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• Climate change drivers and local hydrody-
namics fostered a massive bloom of
Heterosigma akashiwo in a Patagonian
fjord.

• Positive SAM phase promoted an increase
in water temperature and upwelling.

• Salt-fingering events also transport nutri-
ents to the photic layer.

• Hydrodynamic modelling shows that up-
lifts could promote the resuspension of
microalgal benthic stages.
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Harmful algal blooms (HABs) in southern Chile are a serious threat to public health, tourism, artisanal fisheries, and aqua-
culture in this region. Ichthyotoxic HAB species have recently become amajor annual threat to the Chilean salmon farming
industry, due to their severe economic impacts. In early austral autumn 2021, an intense bloom of the raphidophyte
Heterosigma akashiwo was detected in Comau Fjord, Chilean Patagonia, resulting in a high mortality of farmed salmon
rsidad de Los Lagos, Casilla 557, Puerto Montt, Chile.
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Southern Annular Mode (SAM)
Upwelling
Biogeochemistry
NW Chilean Patagonia
Climate anomalies
(nearly 6000 tons of biomass) within 15 days. H. akashiwo cells were first detected at the head of the fjord on March 16,
2021 (up to 478 cells mL−1). On March 31, the cell density at the surface had reached a maximum of 2 × 105 cells
mL−1, with intense brown spots visible on thewater surface. Strong and persistent high-pressure anomalies over the south-
ern tip of SouthAmerica, consistentwith the positive phase of the SouthernAnnularMode (SAM), resulted in extremely dry
conditions, high solar radiation, and strong southerly winds. A coupling of these features with the high water retention
times inside the fjord can explain the spatial-temporal dynamics of this bloom event. Other factors, such as the internal
local physical uplift process (favored by the north-to-south orientation of the fjord), salt-fingering events, and the uplift
of subantarctic deep-water renewal, likely resulted in the injection of nutrients into the euphotic layer, which in turn
could have promoted cell growth and thus high microalgal cell densities, such as reached by the bloom.
1. Introduction

The massive proliferation of nuisance microalgae in marine, brackish
water, or freshwater environments is responsible for substantial negative
socio-economic impacts on fisheries, aquaculture, tourism, coastal and in-
land ecosystems, and public health. These proliferations are referred to as
“harmful algal blooms,” or HABs (Burkholder, 1998; Glibert et al., 2005;
Landsberg, 2002; Van Dolah, 2000), and are generally classified into
three types depending on the main effect of the bloom-forming microalgal
species. The first type includes species that produce potent toxins that are
bioamplified throughout the food web, reaching levels that are toxic to or-
ganisms belonging to higher trophic levels, including humans, by inducing
various poisoning syndromes. The second type is formed by species that,
through their high biomass alone, cause the mass mortality of aquatic
organisms in addition to hampering human activities, via a reduction of
dissolved oxygen, discoloration of the water, and the formation of dense
foams. The third type of HAB species is not toxic to higher trophic levels
but adversely affects invertebrates and fish, notably in aquaculture farms,
although the physical and biochemical processes responsible for the re-
stricted toxicity have yet to be fully elucidated (Hallegraeff, 2003).

While HABs are broadly regarded as naturally occurring phenomena,
there has been a perceived trend of a global increase in their frequency
and geographical distribution, in part due to the increasing implementation
of monitoring programs but also in response to accelerated global change,
including eutrophication, climate change, and the increase in aquaculture
activities in marine and freshwater environments. Regional factors, such
as an increase in thermohaline stratification, have also been implicated in
the occurrence, frequency, bloom duration, and geographical distribution
of microalgal harmful species (Glibert, 2020; Gobler et al., 2017;
Hallegraeff et al., 2021; Wells et al., 2015).

In Chile, the negative effect of HABs have beenmostly related to the toxic
effects in humans induced following the consumption of contaminated shell-
fish (Clément et al., 2002; Fuentes et al., 2008; Mardones et al., 2020;
Mardones et al., 2010; Molinet et al., 2003). The latter havemainly consisted
of paralytic shellfish poisoning, due to the consumption of shellfish feeding
on toxic Alexandrium catenella (Álvarez et al., 2019; Díaz et al., 2014; Díaz
et al., 2022b), diarrheic shellfish poisoning, caused by toxic shellfish feeding
on Dinophysis species (Díaz et al., 2022a), and amnesic shellfish poisoning,
provoked by shellfish feeding on Pseudo-nitszchia spp. (Díaz et al., 2019;
Suárez-Isla et al., 2002). However, massive fish-killer events caused by the
ichthyotoxic microalgae A. catenella, Karenia selliformis, Pseudochattonella
verruculosa, and Heterosigma akashiwo have also been recurrently reported
in Chilean Patagonian fjords. Those events resulted in enormous losses of
wild and farmed fish (Avaria et al., 1999; Díaz et al., 2019).

The first significant HAB fish-killing outbreak occurred in September
1988, subsequent to the expansion of the local aquaculture industry,
which in the southernmost regions of the country (Los Lagos, Aysén and
Magallanes) began in the 1980s (Díaz et al., 2019; Mardones et al.,
2021). This HAB event of 1988 caused mass fish mortality, with the loss
of >5000 tons of salmon, equivalent to almost 50 % of the total annual
salmon production and an estimated economic loss of US$11 M (Avaria
et al., 1999; Díaz et al., 2019). The culprit microalga was the raphidophyte
H. akashiwo, a cosmopolitan species that forms blooms in coastal marine
and brackish waters and whose lethality is mediated by the production of
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long-chain polyunsaturated fatty acids (Edvardsen and Imai, 2006; Kim
et al., 2000; Twiner et al., 2001; Twiner et al., 2004) and/or other poten-
tially toxic metabolites (Basti et al., 2021; Basti et al., 2016) as well as the
induction of reactive oxygen species (ROS) in fish gills. Neurotoxic sub-
stances such as HaTx-i, HaTx-iia, HaTx-iib and HaTx-iii, which correspond
to brevetoxin components PbTx-2, PbTx-9, PbTx-3 and oxidized PbTx-2,
have also been identified in this species (Khan et al., 1997).

In 2016, a HAB caused by P. verruculosa led to the largest massmortality
of farmed fish on record, with the loss of almost 40,000 tons of fish from 45
Chilean salmon farms, corresponding to 18–20 % of the Chilean salmon
production and a value of US$ 800 M (Clément et al., 2016; Mardones
et al., 2021). The price of salmon subsequently increased by 25 % (FAO,
2016). Several climatic, hydrologic, and oceanographic factors were pro-
posed to explain the bloom and the devastating damage it caused. These in-
cluded the combined effects of radiative forcing, the El Niño Southern
Oscillation (ENSO), and wind upwelling, which, together, strongly strati-
fied the water column over several weeks, which in turn supported the pro-
liferation of P. verruculosa (Garreaud, 2018; León-Muñoz et al., 2018;
Mardones et al., 2021). However, species-specific differences in the envi-
ronmental factors promoting the growth and toxicity of P. verruculosa and
H. akashiwo have been determined, notably salinity and water temperature
(Sandoval-Sanhueza et al., 2022).

In addition to the mass mortality of wild and farmed salmon, HABs can
cause the death of deep-sea corals, including those in the fjords of Chile, via
the decomposition of the enormous microalgal biomass, which sinks to the
bottom and forms organic layers toxic to coral habitats (Försterra et al., 2014).

