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In 2016 a mass mortality period (MMP) of cage cultured tuna occurred in the

northwest coast of Baja California, Mexico. Nine die-offs occurred from May 31st

to August 2nd in Todos Santos Bay, Salsipuedes Bay and Coronado Islands. The

organisms were disoriented, gasping, swimming erratically, and died hours after these

signs were detected. Necropsies and histopathological analyses were performed

on dead organisms. Abundant mucus and congestion was observed in the gills.

Histopathological analysis of the gills showed hyperplasia, fusion of gill filaments and

lamellae, telangiectasia, edemas, increased numbers of mucus cells, and in some

cases severe hemorrhage. Water samples were analyzed and a sampling campaign

was implemented in some cultivation areas to evaluate the presence of ichthyotoxic

microalgae. Chattonella spp. (mainly C. cf. marina) were detected in the water column

during the MMP. At the end of May abundances of 5 × 103 cells L−1 were detected in

sea surface samples and Chattonella spp. represented∼20% of the microphytoplankton

community. Abundance of these species at surface increased to 33 × 103 cells L−1 in

June and represented 85% of the phytoplankton community. No other environmental

stressful variables were detected during the MMP. The presence of Chattonella spp.

in the water column explains the dead of the tuna since behavior, necropsies, and

histopathological analyses of the gills indicate a severe reaction to an environmental

noxa that could be related to the characteristic toxic effect of these species. Before the

MMP, ichthyotoxic species have not been reported in the phytoplankton community of

the region. Accumulation of Chattonella spp. was probably associated with abnormally

high temperatures present during the two previous years before the MMP. Surface

temperature anomalies of 3◦C were registered during 2015. Mesoscale oceanographic

and atmospheric phenomena brought the environmental conditions for a change in the

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2018.00454
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2018.00454&domain=pdf&date_stamp=2018-12-04
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:ergarcia@cicese.mx
https://doi.org/10.3389/fmars.2018.00454
https://www.frontiersin.org/articles/10.3389/fmars.2018.00454/full
http://loop.frontiersin.org/people/319038/overview
http://loop.frontiersin.org/people/597739/overview
http://loop.frontiersin.org/people/607509/overview
http://loop.frontiersin.org/people/523925/overview


García-Mendoza et al. Northern Bluefin Tuna Mass Mortality

phytoplankton community in the region. Phytoplankton biomass was low and associated

with a decrease in the abundance of diatoms and dinoflagellates. The absence of diatoms

together with upwelling events followed by stratification before theMMP probably favored

the accumulation of Chattonella spp. that affected importantly tuna ranching activities in

Northwest Baja California.

Keywords: ichthyotoxic species, Chattonella marina, environmental noxa, gill damage, El Niño

INTRODUCTION

Harmful algal blooms (HABs) can affect economically important
coastal activities. Among these, marine aquaculture is highly
susceptible to HABs. Phycotoxin accumulation and mass
mortalities are the two major noxious aspects of HABs on
cultivated organisms. From an economic perspective, massive
mortalities of fish is the main negative effect of HABs to
marine aquaculture (Lewitus et al., 2012; Hallegraeff et al.,
2017). Mortalities are associated with different causes but mainly
with the presence of marine fish-killing microalgae species. For
example, in 2016more than 40,000 t of cultivated salmon in Chile
were affected by the presence of the microalga Pseudochattonella
cf. verruculosa (Clement et al., 2016; León-Muñoz et al., 2018).
This is the most extraordinary mass mortality event of cultivated
fish ever recorded, referred as the “Godzilla Red Tide” that caused
an estimated loss of over 800M USD (Hallegraeff et al., 2017).

Ichthyotoxic microalgae belong to different taxonomic
groups. Dinoflagellates, cyanobacteria, raphydophytes,
chrysophytes, dictyochophytes (Silicoflagellates) have been
implicated in wild and cultivate massive fish mortalities (Kim
et al., 2007; Aoki et al., 2012; Imai and Yamaguchi, 2012;
Kudela and Gobler, 2012). The rhaphydophytes is one of the
most important group of ichthyotoxic microalgae that has
caused significant economic losses worldwide. Mortalities
have been associated mainly with blooms of Chattonella and
Heterosigma akashiwo. This latter species has affected fish
aquaculture principally in northern latitudes, while Chattonella
species are distributed in tropical waters (Imai and Yamaguchi,
2012). In 1980,∼1,500 t of salmon cultivated in British Colombia
were lost due to a H. akashiwo bloom (Bruslé, 1995; Lewitus
et al., 2012; Esenkulova et al., 2014). The estimated loss was
35M USD (Rensel and Whyte, 2004; Hallegraeff et al., 2017).
In 1990, H. akashiwo was again associated with another mass
mortality of cultivated salmon in the same region (Black et al.,
1991). Chattonella marina had been implicated in more fish
mass mortalities than other raphydophytes species. Particularly,
blooms of this microalga have affected importantly yellowtail
finfish (Seriola quinqueradiata) aquaculture in Japan and Korea.
The first registered mass mortality occurred in 1973 in the
Japanese Seto Inland Sea (Imai et al., 1991). The estimated loss
was 90M USD (Imai and Yamaguchi, 2012). In the 1970s and
mid1980s, C. marina blooms caused other mass mortalities
of yellowtail finfish (Imai et al., 2006). This species was also
associated with a mass mortality of captive southern bluefin tuna
Thunnus maccoyii in Australia (Munday and Hallegraeff, 1998).
In April 1996, ∼1700 t of captive tuna died in Boston Bay, South

