layer depth from 24 to 32 m. The
EP was less intense during the spring season, and the ET was parallel to
the coastline, whereas downwelling conditions dominate in fall and
winter with onshore ET and downward EP flow (Fig. 2).

The analysis of the influence of the surface wind as a process favoring
upwelling demonstrated that both ET and EP contribute to the vertical
ascent of subsurface waters in summer. Furthermore, the occurrence of
these processes in the area where the greatest abundance of toxic cysts of
A. catenella were detected, despite being relatively small when
compared to values reported in sediments from other regions of the
world (up to 9000 cysts em™>; White and Lewis, 1982), supports the
hypothesis that ET and EP could favor the deposition and resuspension
of the cysts. If A. catenella mature cysts are transported into the photic
layer, they can found there environmental conditions (temperature,

light, nutrients, etc.) are generally compatible to their vegetative
growth. Therefore, reaching the photic zone, and the stability and depth
of it, determines the chances for bloom initiation, given that a critical
number of cells are needed to successfully initiate a bloom (Estrada
et al., 2010). Considering an average vertical advection of ~0.2-0.5 m
d~! off Chiloé Island in summer (Fig. 2), an accumulated effect with the
rise of 2-5 m would occur in only ten days and could transport the cysts
to the surface. There, they can germinate and eventually originate a
bloom in a couple of months.

The particles, from model simulation, released over the canyon off
Chiloé Island showed on the surface a clear relation with the coast and
the oceanographic conditions generated by the horizontal gradients of
density, wind conditions, and the influence of ET and EP (Fig. 3; Sup-
plementary). At the same time, the particles released at 200, 150, and
100 m showed the effect of the topography in combination with the
horizontal gradients of density, and the influence of ET and EP. Ac-
cording to the ET and EP conditions, the particles released at depth
approach the coast through the canyon, which would probably cause the
cysts to be transported to shallow waters (see Supplementary).

Similarly, Butman et al. (2014) and Amorim et al. (2014) showed
that the location of the benthic seed-beds of the PST-producing species
A. catenella (previously A. fundyense) and Gymnodinium catenatum could
be geographically located far away from where a pelagic bloom was
initiated. Moreover, they could be as deep as 100-250 m. In this context,
we describe a novel factor increasing the vertical advection of bottom
waters: submarine canyons (Fig. 1A). Indeed, in response to alongshore
winds, the process of coastal upwelling is significantly increased by the
presence of submarine canyons (Saldias and Allen, 2020). This is due to
non-linear ageostrophic circulation balancing the cross-shore advection
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of subsurface waters around a submarine canyon, and the passage of
coastal trapped waves over it (Saldias et al., 2021a). The passage of these
waves perturbs the sea level promoting a cross-shore pressure gradient
and enhancing the onshore transport of subsurface and bottom waters.
This process even occurs in the absence of wind forcing. Recent analyses
along the Chilean coast estimated the passage of coastal trapped waves
with a period of about seven days (Sobarzo et al., 2016). These waves
promoted the rise of cold waters with vertical displacements ranging
from 29 to 137 m in the head of the Biobio canyon in a few days. Thus,
the presence of about six major submarine canyons in the Los Lagos and
Aysén regions (Fig. 1A) should promote frequent and strong upwelling
events.

However, to better understand the small-scale variability of the cir-
culation and verify the variability of these processes, a specific model-
ling study should be carried out. Finally we need to study the
implications of these events in the resuspension of A. catenella resting
cysts from sediments and its influence on the dynamics of the water
column population for new PST outbreaks in this area.

Our study demonstrated that the offshore ET and upward velocity of
EP occurred during summer, favoring upwelling along the coastal zone
of the eastern austral Pacific Ocean (41° — 46° S). This contributes to the
high abundance and resuspension of cysts of the toxic species Alexan-
drium catenella. This physical transport, in addition to upwelling
advection by submarine canyons, can effectively make the cyst that sank
to the sediments a source of viable cells able to trigger bloom formation.
Our observations highlight the importance to establish the continental
shelf off northern Patagonia as a risk zone for PST outbreaks. Manage-
ment actions must be supported by monitoring programs to assure PST
early warnings for all stakeholders in this area.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marpolbul.2022.114103.
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