The most recent bloom of H. akashiwo occurred in early austral autumn
2021 and led to the loss of 6000 tons of farmed salmon, with an estimated
economic loss of US$ 4.4 M, at 12 aquaculture facilities in the Comau Fjord
(Los Lagos Region, Fig. 1) (Clément et al., 2021). The oceanographic, hy-
drologic, and climatological processes that contributed to this HAB event
have yet to be investigated. In addition to its importance as a fish-farming
site, Comau Fjord harbors complex, biodiverse ecosystems linked to its
unique geological, climatic, and oceanic features. It is one of three highly
pristine fjords in Chile, with its deep-sea coral ecosystems thriving in shal-
low to deep waters along an acidity gradient that extends well beyond the
level of aragonite saturation included in the worst case scenario of climate
change at the turn of the century (Fillinger and Richter, 2013; Jantsen et al.,
2013; Maier et al., 2021).

As observed in other Patagonian coastal systems, Comau Fjord is a transi-
tional systemof estuarine-marine interfaceswith a 10m-surface layer ofwater
that is poor in nitrates and phosphates but rich in organic matter and silicates,
which arrive with the freshwater runoff from rivers. Surface and groundwater
flows of the fjords are fed by an abundant rainfall and by glacier melting
(Pantoja et al., 2011; Sánchez et al., 2011). Macronutrients flow landward
through a high-salinity water mass, the modified subantarctic water
(SAAW), thereby generating a two-layer, vertically sharp but horizontally
gradual salinity gradient. Stratification of the water column from late winter
to summer hinders primary production, while freshwater inputs in spring
favor phytoplankton blooms mainly consisting of dinoflagellates (Meerhoff
et al., 2019; Pérez-Santos et al., 2021; Sievers and Silva, 2008). However,
the exceptional, complex interactions that characterize the hydrological dy-
namics of the fjords, along with the large-scale climatic conditions driven by
SAM and ENSO give rise to HAB-favorable climatic-hydrological-



Fig. 1.Maps showing the study area. A) Chile; B) Northwestern Patagonia inland sea (the black box indicates Comau Fjord); C) Bathymetric map; D) Location of the sampling sta-
tions visited during summer (red circles) and fall (green circles) 2021; E) High-resolution model that includes Comau Fjord, Hornopirén, and the Llancahué channels in the north.
Red rectangles show the locations of the salmon farms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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oceanographic conditions (Calvete and Sobarzo, 2011; Díaz et al., 2021; Díaz
et al., 2016; Haury et al., 1978; Lucas and Largier, 2013; Roy et al., 2018).
Given the risk of HABs to both the aquaculture industry and biodiversity, in
this study we conducted a detailed investigation of the conditions that pro-
mote these events in Comau Fjord, with a focus on the conditions responsible
for the recent large bloom ofH. akashiwo. Our results enabled the formulation
of a hypothesis explaining how the interplay between climatic, hydrological,
and oceanographic dynamics led to the intense bloomofH. akashiwo observed
in early austral autumn 2021 in Comau Fjord. We also assessed the impacts of
the bloom on salmon aquaculture and local ecosystems.

2. Materials and methods

2.1. Study area

The southern coast of Chile, from 41° to 55° S, hosts one of themost exten-
sive fjord and channel systems in the world (Fig. 1A–B). Large-volume fresh-
water inflows from rivers and the melting of glaciers results in a highly
stratified system with a highly variable bathymetry and a highly dissected
coastline. The region is also subject to heavy rainfall, especially over the
3

windward side of the austral Andes, resulting in an annual average of
2700 mm and in some years up to 5000 mm (Pickard, 1971; Sauter, 2020).
Rainfall occurs year-round but tends to decrease during austral summer,
when more stable conditions lead to warmer air temperatures (Pérez-Santos
et al., 2021).

Comau Fjord, among the northernmost Chilean fjords in Patagonia (42°15′
S), is part of this large fjord system. It is located adjacent to the Gulf of Ancud
to the west and oriented from north to south, with a length of 34.3 km and a
width ranging from10 km at its mouth to 2 km near its head (Villalobos et al.,
2021). The fjord has an average depth of ~412 m and a maximum depth of
497 m, with an abrupt change from 300 to 470 m at the mouth of the fjord
that delimits a deep internal basin (Fig. 1C). The main freshwater sources
are on the eastern side (Quintupeu and Cahuelmó Fjords) and at the headwa-
ters (Vodudahue and Leptepu Rivers). The surface layer in winter is thicker
and colder and has a lower salinity. During the relatively warmer summer,
the salinity of the surface layer increases. Thus, at the surface layer the salinity
fluctuates between 2 and 20 and the temperature between 7 and 20 °C. The
water mass below the surface layer is of relatively constant salinity and tem-
perature throughout the year (>32.5 and 11 °C, respectively; Häussermann
and Försterra, 2009).
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2.2. Climate data

Due to the rugged, isolated landscape of western Patagonia, there are
only a few climatological stations with long-term records. However, the
long-term, continuous records available from the Tepual weather station,
near Puerto Montt City (41°26′S, 72°06 W), allow a detailed analysis of
the interannual variability and trends in northern Patagonia, including
Comau Fjord. For comparisons with the climate conditions during 2021,
we obtained the CR2Met dataset (www.cr2.cl), which includes monthly
gridded (0.05° × 0.05° lat-lon) data on the precipitation and temperature
fields over Chile, from 1979 to 2022. CR2Met was built by the optimal in-
terpolation of surface data from state-of-the-art European Centre reanalysis
data (Álvarez-Garreton et al., 2018). The atmospheric circulation at a
broader scale was analyzed using monthly means of sea level pressure
(SLP), wind at selected pressure levels, and surface downward solar radia-
tion, using data from 1970 to date, obtained from the National Centers
for Environmental Prediction (NCEP)-National Center for Atmospheric Re-
search (NCAR) Reanalysis and covering a 2.5° × 2.5° latitude-longitude
grid (Kalnay et al., 1996). Monthly mean ENSO and Southern Annular
Mode (SAM) indexes were obtained from the National Oceanographic Ad-
ministration (NOAA) Physical Science Laboratory.

2.3. Field sampling

The field data used in this study were obtained from a monitoring
program and from oceanographic cruises. In the former, phytoplankton
cell counts and salmon mortality were determined daily at four sam-
pling facilities. During the oceanographic cruises, hydrographic condi-
tions, nutrients, chlorophyll a, and biogeochemical and other relevant
parameters were recorded.

2.3.1. Monitoring program: phytoplankton and salmon mortality
Between March 15 and April 15, 2021, daily sampling was carried

out as part of the Camanchaca Monitoring Program at four sampling sta-
tions located at salmon farms along Comau Fjord (Fig. 1D). Niskin
bottles (5 L) were used to collect 100-mL water samples from four depths
(sub-surface, 5, 10, 15 m) for quantitative analyses of phytoplankton. The
samples were fixed with neutral Lugol's iodine solution (0.5–1 % final con-
centration) (Lovegrove, 1960), with aliquots then transferred to 10-mL
chambers and then quantified using an invertedmicroscope after overnight
sedimentation (Olympus CKX41), as described in Utermöhl (1958). The
chamber was scanned at a magnification of ×200.

Daily salmonmortality rates at three farm facilities (Leptepu, Porcelana
and Loncochalgua) betweenMarch 1 and May 1, 2021 were obtained from
Camanchaca database.