Australia (Munday and Hallegraeff, 1998). The association of
the fish mortality with the presence of Chattonella was unclear
since the microalga was present at much lower abundances
(maximum 66 × 103 cells L−1) than the ones reported when
yellowtail finfish mortalities occur. Mortalities of this species
occurs when cell abundances are in the order of millions per
liter (Imai and Yamaguchi, 2012). However, microalgal toxicosis
due to C. marina was the most plausible explanation for the
tuna die-off (Munday and Hallegraeff, 1998). This is the only
report of a negative impact to the tuna ranching industry by an
ichthyotoxic microalga.

Tuna cultivation of northern bluefin tuna (Thunnus thynnus
orientalis) is an important aquaculture activity in Mexico. Tuna
ranching was established in 2002 in northern Baja California and
three companies operate currently close to Todos Santos bay.
Cultivated tuna represents more than 90% of the aquaculture
production of Baja California and it is the second largest (behind
shrimp production) aquaculture activity in terms of revenue in
Mexico. Annual production of the last 5 years fluctuated around
6,000 t per year (Boletines Estadísticos de la producción pesquera y
acuícola de Baja California; www.sepescabc.gob.mx). In summer
of 2016, this industry experienced a period of mass mortalities
of organisms maintained in different areas in northern Baja
California. First mass mortalities were registered in May 31
to June 2 (Figure 1). Eighty percent of the biomass of some
culture pens located in Punta Banda was affected (Personal
communication; Baja Aquafarms Co.). In June 14, a second
outbreak occurred in Salsipuedes Bay followed by another mass
mortality in Punta Banda after 2 days (Figures 1, 2 for the
location of the cultivation areas). Some cultivation pens were
relocated from Todos Santos Bay to Coronado Islands as a
response to the registered events. However, mortalities also
occurred in this location at the end of July. In total, nine
die-offs were registered at different locations from May 30 to
August 4 (Figure 1) hereafter, referred as the mass mortality
period (MMP). This phenomenon has never been recorded
before in the region. We implemented a sampling campaign
during the MMP to identify the causes of the tuna mass
mortalities. Water samples and hydrographic variables were
analyzed. In addition, analyses on affected organisms were
conducted. Here, we report that the tuna disease causative
agent was raphydophyte species of the genus Chattonella,
mainly C. marina. The presence of these species was probably
associated with abnormal environmental conditions present
in the region before the MMP. In addition, we describe the
behavior and lesions of affected organisms caused by these
microalgae.
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FIGURE 1 | Time line of the events during the period of occurrence of mass mortalities of northern bluefin tuna Thunnus thynnus orientalis cultivated in the northwest

coast of Baja California, Mexico.

FIGURE 2 | Location of tuna production areas (red symbols) in the northwest coast of Baja California, Mexico. The round closed symbols represent the stations

covered during the sampling campaign implemented the 16 of June during the mass mortality period. The coastal (line A) and offshore (lines B and C) stations are

indicated in the map. In addition, stations in Punta Banda area are indicated (D). The black line delimits the integration area A used in the calculation of VTN.
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MATERIALS AND METHODS

Description of the Study Area and Location
of the Cultivation Zones
The study area is located in Todos Santos Bay (TSB) region on
the Baja California Peninsula (31◦ 52′ N, 116◦ 37′ W). The bay
has two mouths, which communicate with the Pacific Ocean.
Two islands, called Todos Santos, divide the two communication
mouths of the bay. Seventy five percent of the area presents
depths <50m and 25% is part of a narrow submarine canyon
located between Punta Banda peninsula and Todos Santos
Islands (Figure 2). TBS is an area influenced by the California
Current (CC) that transports water southward. Additionally,
wind forcing causes coastal upwelling with a marked seasonal
cycle (Durazo, 2009). The concessions for cage-cultivation of
tuna are locatedmainly in Todos Santos Bay region (Punta Banda
and Salsipuedes Bay). A systematic sampling was implemented in
these locations (Figure 2).

Sample Campaign (June 16) and Data
Collection
The sampling campaign was conducted aboard the research boat
Rigel of the Center for Scientific Research and Higher Education
at Ensenada (CICESE). Water samples were collected at 16
stations in TSB region. At each station, temperature, salinity, and
pressure were measured with a continuous temperature, salinity
depth profiler (Sontek, CastAway CTD). The water samples were
collected at different depths with a 5-L Niskin bottle.