2.3.2. Sampling during summer and autumn cruises
Two oceanographic cruises, were carried out in the Comau Fjord system

in late summer (March 11–14) and mid-autumn (May 11–15) 2021, with
the R.V. JurgenWinter and R.V. Centinella, respectively. During both cruises,
samples were taken along a 120-km transect (Fig. 1E): 19 stations during
the late summer cruise (red full circles in Fig. 1E) and 23 stations during
the mid-autumn cruise (green full circles in Fig. 1D). The transect began
at the head of the Comau Fjord (stations S1 and S2), passed through the
mouth of the fjord (station S11) before reaching the area near the town of
Hornopirén (station S15), and then returned to the mouth of the fjord (sta-
tion S19) (Fig. 1E).

Water samples for analyses of biogeochemical bulk parameters were
collected at standard oceanographic depths (sub-surface, 5, 10, 25, 50,
75, 100, 150, 200, 300, 400 m) using 10-L Niskin bottles. In addition,
sediment traps were moored at the head of the fjord (station 1), in the
middle zone, in front of Cahuelmó Estuary (station 2), and at the
mouth of the fjord (station 3) to evaluates fluxes and quality of organic
matter in the water column during the mid-autumn cruise (see Fig. 1D
for the locations).
4

Vertical profiles of temperature, salinity, and in vivo chlorophyll-a (Chl-
a) fluorescence were obtained using an AML (model Metrec-XL) oceano-
graphic CTD (conductivity, temperature, and depth) profiler (http://
www.amloceanographic.com) equipped with a Turner Designs CYCLOPS-
7 fluorometer (excitation 460 nm, emission, 620–715 nm), an optical sen-
sor for dissolved oxygen (DO) determination, and other sensors to measure
turbidity and pH. These parameters were measured at depths of 0–400m at
a sampling rate of 8 Hz. The temperature and salinity data from CTD were
converted to conservative temperature (°C) and absolute salinity (SA, in
g kg−1) according to the thermodynamic equation of seawater 2010 (IOC
et al., 2010). The CTD data were processed using the software provided
by the manufacturer and visualized using Ocean Data View software
(Schlitzer, 2015).

2.3.3. Determination of inorganic nutrients and chlorophyll
Dissolved inorganic nutrients [NO3

−, NO2
−, PO4

3−, and Si (OH)4]
were analyzed from 15-mL sea water samples, stored at −20 °C in
HDPE bottles, using a Seal AA3 AutoAnalyzer according to the meth-
odology described in Grasshoff et al. (1983) and the standard methods
for seawater analysis (Kattner and Becker, 1991). The detection limit
for the dissolved inorganic nutrients were: NO3

− and NO2
− (0.015

μM), PO4
3− (0.010 μM), and Si (OH)4 (0.030 μM). NH4

+ analyses were
omitted for logistical reasons, as the analysis of this labile molecule
very soon after sample collection in remote areas in Southern Chile
was not feasible. Chl-a, as a proxy of phytoplankton biomass, was
fluorometrically determined following Strickland and Parson (1972)
and Holm-Hansen et al. (1965), and expressed as μg L−1.

2.3.4. Determination of biogeochemical bulk parameters after the HAB event
After the extreme HAB event in autumn 2021, intense sampling was

conducted to evaluate its impact at molecular and biogeochemical levels.
Suspended particulate matter (SPM), particulate organic carbon (POC),
particulate organic nitrogen (PON), total nitrogen (TN), stables isotopes
(δ13C and δ15N), and Chl-a were measured in seawater (1−2 L) filtered
through precombusted (450 °C, 4 h), 47-mm diameter, GF/F filters (0.7-
μm pore size) at a pressure of 0.08 MPa, to avoid rupturing the plankton
cells (Steinman et al., 2017). All filters were folded without rinsing,
wrapped in aluminum foil, and immediately stored at −20 °C in an on-
board freezer before they were brought back to the laboratory for further
analysis.

SPM was determined by gravimetry based on the weight difference be-
tween the dried filter and the same filter before filtration (Grasshoff et al.,
1999). Chl-a was fluorometrically determined as described above. Correc-
tion for phaeopigments was carried out by HCl (0.1 N) acidification of the
samples.

Prior to the measurement of POC, TN, and their stable isotope ra-
tios (δ13CPOC and δ15NTN) in the SPM samples, a filter was placed in a
fumigation chamber with 5 mL of 10 N HCl for 24 h to remove inor-
ganic carbon, following Verado et al. (1999) but with the modifica-
tions of Barrera et al. (2017). POC, TN, and their δ13CPOC and
δ15NTN values were determined at the Stable Isotope Facility of Pon-
tifical University Catholic of Chile, using an elemental analyzer (EA
Flash 2000 Thermo Finnigan) interfaced with a continuous-flow iso-
tope ratio mass spectrometer (IRMS Delta V Advantage). The standard
deviation (sd) was 0.2 ‰ for δ13C and 0.3 ‰ for δ15N. Isotopic values
are presented in standard δ-notation as per mL deviations relative to
the conventional standards, i.e., VPDB (Vienna Pee Dee Belemnite)
for carbon and atmospheric N2 for nitrogen, as shown in Eqs. (I) and
(II):

R ¼
12
: C
13
: C

�o
14
: N
15
: N

(I)

δX %Οð Þ ¼ Rsample

Rstandard

� �
� 1

� �
∗100 (II)

http://www.cr2.cl
http://www.amloceanographic.com
http://www.amloceanographic.com


Fig. 2. Climate conditions. (a) Sea level pressure (SLP) anomalies during austral summer (Jan, Feb, Mar) 2021, calculated as departures from the long-term-mean
(1980–2010). The letter H (L) indicates prominent centers of positive (negative anomalies). The curved arrows indicate the low-level wind anomalies induced by the
positive SLP anomaly off the coast of southern Patagonia. (b) Austral-summer-accumulated precipitation at Puerto Montt (El Tepual). (c) Summer mean southerly winds
at 925 hPa (about 800 m above sea level) over a grid box centered over Comau. (d) Summer mean solar radiation at the surface over a grid box centered over Comau.
Data for (a), (c) and (d) from the NCEP-NCAR Reanalysis. Data from (b) from the Dirección Meteorologica de Chile.
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whereR=13C/12C or 15N/14N, (Peterson and Fry, 1987), Rsample andRstandard

are the heavy (13C or 15N) to light (12C or 14N) isotope ratios of the sample and
standard, respectively, and X = 13C or 15N (e.g. Selvaraj et al., 2015).

The relative importance of allochthonous and autochthonous organic
matter was calculated using two source end-member mixing models
(Bianchi, 2007; González et al., 2019). Since the sum of the autochthonous
Fig. 3.Red tide caused byHeterosigma akashiwo. The photographwas taken close to the h
this figure legend, the reader is referred to the web version of this article.)

5

marine (fM) and allochthonous terrestrial (fT) fractions of organic carbon
and nitrogen, respectively, is 1, then:

%POCterr ¼
δ13: Cs � δ13: Cm
� �
δ13: Ct � δ13: Cm
� � (III)
ead of Comau Fjord onApril 4, 2021. (For interpretation of the references to colour in
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where δ13Cs is the isotopic composition of a sample, δ13Cm is the marine
end-member from more oceanic stations (−17‰), and δ13Ct terrestrial is
the riverine/lake end-member value for POC (−30 ‰) as proposed for
this area by González et al. (2019).
2.4. Hydrodynamics model and water renewal

The physical-oceanographic characteristics of Comau Fjord's circulation
and transport were examined using the hydrodynamic model MIKE 3 FM
(DHI, 2019), which solves the continuity, momentum, temperature, and sa-
linity transport equations. The mathematical systems, parameterizations,
and other specific characteristics of the MIKE 3 FM are reported in DHI
(2019).

Comau Fjord, as well as the northern region, Hornopirén, and the
Llancahué channels are included in the high-resolution model domain
(Fig. 1D). SHOA nautical chart soundings were used to establish the
bathymetry, with the natural neighbor approach then applied to cre-
ate a digital elevation model (Sibson, 1981). Triangular elements of
various sizes were used to discretize the resulting domain (Fig. 1D),
with a higher resolution (average element size of 300 m) obtained
for the coastline and shallow areas than for Comau Fjord's deep zone
(500 m).

Themodelling period spanned 3 years (2016–2018), with the boundary
conditions of temperature, salinity, currents, and sea level provided using a
regional hydrodynamic model (Pinilla et al., 2020) assessed and applied in
other investigations (Díaz et al., 2021;Mardones et al., 2021). In themodel,
wind stress and heat fluxes are introduced over the sea surface based on the
spatially and temporally variable fields of the WRF-IFOP atmospheric
model. The performance of the WRF model was evaluated in Pinilla et al.
(2020).

The freshwater sources originated from the hydrological model
FLOW-IFOP, which employs the temperature and precipitation series
from the 5 × 5 km spatially resolved CR2Met gridded product
(http://www.cr2.cl/datos-productos-grillados/). The data are used to
simulate runoff and to compute daily discharge series. For the years
2016–2018, the average annual freshwater discharge at Comau Fjord
was 283 m3 s−1, which is equivalent to one-third of the freshwater en-
tering the Reloncaví Fjord system, the area's largest freshwater basin
(Fig. 1B). The CHONOS website (chonos.ifop.cl/flow/) provides infor-
mation on the performance of the FLOW-IFOP model at the gauged
river stations of the Chilean Water Authority.

The Regional Hydrodynamic Model, WRF Atmosphere Model, and
FLOW Hydrological Model were constructed by the Instituto de
Fomento Pesquero (www.ifop.cl). A complete description of all three
can be found in Pinilla et al. (2020). The models are publicly accessi-
ble on the CHONOS website (chonos.ifop.cl) (Reche et al., 2021).

The water age approach (Bolin and Rodhe, 1973; Delhez et al., 1999;
Monsen et al., 2002), which measures how long a water parcel has re-
sided within a body of water (in this study, the fjord) after its entry,
was used to calculate water renewal. This method has been used in
other Patagonian fjords (Pinilla et al., 2020). Areas with an older
water age are those in which the water parcel has resided in the fjord
for a longer time. In the current work, water age was integrated into
the Ecolab module of MIKE 3 FM linked to the hydrodynamic model
and used to evaluate the spatial and temporal variability of water re-
newal within Comau Fjord.

The CTD records obtained in Comau Fjord during December 2020 (9
profiles), March 2021 (9 profiles), May 2021 (13 profiles), and June 2021
(9 profiles) were compared with the hydrodynamic model (2016–2018)
(Fig. 1D). The goal was to replicate the water renewal process of deep
and intermediate waters, which is modulated by the influx of salty water
from the ocean. Salinity served as the tracer, and the depth of the 33
isohaline over 1 year as the reference. Note that the model and the observa-
tions are from different years. Fig. S1 of the Supplemental Material shows
the results.
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3. Results

3.1. Climate conditions

The SAM was in its positive phase during the austral summer (Jan–
March) 2021, in connectionwith a circumpolar ring of high-pressure anom-
alies at mid-latitudes (Fig. 2A). SLP positive anomalies were particularly
marked along a center straddling the southern tip of the continent and
reached a maximum in February 2021. The rainfall in Puerto Montt during
the 2021's austral summer reached a record low (Fig. 2B), with values
slightly lower than those recorded in 2015, 2016, and 2019. The extremely
dry conditions in late summer and early fall of 2021, with moisture deficits
>60%, encompassedmost of southern Chile andwestern Patagonia (except
south of 50°S) but resolved later, in April and May. The reduced number of
storms crossing northern Patagonia was consistent with the significantly
higher amounts of solar radiation that reached the surface in this area
(Fig. 2D). The lack of precipitation over land led to substantial, almost
immediate reductions in river discharge (e.g. Aguayo et al., 2019). For in-
stance, the summer mean discharge in 2021 at the Carrera Basilio gauging
station, in the Puelo River (just north of Comau Fjord), was ~60 % of the
long-term mean. During the austral summer of 2021, air temperatures in
northern Patagonia were above normal, including an extreme heat wave
over inland sectors in early February.

The persistent positive pressure anomalies off western Patagonia also
induced strong winds blowing from south to north (Fig. 2A) over Comau
Fjord. Notably, at 925 hPa (about 800 m above sea level) the summer
mean southerly winds in 2021 were larger than at any time during the
40-year record (Fig. 2C).

3.2. H. akashiwo bloom dynamics

A particularly intense bloom of H. akashiwo occurred at the end of sum-
mer and early fall of 2021 in Comau Fjord, NW Patagonia, creating dark
brown patches close to the head of the fjord (Fig. 3). The increases in
H. akashiwo densities (measured during the daily monitoring program) at
four sampling stations in Comau Fjord from March 22 to April 8 showed
a broad spatiotemporal variability (Fig. 4). On March 22rd, H. akashiwo
cells were not detected (Fig. 4A) but on March 23rd H. akashiwo densities
at the Leptepu salmon farm, located at the head of the fjord, were >20
cells mL−1 (Fig. 4B). Four days later (March 27), higher densities (>2 ×
103 cells mL−1) were recorded at two salmon farms (Leptepu and
Porcelana) located at the head of the fjord (Fig. 4F). In both cases,
microalgal cell numbers increased exponentially (Fig. 4S, T). The highest
H. akashiwo cell density occurred at the Porcelana salmon farm on March
31st, with values >2 × 105 cells mL−1 measured at the sub-surface
(Fig. 4J, T). During this period, the phytoplankton community at the sam-
pled depths was completely dominated by H. akashiwo (>99.6 %). Ex-
tremely high densities (>2 × 104 cells mL−1) were maintained at the
head of the fjord until April 5th (Fig. 4K, L). Cell densitieswere significantly
lower (1× 103 cells mL−1) at Marilmo salmon farm, located at the mouth
of the fjord (Fig. 4C).

3.3. Salmon mortality temporal evolution

The intense bloom of H. akashiwo severely impacted the salmon farms
located close to the head of Comau Fjord (Fig. 5A–C). A high daily salmon
mortality (>40 tons) was first detected at the head of the fjord (Leptepu
farm) on March 28 (Fig. 5A), where cell densities of H. akashiwo were ~
17.4 × 103 cells mL−1 (Fig. 4G). Daily salmon mortality peaked between
March 28 and 31, with the loss of >80 tons of fish per day. This large-
scale fish mortality, which accounted for >70 % (1366 tons) of the total
mortality recorded between March 28 and April 10, coincided with the
highest densities of H. akashiwo during the bloom (1 × 105 to 2 × 105

cells mL−1). At Leptepu farm, the total loss of salmon during the bloom
event was 284 tons, corresponding to 57.2 % of its total production
(Fig. 5A). At Porcelana and at Loncochalgua farms, located towards the

http://www.cr2.cl/datos-productos-grillados/
http://chonos.ifop.cl/flow/
http://www.ifop.cl
http://chonos.ifop.cl


Fig. 4.Daily variation ofHeterosigma akashiwo cell densities (data from the CamanchacaMonitoring Program) at four salmon farms in Comau Fjord. A–R) Surface distribution
from March 22 to April 8, 2021; S–V) surface and subsurface distribution (0, 5, 10 m) from March 14 to April 16, 2021.
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head of the fjord, the impact of the H. akashiwo bloom on salmon mortality
was even greater, with total losses of 671 tons (maximum daily loss of
158 tons) and 903 tons (maximum daily loss of 183 tons), corresponding
7

to 65.4 % and 100 % of the total production of these farms, respectively
(Fig. 5B). At both salmon farms, at least two waves of mortality were
recorded and were associated with increases in the cell density of



Fig. 5. Daily evolution of Atlantic salmon (Salmo salar) mortality from March 1 to
May 1, 2021 at three salmon farms located in Comau Fjord.
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H. akashiwo (Fig. 5B,C). The second wave occurred at Loncochalgua farm
between April 15 and 16, when daily losses reached 115 tons and
microalgal cell densities were >2 × 104 cells mL−1.