Phytoplankton Community Evaluation and
Pigment Analysis
Of the water collected with the Niskin bottles, a 50mL aliquot
was placed in amber bottles (Nalgene type). The samples were
fixed with a solution of paraformaldehyde, glutaraldehyde 1%
with HEPES buffer (pH 7.4) and sucrose, as described by
Katano et al. (2009). This solution preserved microalgae species
with ichthyotoxic potential. The phytoplankton community was
analyzed using the Utermöhl method (Sournia, 1978). Ten,
25, or 50mL were sedimented and the complete area of the
sedimentation chamber was analyzed with an inverted light
microscope (Leica DM3000 model). Diatoms, dinoflagellates,
raphidophytes, and other phytoplankton groups were identified
up to genus level and in some cases to species level according to
Tomas (1997) and Omura et al. (2012). Abundance is reported
in cells L−1. In addition, the presence of Chattonella species
is expressed as relative abundances in relation of the total
abundance of the microphytoplankton community.

One liter of water was vacuum filtered to determine the
concentration of phytoplankton pigments. The water was passed
through GF/F (Whatman) glass fiber filters. The analysis
of the pigments was performed by high-performance liquid
chromatography (HPLC). The method used was the one
described by Van-Heukelem and Thomas (2001) and modified
by Almazán-Becerril and García-Mendoza (2017).

Analyses on Affected Organisms
Histological Procedures
During the MMP, 14 tunas (136.6 ± 19.5 cm of total length)
were analyzed. Moribund animals were captured directly from
the cage nets and sacrificed in situ. Pieces of gills were
excised and fixed in 10% neutral buffered formalin, placed in
histological cassettes and send to the laboratory. The tissues were
decalcified with tetrasodium ethylenediaminotetracetate (EDTA)
for a period of 3 to 10 days. The gills were dehydrated in
an ethyl alcohol series of ascending concentrations, embedded
in paraffin and sectioned at 5mm. The tissue sections were
stained with haematoxilin-eosin (HE), 3 sections of each
tissue from each fish were examined by light microscope.
The presence of histological alterations was recorded and
photographed.

Analysis of Environmental Variables
Regional-Environmental Indicators
Long-term series of monthly anomalies of several physical
and biological fields were constructed in order to describe the
interannual variability of the environmental conditions close
to the study area. The period for these series was from the
year 2003 through year 2017, coincident with the availability of
the satellite imagery used in this analysis. For all the variables,
which are described below, those data points located over
the continental shelf (shoreward of the 200-m isobath) and
between Punta Banda Peninsula and Coronado Islands (see
Figure 2) were averaged (or integrated) for each month in the
series. A monthly-mean climatology was then calculated and
subtracted to the monthly composites to obtain the anomalies for
the series.

Satellite Imagery
Monthly composites of satellite-derived products were used in
the long-term anomaly series. These products included the 4 km-
resolution version of the 4µ night-time sea surface temperature
(SST) and default algorithm (OCI) based chlorophyll-a (CHL),
taken from the Moderate Resolution Imaging Spectroradiometer
(MODIS)—Aqua product. These data were obtained from
the National Aeronautics and Space Administration (NASA)
OceanColor Web: http://oceancolor.gsfc.nasa.gov.

Coastal Upwelling Index
To analyze the variability of the regional upwelling regime, a
monthly coastal upwelling index (CUI) was calculated using the
wind stress obtained from the 3-h 25 km-resolution wind vector
at 10-m height from the North American Regional Reanalysis
(NARR; Mesinger et al., 2006) and using parameterizations
proposed by Smith (1988). This calculation was done according
to the definition used by Bakun (1973) and Schwing et al.
(1996), assuming a coast oriented 28◦ Clockwise from
the north.

Numerical Oceanic Model
Numerical-model outputs were also included in the series to
obtain information of the conditions of the water column
during the anomalies of the surface fields described above.
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The numerical model used in this analysis was the regional
physical-biogeochemical coupled model used in Cruz-Rico and
Rivas (2018) but with some differences (described below).
This biogeochemical model is a nutrients-phytoplankton-
zooplankton-detritus (NPZD) model based on nitrogen (Powell
et al., 2006). The total nitrogen at any point is partitioned
between dissolved nitrogen (N), phototrophic phytoplankton
(P), the herbivorous zooplankton (Z), and particulate nitrogen
(D: Detritus). Major biological processes (i.e., photosynthetic
growth and uptake of nitrogen by phytoplankton, grazing on
phytoplankton by zooplankton, mortality of both phytoplankton
and zooplankton, and sinking and remineralization of detritus),
and physical processes (i.e., advection and mixing) affecting
the biological components (N, P, Z, D) are included in the
biochemical model which runs together with the physical model
as one (Powell et al., 2006).

The differences between our model approach and that used
by Cruz-Rico and Rivas (2018) are the boundary data and
surface forcing. In our approach, monthly data from the Global
Ocean Data Assimilation System (GODAS; e.g., Huang et al.,
2008; Ravichandran et al., 2013) were used in the model’s lateral
open boundaries, and daily wind stress calculated from the
NARR’s wind and monthly heat fluxes from the GODAS were
used in the model’s free surface. The simulation period was
also 2003–2017.

An indicator of the nutrient availability for phytoplankton
growth was diagnosed from the numerical-model outputs and
the vertical transport of nitrogen through the 50-m depth. This
transport was calculated as

VTN =

∫
A
wN dA, (1)

where w is the vertical velocity, N is the dissolved nitrogen
(nitrate), andA is the area of the horizontal plane limited offshore
by the 200-m isobath and extending from Todos Santos Bay to
Coronado Islands located at 50-m depth; the total area A is 1.546
× 103 km2.