3.4. Hydrographic conditions

The highest conservative surface temperature in 2021 was 18 °C, mea-
sured at the photic layer (0–20 m depth) at the end of summer (March)
(Fig. 6A), concomitant with the detection of estuarine freshwater and
oxygen-oversaturated water in the same layer and period (Fig. 6B, C). Sig-
nificant reductions in the temperature in this 0- to 20-m upper layer oc-
curred during the fall (May) mainly due to diminished solar radiation and
ice melting (Fig. 6D–F). In addition, the surface decrease in DO reflected
an increase in the layer of low DO (DO >60 % saturation), located between
20 and 100 m depth (Fig. 6F).

In the bottom layer (30m above the bottom), seasonal features included
a nucleus of low water temperature (minimum of 10.7 °C) at depths of
150–350 m depth during summer; but its area decreased in fall (Fig. 6A,
D). An expansion of the SAAW occurred as well (Fig. 6E) and coincided
with an increase in the extent of the low DO layer (Fig. 6F).

3.5. Inorganic nutrients

Mean nitrate concentration inMarchwas 9.07±7.93 μmoles L−1, with
a depletion at the surface and an increase at the bottom layers (Fig. 7A). A
8

significant bottom-up increase towards the head of the fjord was also deter-
mined. The average nitrate concentration was higher in May than that at
the end of summer, with a mean but highly variable value of 18.69 μmoles
L−1 (sd= 8.55 μmoles L−1). This was approximately 50% higher than the
value at depths of 5 and 10 m (Fig. 7A, D), where nitrate depletion at the
surface resulted in a nitracline of 10 μmoles L−1 (Fig. 7D). In the middle
layer (20–110 m), the nitrate concentration increased, reaching an average
of 24.60 μmoles L−1, and a maximum (29 μmoles L−1) near the head of the
fjord. From 110 m downwards, there was a progressive decrease in the
nitrate concentration, with a nitracline of 20 μmoles L−1 detected between
20 and 200 m.

The average phosphate concentration in late austral summer was
1.41 ± 0.86 μmoles L−1 (Fig. 7B). The surface (0–20 m) concentration of
<1.75 μmoles L−1 was consistent with a natural bottom-up decrease in
the phosphate concentration and maximum value of 2.75 μmoles L−1 at
the head of the fjord. A weak increase, similar to that determined for ni-
trates, was measured in the surface waters, at a depth of ~7 m, at the
head of the fjord. In mid-autumn, the average phosphate concentration
was 1.79 ± 0.63 μmoles L−1 (Fig. 7E). The vertical distribution showed
that the lowest concentration (<1 μmoles L−1) was in the upper 5 m,
with decreasing concentrations at the head and mouth of the fjord.
Similarly, the silicates concentration in the surface layer was low, with an
average of 11.03 ± 7.0 μmoles L−1 in March, and a maximum of
28.24 μmoles L−1 at the bottom in the intermediate zone of the fjord
(Fig. 7C). Also in March, a homogeneous deep layer of silicates was
detected at all sampling sites. In May, the average silicates concentration
was 17.10 ± 8.24 μmoles L−1 (Fig. 7F), with the highest concentrations
occurring at depths between 50 and 300 m and an absolute maximum of
35.87 μmoles L−1 close to Hornopirén (station F19).
3.6. Biogeochemical bulks parameters after the HAB event

The average SPM concentration in Comau Fjord in May was 3.27 ±
1.52 mg L−1 (Fig. 8A). The highest concentration (>10 mg L−1) occurred
at the surface layer near the mouth of the fjord. From the surface to the bot-
tom layer (~200 m), there was a significant decrease. High concentrations
of Chl-a (>15 μg L−1) were measured at sites where the SPM concentration
was highest (Fig. 8B). Similar results were observed for POC and PON, with
maximum values occurring at the surface layer (POC= 50–100 μmol L−1

and PON = 5–10 μmol L−1, respectively). POC-PON values were highest
in the surface waters inside Comau Fjord and decreased with depth,
whereas they were lowest (<1 μmol L−1) at the station area near
Hornopirén and in the Gulf of Ancud (Fig. 8C, D).

The C:N ratio is often used as a proxy to trace the source and fate of or-
ganic matter in the fjord. Relatively high ratios were determined through-
out the water column, with a mean of 12.59 ± 5.8. The C:N ratio was
lowest (~8) at the surface layer and highest at the middle layer, from
below 100 m depth to the bottom, and at the fjord head zone, where a nu-
cleus with a high C:N (18–28) was detected (Fig. 9A). Organic carbon (C.
org) correlated significantly with TN; the correlation was fitted to a linear
regression (C.org = 7.66 NPT + 4.78; R2 = 0.94).

The carbon isotope signalwas low in the same areas where the C:N ratio
was high (δ13CPOC - 43.35 %) whereas enrichment was evident in waters
from the head to the mouth and close to the surface layer (Fig. 9B). An iso-
topic enrichment in nitrogen characterized nearly the entire water column,
withmean values of δ15TN8.84±2.31‰ (Fig. 9C). A significant, negative
correlationwas determined for the relationship between δ13CPOC and the C:
N ratio, with a depletion of the isotopic signal as the C:N ratio increased
(Fig. 9D). This relationshipwas highly significant (R2=0.96) at the surface
layer (<20 m) and significant towards the bottom (R2 = 0.72), consistent
with an isotopic fractionation of >9 ‰. The biogeochemical dynamics of
organic matter degradation in Comau Fjord could be inferred from the rela-
tionship between DO and pH (Fig. 9E, F). The pH decreased as the C:N ratio
increased. Regarding the relation between POC-PON and DO, there was a
weak correlation between POC and DO (R2

POC = 0.48) and a significantly
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Fig. 6. Vertical distribution of conservative temperature (°C), absolute salinity (g kg−1), and dissolved oxygen (mL L−1) from 0 to 400 m along a transect in Comau Fjord
during late summer (March; left panels) and middle fall (May; right panels) 2021.
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strong correlation between PON and DO (R2
PON = 0.65); both could be

fitted to an exponential equation.

3.7. Fluxes and quality of organic matter in the water column

Estimations of the vertical fluxes of organic matter (C and N) are shown
in Fig. 10. A high sedimentation rate of both C and Nwas determined at the
head and mouth of the fjord (Fig. 10A, B). The analysis of δ13CPOC vs. C:N
showed the enrichment of carbon at the middle zone of the fjord (with a
ratio close to 6), while the organic material content at the head of the
fjord was smaller, with an increase of the C:N ratio (Fig. 10C). The relation-
ship between the C and N isotopes showed that both the C and the N
9

content were significantly depleted at the head of the fjord compared to
the middle zone and mouth (2‰ and 1–1.5 ‰, respectively) (Fig. 10D).