On the other hand, the Brunt-Väisälä frequency squared
(BVF2) was calculated as an indicator of the stratification of the
water column. The maximum of BVF2 (maxBVF2) and its depth
were used to characterize the water-column conditions around
the study area.

Teleconnection Index
A climatic index was also compared to the oceanographic
variables around the study area in order to explore a possible
relation between such variables and the large-scale climatic
patterns. The Southern Oscillation Index (SOI) was used as an
indicator of the El Niño activity around the study area. As
reported in previous papers (e.g., Cruz-Rico and Rivas, 2018),
the El Niño phenomenon modulates much of the dynamic
over Baja California’s shelf. Indeed, in particular for the warm
anomaly occurred in the period 2013–2016, many of the effects
are attributed to an intense El Niño event (e.g., McClatchie et al.,
2016).

RESULTS

Affectation of Organisms, Necropsy and
Gill Histopathological Results
The first signs of distress of cultivated tuna were observed in
May 31 (Figure 1). The organisms were disoriented, swimming
slowly, and erratically, not moving in circles as in normal
conditions. Some fishes were gasping, the opercula and mouth
were open and the most affected organisms crashed against
the nets of the pen (Video S1; Supplementary Material). The
organisms died and sank to the bottom of the pens ∼4 h after
these signs were noticed.

Necropsies were performed in different organisms and
organs were analyzed macroscopically and histopathologically.
Liver and kidneys did not present signs of damage that
represented a malfunction of the organs. In contrast, gills
of the evaluated organisms were heavily affected. Excessive
mucus and excretion of blood was observed in the gills of
an organism analyzed in June 15. The observation of mucus
under themicroscope revealed the presence of microalgae species
(Figure 1, Supplementary Material). Some cells of Tripos furca
were visible and round or oval cells were also observed that
probable were Chattonella spp., see below.

Histopathological analysis revealed the presence of diffuse
congestion by erythrocytes of branchial lamellae (Figures 3A,B).
Multifocal telangiectasia, which is the result of rupture of pillar
cells in the distal part of the branchial lamellae was also observed
and in some areas rupture of lamellae epithelia was evident
releasing erythrocytes (Figures 3C,D). In some cases, multifocal
telangiectasia occupied the entire branchial lamellae showing
the magnitude of damage (Figures 3E,F). Severe inflammation
and hyperplasia of both, gill filaments, and lamellae, including
fusion and shortening of lamellae were common recorded
(Figures 4A,B). In several cases, the total loose of gill lamellae
with severe inflammation, hyperplasia, and necrosis were
noted (Figures 4C,D). Additionally, detachment of lamellae
epithelium, consistent with diffuse edema, and vacuolization
were observed (Figures 4E,F). Hemorrhagic zones were observed
over the gills filaments and lamellae (Figures 5A,B).

Identification of the Causative Agent
Analyses of water samples from Punta Banda and Salsipuedes
Bay started after the report of the first die-off. Samples
were collected at different days during the mass mortality
period (MMP, Figure 1) and to the end of August in 2016.
After this month, analysis of samples continued on weekly
basis as part of the continuous monitoring programs of Baja
Aquafarms Co. and CICESE. The ichthyotoxic microalgae
Chattonella spp. were present in the tuna cultivation areas
during the MMP. The species was identified as C. marina
according to cell morphology of the organism observed in
water samples without any fixative (Figures 6A,B). The cells
presented a tear (oblong to ovoid) shape morphology and
were 35 to 60µm long. Several chloroplasts arranged close to
the cell wall were evident (Figures 6A,B). Cells with different
morphologies were also present in the samples (Figures 6C,D)
but the most conspicuous and abundant organism was the
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FIGURE 3 | Gills of blue tuna (Thunnus thynnus orientalis), exposed to a harmful algal bloom of Chattonella marina. (A) The presence of diffuse congestion by

erythrocytes of the branchial lamellae is observed. (B) Detail of erythrocyte accumulation (congestion) of the branchial lamellae. (C) Multifocal telangiectasia (arrows),

resulted of rupture of pillar cells, in the distal part of branchial lamellae (aneurysm). (D) Detail of the top of branchial lamellae telangiectasia (arrow) where release of

some erythrocytes is observed, evidencing rupture of lamellae epithelia. (E) Large multifocal telangiectasia of entire branchial lamellae plethoric of erythrocytes. (F)

Close up of erythrocytes accumulated in branchial lamellae, note hemosiderin granules.

one identified as C. marina. Raphydophytes are susceptible to
some preservatives and cell morphology was affected by the
addition of lugol-acetate to the samples (Figure 6E). Several
fixatives were tested during the monitoring period. Using
paraformaldehyde, 1% glutaraldehyde, HEPES and sucrose
(Katano et al., 2009) proved to be adequate to preserve the
samples with minor alterations of Chattonella cells (Figure 6F).
Although it was possible to identify the organisms as Chattonella,
the differentiation between morphotypes was not possible
in preserved samples. Identification of Chattonella species
using morphological characteristics is sometimes ambiguous.
Therefore, several isolates were established from cells collected
during the MMP. Cultures of two strains were established. The

strains were identified with the D1/D2 large DNA subnunit
sequences as Chattonella marina var. ovata (Figure 6G) and
C. minima (Figure 6H) (Ahumada-Fierro, 2017). Therefore,
different species (or varieties) of Chattonella were present during
the die-off period and the abundance is presented as Chattonella
spp.