3.8. Circulation patterns and water renewal

We performed a hydrodynamic simulation for the years 2016–2018 to
obtain a complete picture of the complex ocean circulation within the
fjord. The hydrodynamic model showed a mean surface circulation pattern
(upper 10 m) in late summer (February and March) (Fig. 11A, B) that was
characterized by weak currents (<2 cm s−1) and an eddy-like pattern to-
wards the mouth and head of the fjord. However, the water at the head
was roughly twice as old as the water at the mouth, and its age increased



Fig. 7. Vertical distribution of nitrate (μM), phosphate (μM), and silicate (μM), from 0 to 400 m along a transect in Comau Fjord during late summer (March; left panels) and
middle fall (May; right panels) 2021.
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from 150 days in February to 200 days in April (Fig. 11G–I). There was also
a noticeable change in the circulation pattern during April, with a stronger
outflow from the fjord than in summer (Fig. 11C), especially towards the
mouth (~10 cm s−1). This outflow disrupted the summer's eddy-like pat-
tern at the surface and caused a notable increase in water age in the fjord,
with a maximum value of close to 200 days at the head (Fig. 11I).

The circulation was maintained with the fjord outflow from fall (May,
June) (Fig. 11D,E) towinter (July) (Fig. 11F),with the highest values occur-
ring in the latter season. The water age declined from May to July (~100
days) The yearly cycle of surface water age at the head of the fjord
(Fig. 11M) consisted of an increase that began near the end of summer
(100–150 days), peaked in the fall (~200 days), and then gradually de-
clined in winter (~50 days).
10
An examination of the water exchange mechanisms in the fjord's deep
and intermediate layers revealed intensive water exchange between the
inner and outer fjord in winter, such that the water age is lower (50 days)
than at other times of the year (Fig. 12A).

In the spring, a blockade at the fjord's mouth reduced water exchange
such that the water age increased by ~100 days (Fig. 12B). Although the
deep water at the mouth of the fjord was stagnant during summer, the
rise of older water was observed at the head, caused by internal waves in
the intermediate layer produced by modest water exchange (190 days)
(Fig. 12C).

Oceanic water was transported into the fjord via the intermediate layer
(50–300 m) early in the fall (Fig. 12D), such that this layer was renewed.
This occurred along with a strong uplift of the older waters (~200 days)



Fig. 8.Distribution of biogeochemical parameters along Comau Fjord after the HAB event. A) Suspended particulate matter (SPM, mg L−1); B) chlorophyll-a (Chl-a, μg L−1);
C) particulate organic carbon (POC, μmol L−1); D) particulate total nitrogen (PTN, μmol L−1).
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towards the head, such that they reach the surface layer, whereas water in
the deep layer (300–470 m) was stagnant, with an age of ~230 days. Fi-
nally, in late fall, deep-water renewal replaced stagnant water in the deep
layer of the fjord via the surface and intermediate layers (Fig. 12E).

4. Discussion

The frequency of HAB events in Chile is steadily increasing and spread-
ing to new areas of Patagonian fjords and channels. While much of this in-
crease, like HAB events elsewhere in the world, is related to climate change
(Griffith and Gobler, 2020), the contributions of local and near-term envi-
ronmental factors must be considered to predict individual events
(Townhill et al., 2018). The intense HAB of the microalgae H. akashiwo in
Comau Fjord inMarch 2021 caused extremely high losses of locally farmed
salmon. In the following, we present and discuss our hypothesis on how the
interaction between climatic, hydrological, and oceanographic drivers can
lead to the development of the massive H. akashiwo bloom in Comau
Fjord, such as occurred in March 2021. These drivers are diverse and in-
clude large-scale climate regulation from Antarctica to the Tropical Pacific
Ocean, the physical and chemical conditions of the water column, and the
water circulation regime across several water depth layers. Support for
our hypothesis was obtained by analyzing the biogeochemical parameters
of the water column during the bloom event that are relevant to microalgal
growth.

4.1. Regional and local climate regulation

The extremely dry summer over western Patagonia in 2021 was consis-
tent with a trend, observed since early 1980s (Boisier et al., 2018; Garreaud
et al., 2021) (Fig. 2B) that has been attributed to the persistence of the SAM
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in its positive phase during the austral summer (e.g. Fogt and Marshall,
2020). This positive SAM phase is characterized by strong westerly winds
around the (upper and lower) Antarctic coupledwith a decrease in pressure
over the Antarctic and an increase in surface pressure atmidlatitudes. These
pressure anomalies caused an abnormal expansion of the high-pressure cell
over the subtropical SE Pacific towards southern Chile, resulting in a reduc-
tion of the westerly winds impinging on the austral Andes and a poleward
shift of the storm track away from northern Patagonia (Garreaud, 2007).
These features pushed midlatitude storms towards the Antarctic periphery
and lead to dry conditions at midlatitudes, including northern Patagonia
(Gillett et al., 2006). The positive SAM trend is a consequence of both an in-
crease in greenhouse gases in the troposphere and the depletion of ozone in
the stratosphere. Climate models consistently project a continuation of a
positive-phase SAM and therefore continued drought in western Patagonia
for decades to come (Aguayo et al., 2019).

Extreme drought over Patagonia (as observed in austral summer 2021),
requires additional forcing, such as the one often provided by the ENSO and
natural variations in the SAM (Garreaud, 2018). In 2021, the ENSOwas in a
La Niña phase, which often results in a slightly higher than usual summer
rainfall. The intense drought and strong southerly winds in Patagonia
were then largely driven by the SAM positive-phase, including highly pos-
itive pressure anomalies over the midlatitude SE Pacific (Fig. 2A). Interest-
ingly, the positive-phase SAM in austral summer-fall 2021 occurred
simultaneously with a massive ozone hole that had developed over
Antarctica during the previous spring (September–October 2020). Al-
though the ENSO and SAM involved disparate vertical levels (the lower tro-
posphere and mid stratosphere), they were, nonetheless, dynamically
connected (Lim et al., 2019) and provided some degree of predictability
for summer drought in north Patagonia as well as for the potential develop-
ment of HABs.



Fig. 9.A)Molecular C:N ratio; B) isotopic signals of particulate organic carbon (δ13CPOC,‰) andC) particulate organic nitrogen (δ15NTN,‰); D) relation between the isotopic
signal of carbon vs the C:N ratio. Linear regression equation for the surface samples (green) and deep samples (orange); E) Relation between the C:N ratio and pH in samples at
30 m (green ellipse) and below (red ellipse); F) exponential relation between particulate organic carbon (POC, μmol L−1) and nitrogen (PON, μmol L−1) and the dissolved
oxygen concertation (mg L−1). Exponential relation of POC vs. O2 (violet) and PON vs. O2 (red). (For interpretation of the references to colour in thisfigure legend, the reader
is referred to the web version of this article.)
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4.2. Physical-chemical and biological drivers of bloom development

The chronology of the development of water masses along Comau Fjord
during the study period was characterized by a seasonal variation that
allowed the continuous exchange of estuarine and oceanic water (Fig. 6
and Fig. S2) (Fillinger and Richter, 2013; García-Herrera et al., 2022).
The vertical distribution of absolute salinity was indicative of the entrance
of oceanic water, i.e., SAAW, during March 2021 (Fig. 6). While the contri-
bution of thiswatermasswas initially 18.3%, it increased to 70% inwinter
2021 (Fig. S2). The salinity data from March 2021 highlighted the upward
movement of the isohaline of 33 g kg−1 at the fjord head zone. Inorganic
nutrients (Fig. 7) followed the same response as salinity, providing further
evidence of a local upwelling process.