The abundance of phytoplankton and Chattonella spp. in
samples collected in Punta Banda and Salsipuedes from the end
of May to December 2017 is presented in Figure 7. Chattonella
spp. abundance at the end of May was ∼5 × 103 cells L−1

and reached a maximum of 30 × 103 cells L−1 in the second
week of June (Figure 7B). Chattonella spp. abundance was
higher than 10 × 103 cells L−1 from June to the beginning

Frontiers in Marine Science | www.frontiersin.org 6 December 2018 | Volume 5 | Article 454

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


García-Mendoza et al. Northern Bluefin Tuna Mass Mortality

FIGURE 4 | Gills of blue tuna (Thunnus thynnus orientalis), exposed to a harmful algal bloom of Chattonella marina. (A) Severe inflammation and hyperplasia of gill

filaments and lamellae, showing fusion of lamellae (arrows), note accumulation of erythrocytes (asterisks) in the middle area of filament. (B) Fusion and shortening of

gill lamellae with multifocal telangiectasia (arrows). (C) Total loose of gill lamellae with severe inflammation and necrosis of the gill filament. (D) Severe inflammation,

hyperplasia, fusion, and necrosis of filament with almost the totality loose of gill lamellae. (E) Detachment of lamellae epithelium (arrow) consistent with diffuse edema

and vacuolization. (F) Close up of gill lamellae severely vacuolated.

of August, particularly in surface samples (Figure 7B). Cell
abundance decreased after August and only an abundance above
10 × 103 cells L−1 was detected in one surface sample after
this month. Low phytoplankton abundances (below 50 × 103

cells L−1) were registered during the period of the appearance
of Chattonella spp. (Figure 7A). Therefore, these species were
highly represented in the phytoplankton community. In some
samples, relative abundances ofChattonella spp. were higher than
60% (maximum relative abundance of 83% by the middle of
June) of the microphytoplankton community (Figure 7C). These
species were not detected or were present at abundances lower
than 1 × 103 cells L−1 after August. Phytoplankton abundance
increased after this month (Figure 7A).

Environmental Conditions Associated With
the Presence of Chattonella
To characterize the spatial distribution of ichthyotoxic species
and environmental variables close to the tuna cultivation areas,
a sampling campaign was implemented after the second mass
mortality episode that occurred in Salsipuedes bay (Figure 1).
In June 16, phytoplankton abundance was evaluated in nine
sampling stations in this area (Figure 2, lines marked as A, B,
and C) and in five stations in Punta Banda (Figure 2, area D).
We found high abundances of Chattonella spp. in the surface
and close to the coast in Salsipuedes bay. Abundances of ∼30
× 103 cells L−1 were detected at surface in three stations
located between 0.77 and 1.79 miles from the coast (Figure 8A).
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FIGURE 5 | Gills of blue tuna (Thunnus thynnus orientalis), exposed to a harmful algal bloom of Chattonella marina. (A) General view of gill filament with hemorrhagic

zone (asterisk) where all lamellae are loosed, note telangiectasia in the distal area of gill lamellae (arrow) of the contiguous filament. (B) Detail of hemorrhagic zone

plenty of erythrocytes with hemosiderin granules, note necrosis of the basal epithelia close to the cartilage of the filament.

Chattonella abundance decreased to ∼25 × 103 cells L−1 at
10m and decreased significantly at 20m sampling depth in
these stations (Figure 8A). The abundance of this species at
surface decreased to approximately to 10 × 103 cells L−1 and
5 × 103 cells L−1 in offshore stations (Figures 8B,C). In Punta
Banda (Figure 8D) Chattonella spp abundance was lower than
in Salsipuedes Bay. These species were detected from surface to
∼15m depth (Figure 8D).

Phytoplankton pigments were also determined in
samples collected during the campaign. CHL, fucoxanthin,
violaxanthin, and chlorophyll C2 were highly represented
in samples dominated by Chattonella spp. (Figure 2A,
Supplementary Material). Pigment concentration was high
relative to phytoplankton abundance registered in water
samples. CHL concentration was ∼3 µg L−1 in samples
collected at surface in coastal stations. In these stations,
microphytoplankton abundance was lower than 40 × 103 cells
L−1 and Chattonella spp. represented ∼80% of this abundance.
Therefore, accumulation of CHL was associated with the
presence of Chattonella spp. in the water column (Figure 2B,
Supplementary Material).

There was not a clear relation between the distribution of
Chattonella spp. and the thermal structure of the water column
during the sampling campaign. Surface temperature was similar
(mean of 17.8◦C) in all Salsipuedes stations (Figures 8A–C).
Also, a clear thermal stratification of the water column was
not evident between coastal and offshore stations. There
was no evident mixed layer and the temperature decreased
monotonically with the depth in most of Salsipuedes stations
(Figures 8A–C). In contrast, a well-defined mixed layer was
evident in some stations of Punta Banda (inside TSB). The
thermocline was evident at ∼8m depth in some stations
(Figure 8D). Also, surface temperature in Punta Banda was
higher than in Salsipuedes. The maximum surface temperature
was 20.3◦C in this area (Figure 8D). Under these conditions,
Chattonella abundances were ∼10 × 103 cells L−1 from
surface to the bottom of the thermocline in Punta Banda
(Figure 8D).

Chattonella species thrive in warm temperatures and blooms
of this species have been reported when water temperature is
above 20◦C (Edvardsen and Imai, 2006; Imai and Yamaguchi,
2012). The presence of these species and its relation with the
thermal conditions was not clear during the sampling campaign.
Therefore, we analyzed the variation of the temperature
measured continuously in-situ at various depths in Punta
Banda since 2012. Two short upwelling pulses occurred at
the beginning of the MMP (Figure 9). Thereafter, surface
temperatures increased and∼23◦C occurred in the Punta Banda
region during the MMP. In addition, stratification was evident
during this period and the 18◦C isotherm was detected between
8 and 10m depth. Only in few occasions, this temperature were
registered below 10m depth in the rest of the year (Figure 9).
Most notably, temperatures above 18◦C were registered from
surface to the bottom of the water column in the two previous
years of the MMP. Temperatures in the bottom of the water
column above 18◦C prevailed for ∼5 months, from August to
December in 2015 (Figure 9). This condition was not registered
in other years.

In-situ thermal conditions indicate that abnormally warm
years occurred in the region before 2016. The interannual
variability of the environmental conditions in the region was
analyzed to evaluate the anomaly of the conditions related to
the MMP. This period (May-August 2016) was characterized
by moderate La Niña conditions. Early 2016 and during
the MMP the waters were anomalously warm (∼1–2◦C) but
colder than in the previous months when the anomalies were
higher than 2◦C with a maximum exceeding 3◦C in October
2015 (Figure 10B). During this year and in 2014 intense El
Niño conditions were evident (Figure 10A). Associated with
this conditions, almost 3 years of excessively low levels of
CHL were registered in the region. Right after one of its
lowest values in April 2016, the CHL levels became nearly
normal (Figure 10C). In the months prior to the MMP the
upwelling activity was intense, especially from December 2015
to March 2016, after that the upwelling was nearly normal
with slightly intense short periods (Figure 10D). The strong
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FIGURE 6 | Chattonella spp. in water samples collected during the mass mortality period of northern bluefin tuna Thunnus thynnus orientalis cultivated in the

northwest coast of Baja California, Mexico. Panels (A–D) shows cell observed in water samples without any fixative. Addition of Lugol-acetate affected significantly the

morphology of the cells (E). Less affectation of Chattonella cells was observed (F) with paraformaldehyde, 1% glutaraldehyde, HEPES, and sucrose (Katano et al.,

2009). Cultivated strains isolated during the (MMP) are also presented: Chattonella marina var. ovata (G) and C. minima (H).

positive upwelling anomaly was related to an intense vertical
nutrient supply estimated by numerical-model outputs in the
first months of 2016, especially in March, reaching lower values
(but still over the normal) in the MMP (Figure 10E). From

late 2015 (November and December) through the MMP the
stratification became stronger, except in July-August 2016, with
a thermocline (i.e., depth of the maxBVF2) becoming shallower
and then nearly normal (Figure 10F). After the MMP, SST, and
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FIGURE 7 | Phytoplankton (A) and Chattonella spp. (B) abundance in samples collected in Punta Banda and Salsipuedes from the end of May to December 2017.

The relative abundance of these species is presented in (C) Abundances in surface samples are represented by empty symbols and blue circles are abundances

detected at 10m depth.

SOI, CHL concentration were nearly normal, positive or close
to the climatological mean and the SOI was nearly normal
(Figure 10).

DISCUSSION

Here, we document for the first time mass mortalities of
cage-reared tuna caused by raphytophytes species of the
genus Chattonella in Northwest Baja California, Mexico.
No other environmental stressful variable was detected
during the mass mortality period (MMP). The presence of
Chattonella species, but most probably C. marina, in the water

column explains the death of the tuna since behavior of the
organisms, and histopathological analyses of the gills indicate
a severe reaction to an environmental noxa that could be
related to the characteristic toxic effect of these ichthyotoxic
raphydophytes.

The gills functions include not only respiration but also
osmoregulation and excretion. Since the gills are in contact with
the environment, they are particularly sensitive to presence of
noxas in the water. The significant morphological changes of
the gill tissue of tunas exposed to C. marina are characteristic
of an exposure of fishes to an acute-type noxa or contaminants
(Mallatt, 1985; Godoy, 2016). Changes such as hypertrophy,
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FIGURE 8 | Chattonella spp. abundance (in cells L−1, red circles) and temperature distribution (lines) in the water column in tuna cultivation areas after a mass

mortality episode that occurred in Salsipuedes Bay. (A) presents the abundance and temperature in three stations located close to the coast (see Figure 2 for the

distribution of the stations). (B,C) shows the results of samples collected in offshore stations. (D) shows the results of registered in Punta Banda area (see Map in

Figure 2 for the localization of sampling stations).

hyperplasia, epithelial lifting, partial fusion of some lamellae
of gill epithelium constitute adaptive changes that can be
reversed if the external noxa is eliminated. In contrast, other
changes are more severe and if are extended, impairment of

the normal functioning of the tissue and irreparable damage
occurs, even with elimination of the noxa in the water.
These changes correspond to lamellar telangiectasis (aneurysm),
rupture of epithelial cells with hemorrhages and necrosis
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FIGURE 9 | Water temperature measured continuously in-situ since 2012 at various depths in Punta Banda cultivation area. The mass mortality period is highlight.