Recently, Crosswell et al. (2022) reported the presence of a local upwell-
ing in the head zone of Reloncaví Fjord, due to the influence of down-fjord
winds. The upwelling was cited as one of the main factors contributing to
the input of nutrient-rich water into the euphotic layer, in turn favoring
12
primary production. Additional mechanisms contributing to the mixing
processes were synoptic winds (mainly from the north and produced by a
low atmospheric pressure system) and the katabatic (southerly) winds in
Comau Fjord. Favorable upwelling winds were also reported in the north-
ern Patagonian fjords during spring-summer, owing to the southern migra-
tion of the southeast Pacific subtropical anti-cyclone. A spring-summer
dominance of the wind regime by southerly winds was determined as
well (Narváez et al., 2019; Pérez-Santos et al., 2019). The favorable upwell-
ing winds at the head of Comau Fjord contributed to theH. akashiwo bloom
in March 2021. As the southerly low-level winds over this area in summer
2021 were the strongest on record (Fig. 2D), they would have played a
key role in HAB development.

Double-diffusive convection (DDC) also promoted amixing of the water
column in the Patagonian fjords and channels (Pérez-Santos et al., 2014). A
quantification of the DDC in Patagonian waters revealed two different pro-
cesses: diffusive-layering and saltfingering, accounting for 40% and 1% of
the total data, respectively. In general, the change in sign of the vertical



Fig. 10. Fluxes of organic matter: A) Nitrogen and B) carbon (μmol per mg of SPM sedimented m−1 day−1 for three sediment traps located at three stations, representing the
head (ST1), middle (ST2), and mouth (ST3) of Comau Fjord. Numbers over the bar indicate mg of N or C. C) Relation of the isotopic signal of carbon (δ13CPOC, ‰) vs. the
molecular ratio of C:N. D) Relation between isotopic signals of nitrogen (δ15NPN, ‰) and carbon (δ13CPOC, ‰).
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gradients of the temperature and salinity profiles in the water column con-
tributed to the origin of processes such as the diffusive layering/salt
fingering events that take placewhen temperature and salinity increase/de-
crease with depth (You, 2002). Salt fingering occurs when warmer, salty
water overlaps colder, less salty water (Kelley et al., 2003). Data collected
during an oceanographic cruise in Comau Fjord in March 2018 registered
salt fingering events in the euphotic layer (15–30 m), and was postulated
to be a significant process controlling metabolism in the waters of Comau
Fjord (Crosswell et al., 2022). A quantitative analysis of DDC in Comau
Fjord during March 2021 revealed the presence of salt fingering events at
depths of 100–200 m (Fig. S3). This mixing process in the water column
of the fjord head zone occurred in the same layer as the upward movement
of salinity and inorganic nutrients, eventually resulting in the entrance of
nutrients into the euphotic layer, which in turn gave rise to the intense
bloom.

The strong southerly winds that favored upwelling and salt-fingering
could additionally have induced the resuspension of microalgal cysts in
the water column at the head of Comau Fjord. Several studies have
pointed out that the frequent recurrence of many HAB species in certain
areas, including eastern boundary upwelling systems, can be linked to
the presence of seedbeds (Pitcher and Louw, 2021; Trainer et al.,
2010). Recent investigations of sediments from aquaculture farms re-
vealed the presence of cysts of several modern dinocysts, and therefore
of seedbanks for HAB efflorescences (Balaji-Prasath et al., 2022). Al-
though we did not find evidence of the presence of H. akashiwo resting
cysts in the sediments of Patagonian fjords and channels, an examina-
tion of sediments in Northwestern Patagonia showed that they harbored
cysts of many HAB species, including those known to be toxigenic, albeit
at varying densities and with different environmental implications
(Rodríguez-Villegas et al., 2022a).
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H. akashiwo enters a resting stage when conditions are not suitable for
its vegetative growth (Itakura et al., 1996; Kim et al., 2015). Resting stages
are characterized by metabolic stasis and allow survival in the sediments
until either bottom conditions or resuspension events permit germination,
in which case the cysts enter a vegetative, proliferative stage that allows
bloom development. The rapid formation of cysts under nutrient limitation
is enabled by a direct shift from a vegetative to a dormant stage, mediated
by an asexual life cycle stage, such that gamete and zygote formation is
bypassed (Han et al., 2002). The germination of H. akashiwo cysts is like-
wise very fast, as it is constrained only by environmental factors, mostly
temperature and light, without a mandatory cyst maturation period.
For other raphidophyte species, germination requires several months
(see for example Imai and Yamaguchi, 2012). The temperature thresh-
old for germination is 10 °C (Imai and Itrakura, 1999) and the light re-
quirement is very low (5 μmol photons m−2 s−1) (Han et al., 2002).
The presence of cysts of H. akashiwo and the environmental dynamics
of their germination in Japan were previously studied and temperature
and light were shown to affect cyst germination, although whether they
also regulate natural seedbanks is not well understood (Imai and
Itrakura, 1999; Shikata et al., 2007).

TheH. akashiwo bloom that occurred in September 1988 coincidedwith
a Marine Heat Wave (MHW) in northern Chilean Patagonia, during which
the sea surface temperature increased by 0.6 °C (Pujol et al., 2022), suffi-
cient to promote the growth of H. akashiwo (Sandoval-Sanhueza et al.,
2022). During that bloom event, cell densities up to 1 × 105 cells mL−1

were detected in the inner sea of Chiloé, with resting cysts as themost likely
source of the initial microalgal inoculum. An uplift together with the ma-
rine topography of the affected zone, which includes submarine canyons,
could have promoted the resuspension of microalgal benthic resting stages
fromwaters as deep as 200m into the photic zone,where if the temperature



Fig. 11.Monthly mean circulation pattern (A–F) and meanwater age (G–L) for the surface layer (0–10m) during February to July (2016–2018). M) Time series of water age
at the head of Comau Fjord in the surface layer (0–10 m). The red dashed line indicates the period of annual maximum water age. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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allowed, germination would have been possible (Rodríguez-Villegas et al.,
2022b). The combined impact of upwelling winds and salt fingering on
seedbanks ofH. akashiwo in Comau Fjord needs to be further studied to un-
derstand whether these same conditions promote recurrent blooms of this
species.

4.3. Circulation pattern and bloom retention

Comau Fjord is a deep estuarine systemwith a sill at its mouth (Fig. 1C)
that separates the inner basin of 470 m from the outer basin of 300m. Con-
sequently, deepwater below 300m remains stagnant for long periods of the
year (Fig. 12). An analysis of water age via a simulation in our hydrody-
namic model revealed that, from spring to summer, deep water gradually
becomes isolated from an exchange with water outside of the fjord, due
to a blockage at the sill (between 100 and 300 m), resulting in older
water in the deep layer during this period. In the fall, when the deep
layer reaches its maximum age (220 days), an intrusion of outer water in
the intermediate layer causes a strong uplift of the resident water at the
fjord's head, transporting it to the shallower layer, where it remains for
200 days. Water in the deep basin, however, is renewed in the fall, due to
the intrusion of denser water that flushes the fjord at its deep and interme-
diate layers with an outflow that is accentuated in winter, resulting in a
water age of only 50 days.

The water renewal mechanism causes resident water in the deep basin
to rise towards the surface. Thus, water renewal events during the early
fall appear to directly trigger the uplift of older, stagnant water, first in
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the intermediate layer and then in the deep layer (Fig. 12). This sinking pro-
cess occurs when the density of the intrusivewater is higher than that of the
resident water in the deep layer (Gade and Edwards, 1980), as determined
from the CTD-based salinity profiles showing a 33-isohaline uplift at
Comau Fjord, particularly during May and June (Fig. S1).