The data was obtained with a set of temperature data loggers (HOBO U22-001) placed at different depths in the water column.

(Fernandez and Mazon, 2003; Camargo and Martinez, 2007;
Godoy, 2016). These alterations were documented in all gill
samples analyzed from organisms that died in different dates
during the MMP. Similar alterations in the gills of fishes
exposed to Chattonella spp. have been observed in yellow tail,
Seriola quinqueradiata in Japan (Ishimatsu et al., 1996); Tilapia,
Oreochromis mossambicus, from the Salton Sea, California
(Tiffany et al., 2001), and the Atlantic salmon, Salmon salar in
Chile (Godoy, 2016). Lethal effects associated with Chattonella
spp. has been recorded in S. quinqueradiata in Japan, southern
bluefin tuna (Thunnus maccoyi) in Australia, and salmon (S.
salar) in Norway and Chile (Imai and Itoh, 1987; Munday and
Hallegraeff, 1998; Godoy, 2016).

The precise affectation mechanisms of the gills by Chattonella
is not clear. It was proposed (Ishimatsu et al., 1996) that oxygen
radicals released from Chattonella, stimulate mucus cells in the
gills, and the secreted mucus, possibly plus Chattonella cells
trapped within the mucus, impedes the gas exchange capacity
of the gills by shunting respiratory water current away from
the lamellae. Khan et al. (1996) proposed that brevetoxins
produced by C. marina in conjunction with superoxide radicals
(ROS) cause gill epithelium to become swollen with massive
mucous production resulting in fish suffocation. However,
production of brevetoxins by Chattonella has been disputed
since these phycotoxins have not been detected by LC-MS/MS
analysis (Hallegraeff et al., 2017). What is clear is that ROS
play an important role in the affectation of the gills since
raphydophytes produce high amounts of these compounds and
together with polyunsaturated fatty acids (PUFAs) produce
other toxic compounds through lipid peroxidation by increasing
superoxide dismutase activity and damage gill cell membranes

(Dorantes-Aranda et al., 2015). Therefore, the toxicity of PUFAs
increased synergistically in the presence of ROS (Marshall et al.,
2003).

It well recognized that intense blooms of raphydophytes have
been responsible for several mass mortalities of cultivated and
wild fish and represent a threat to marine fish aquaculture (Imai
and Yamaguchi, 2012). However, two main questions arise from
the analysis of the extraordinary event reported in this work:
(1) Why a relatively low abundance of Chattonella species has
such a devastating effect on tuna? and (2) What caused the
accumulation of Chattonella spp. since these species have not
been reported before in the region?

A high toxic potential of Chattonella species during the bloom
or (together with) a high susceptibility of affected organisms are
possible answers for the first question. After the first report of
the effect of Chattonella to cultured tuna in southern Australia,
investigations on strains isolated from this region have been
performed. These strains showed higher growth rates than
Japanese strains at high irradiances (Marshall and Hallegraeff,
1999). Maximum growth rate of the Southern Australian strain
was registered at 400 µmol quanta m−2 s−1 and they have been
recognized as a high-light adapted microalga strains (Marshall
and Hallegraeff, 1999; Hallegraeff et al., 2017). In addition, the
C. marina Australian strain probed to be more toxic to fish gill
cells due to an elevated production of the eicosapentaenoic fatty
acid and superoxide anions (Dorantes-Aranda et al., 2013). The
mortality of cage-reared tuna in the Todos Santos bay region can
be related also to the presence of highly toxic Chattonella strains.
Abundances were in the same order of magnitude during the
MMP and the outbreak that occurred in Australia. We registered
a maximum cell abundance of 33 × 103 cells L−1. However,
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FIGURE 10 | (A) Monthly values of the southern oscillation index (SOI), and

monthly anomalies (with respect to the 2003–2017 climatology) of (B), surface

temperature (SST); (C), chlorophyll-a concentration (CHL); (D), coastal

upwelling index (CUI); (E), vertical transport of nutrients (VTN), and (F),

magnitude and depth (line’s color) of the maximum Brunt-Väisälä frequency

(maxBVF2) for the period 2012–2017. The shaded area indicates the period

mass morality period. Positive values of the SOI correspond to La Niña,

whereas negative values correspond to El Niño. Positive values in the VTN

correspond to an upward nitrogen supply.

a tuna ranching company reported (abundance was evaluated
with Sedgwick-rafter chambers) a maximum abundance of 90 ×
103 cells L−1. In comparison, cells abundances in the Australian
outbreak were between 1 × 103 cells L−1 and a maximum
of 66 × 103 cells L−1 (Munday and Hallegraeff, 1998). Toxic
potential of the species from our region has to be investigated
but it is clear from the only two reported mass mortalities of
cultivated tuna that the lethal abundance for tuna is one order of
magnitude lower than the one considered for other economically
important fishes. Affectations to the yellow tail S. quinqueradiata
are expected when Chattonella cell abundances are higher than
500× 103 cells L−1.