Prior to renewal events in the deep layer, surface (upper
10 m) circulation is slow, with gyres at both the mouth and head of the
fjord, causing water retention. Surface water reached its maximum age
(200 days) towards the head in early fall, indicating active uplift due to
water replenishment in deeper layers (Fig. 11). This uplift likely
transported nutrients from the deep layer to the shallow photic zone of
the fjord's basins, in turn triggering the phytoplankton bloom (Jonsson
et al., 2009; Sutula et al., 2017; Watts et al., 1998; Watts, 1994). Based on
observational evidence, Salamena et al. (2022) proposed a role for deep-
water renewal in triggering phytoplankton blooms in a tropical shallow
water fjord (Ambon Bay, Indonesia). Deep-water intrusions in the fjords
of Ambon Bay were shown to cause an uplift of nutrient-rich resident
deep water, resulting in its displacement to the surface (Salamena et al.,
2022).

The results of themodels indicated that this upliftmechanismoccurs an-
nually, but the ability of deeper, more saline, and nutrient-rich waters to
reach the top few meters of the water column may depend on other factors
as well. According to the results of these same models (not shown), a larger
volume of saline water ascended to shallower layers in the fall of 2016,
when river discharges were below-average, than was the case in the au-
tumn of 2017 or 2018, such that discharges were near or above average.



Fig. 12.Water age along Comau Fjord in A) winter, B) spring, C) summer, D) early
fall and E) fall of 2016–2018.
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This implies that the strength of the freshwater layer prevents the ascent of
older, more saline, and nutrient-rich waters to the surface. Further studies
are required to update the modelling periods for the 2021 event and thus
determine whether the simulations accurately reproduced this process.

4.4. Biogeochemical conditions during the HAB event

Biogeochemical analyses showed that nitrate, phosphate, SPM, Chl-a,
POC, and PON concentrations were highest in the upperwater layer in sum-
mer, with high concentrations measured at the head of the fjord, where the
bloom of H. akashiwo initiated. C:N values were high throughout the water
column, with a nucleus of maximal values in themiddle layer at the head of
the fjord, whereas silicates were homogeneously distributed in the deep
water layer, with maximal values reached in autumn. The Redfield ratios
and isotopic values of C and N clearly indicated an excess of organic C, in-
cluding its enrichment in the surface waters from the head to the mouth of
the fjord and an enrichment of TN throughout thewater column. Compared
to the expected Redfield value (6.625), which is based on the molar rela-
tionship between C and N for phytoplankton (106:16), the value of the
slope was slightly higher, due to the carbon excess of ~57.5 μg L−1

(4.58 mol). PON and POC concentrations were highest inside the fjord
and decreasedwith depth. The biogeochemical dynamics showed that a de-
creasing pH gradient correlated with an increasing C:N ratio, while DO
15
correlated positively with PON, but not with POC, in an exponential rela-
tionship. Organic matter fluxes in the fjord sediment showed differences
between the head and the rest of the fjord.

These results provide strong evidence that an unusual upwelling of
acidic, nutrient-rich waters to the surface layer favored the development
of the H. akashiwo bloom at the head of the fjord and then sustained the
bloom throughout the fjord during the summer-autumn of 2021, thus coin-
ciding with a La Niña phase. The formation of HABs in upwelling systems
around the world is well documented and the dynamics of these events
have been investigated in large-scale studies (Capone and Hutchins,
2013; Díaz et al., 2016; Feely et al., 2008; Kudela et al., 2010; Pitcher
et al., 2010; Pitcher and Louw, 2021; Trainer et al., 2010). The role played
by nitrates, phosphates, and silicates in the growth of HAB species has been
convincingly demonstrated in several laboratory studies (reviewed in Lin
et al., 2016). However, field studies of the dynamics that govern the role
of nutrients during bloom initiation and maintenance are rare. In a recent
metatranscriptomic study from the East China Sea, H. akashiwo was
shown to rapidly take up and utilize inorganic P during bloom initiation
and to up-regulate the expression of genes related to mixotrophy during
the bloom peak, consistent with the use of organic C from mixotrophy to
sustain the high concentration of cells forming the bloom (Ji et al., 2018).
These results are in agreement with those of the current study and provide
further evidence that high levels of N, P, and organic C from upwelling wa-
ters contributed to the initiation and subsequent maintenance of the
H. akashiwo bloom in Comau Fjord in March 2021.

4.5. Future perspectives

Prognostic climate models consistently project a continuation of a
positive-phase SAM, in which case the drought in western Patagonia can
be expected to worsen over the coming decades. The decrease in river
discharge will affect the strength of the surface estuarine layer, which
prevents the ascent of older, more saline and nutrient-rich waters to
the first few meters of the water column, thus facilitating density strat-
ification near the water surface. The latter plays an important role in
the generation and maintenance of microalgal blooms, as demonstrated
in Comau Fjord. Moreover, as suggested by the models generated in this
study, the reproduction of this sequence of events in fjords character-
ized by high turnover rates and high nutrient concentrations would in-
crease their risk of HABs as well.

5. Conclusions

An exceptional HAB event caused by H. akashiwo occurred during
March 2021 in Comau Fjord, Chilean Patagonia, resulting in enormous
losses of farmed salmon. Taking advantage of a phytoplankton monitor-
ing program and oceanographic data, we analyzed the development and
evolution of the bloom in relation to its physical-chemical dynamics and
climatic-hydrological-oceanographic drivers. Changes in the water col-
umn during the bloomwere evaluated using a hydrodynamic model that
included water renewal. This multi-faceted approach, the product of a
collaboration between public (universities and institutes) and private
(salmon farm) sectors, provided insights into the bloom dynamics of
H. akashiwo, one of the most widespread ichthyotoxic HAB species in
the world. This knowledge is essential in efforts to reduce, if not pre-
vent, the large-scale mortality of wild and farmed fish species in north-
ern Patagonian fjords. Our study also introduced several useful tools for
the better management and protection of deep-sea coral ecosystems and
their unique biodiversity, which globally are under strong natural and
anthropogenic pressure.

A persistent anticyclone over the southern tip of the continent, in con-
nection with the positive SAM phase, was hypothesized to be one of the
main climate drivers of the extreme drought over Patagonia. These condi-
tions accounted for a reduced cloud cover and thus a high level of solar
radiation reaching the fjord, resulting in a warming of the surface layer
(18 °C). The higher temperature and the injection of nutrient-rich waters,
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possibly carrying microalgal resting stages, favored bloom formation. The
same anticyclonic anomaly responsible for the temperature increase forced
strong southerly winds (the strongest on record) over northern Patagonia,
fostering an upwelling at the head of Comau Fjord. The resulting upward
shift at the fjord head zone promoted the injection of inorganic nutrients
into the euphotic layer. The hydrodynamic model demonstrated the signif-
icance of water renewal in Comau Fjord via uplifts of deep water to the sur-
face layer, a process that would also promote the resuspension of benthic
resting stages of HAB species and their ascent into the photic layer, espe-
cially at the fjord head. Salt-fingering events in the same layer as the up-
welling enhanced mixing within the water column and therefore the
transport of nutrients to the layer where H. akashiwo developed. Two
months after this HAB event, the signals from the subsurface layer of
Comau Fjord were still those of the bloom, including the expansion of
low-DO water and a significant increase in inorganic nutrients due to the
recycling processes occurring during organic matter degradation. The bio-
geochemical parameters (POC, DOC, C:N ratio, and stables isotopes of
δ13C and δ15N) confirmed the large inputs carbon and nitrogen into the
fjord during this bloom.
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