Tuna susceptibility to ichthyotoxic species has not been
investigated. Behavior and affectation of the gills of the organisms
during the outbreak of Australia were similar to our observations.
Therefore, it seems that tuna is particularly susceptible to
ichthyotoxic microalgae. Shen et al. (2011) proposed that
susceptibility of marine fish to C. marina appears to be inversely
related to their tolerance to hypoxia. However, T. maccoyii is

highly tolerant to conditions of low dissolved oxygen in the
environment. The maintenance metabolism, routine swimming,
and specific dynamic action of these species are not affected in
moderate to severe hypoxia (Fitzgibbon et al., 2010). Probably,
oxygen uptake adaptations that support the high metabolic
demand of tuna such as a large gill surface area and thin gill
epithelium (Korsmeyer and Dewar, 2001) make these organisms
extremely susceptible to the ROS and PUFAs produced by
ichthyotoxic species. This has to be corroborated but a probably
high susceptibility of tuna is the most plausible explanation
for the devastating effect of the noxious C. marina on these
organisms. Striped bass is also cultivated in the region and there
were no reports of affection to this species during the MMP.

What caused the accumulation of Chattonella spp. since
these species have not been reported before? It is important
to try to understand how the Chattonella spp. HAB developed
in the region. We have been monitoring the phytoplankton
community intermittently for more than 15 years at different
sampling points in TSB and semicontinuously since 2010 in
Rincón de Ballenas where bivalve mollusks are cultivated and
it is located 2 miles south from Punta Banda (Figure 2). There
are also other phytoplankton monitoring programs in the region
and Chattonella spp. have not been reported before. After the
MMP the presence of ichthyotoxic species were monitored and
Chattonella spp were registered in several samples. Abundances
lower than 1000 cells L−1 were registered during some periods
of the year and relative contribution to total abundance was
generally not higher than 5% (see Figure 7). This indicates
that Chattonella spp. are common species in the phytoplankton
community of the region and are present at low abundances.
Probably, these species were not detected before the MMP since
the monitoring programs were not focused on the detection of
ichthyotoxic species and samples were preserved with solutions
that affect fragile phytoplankton cells. If they were present,
probably they represented the seeding population for the HAB
that affected the cultivated tuna. Alternatively, Chattonella spp.
were transported into the region from other areas or cysts in the
sediment were probably the source of cells for the initiation of the
HAB during theMMP. Cysts were detected in sediments after the
2016 HAB (data not shown).

The source of the seeding population that originated the
HAB during the MMP remains elusive. We cannot prove that
Chattonella spp. or cysts were present before the MMP. However,
it is important to try to identify the conditions that favored the
accumulation ofChattonella. This was an extraordinary event not
documented before in the region. Extraordinary environmental
conditions were also present in the region before the MMP.
Abnormally warm conditions were present the two previous
years before 2016 and temperatures above 18◦C were detected in
the entire water column close to Punta Banda. In addition, there
were two upwelling periods before the rise of the temperature
and stratification in the water column during the MMP. The
mesoscale interannual variability analysis demonstrated that
these abnormal conditions started 3 years before 2016. In most
of these 3 years before the MMP the El Niño conditions
dominated in the study area. Notably, upwelling conditions were
close to the climatological mean but high SST and low levels
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of CHL were present on these years. By the end of the year
2015 an upwelling intensification occurred, associated with an
atmospheric low-pressure anomaly over the northeastern Pacific
and an intensification of the North Pacific High Pressure System
(Figure 3, Supplementary Material). This condition affected the
northwestern Baja California coast through the first months of
2016, which caused a weakening of the SST anomaly, although
it did not reach its normal values and the CHL showed no
increase. According to the numerical model results the enhanced
upwelling caused a stronger nutrient supply into the surface
waters over the shelf combined with an enhanced stratification.
Thus, the environmental conditions during theMMP turned into
La Niña colder conditions with a relatively intense upwelling,
accompanied with high levels of nutrients according to the
model, and a relatively strong stratification, which caused an
increment of the CHL but not phytoplankton accumulation.
Notably, during the MMP microphytoplankton counts were
extremely low but concentrations higher than 3 µg L−1 of
CHL were detected in some samples. The high chlorophyll
concentration was associated with the presence of Chattonella.
This species presents high CHL cellular concentrations, up to
250 ng CHL cell−1 had been reported for C. marina maintained
under culture conditions (Marshall and Newman, 2002).

We propose that extraordinary environmental conditions
before the MMP permitted Chattonella spp. to thrive in the
region. These conditions caused a change in the phytoplankton
community normally observed in the region. The abundance of
diatoms and dinoflagellates decreased significantly. Specifically,
diatom abundance was unusually low in the previous years
before 2016 (data not shown) and particularly during the MMP
(Figure 4, Supplementary Material). Blooms of Chattonella
occur when diatoms are scarce (Imai, 1990; Onitsuka et al., 2011;
Aoki et al., 2015). The change in the phytoplankton community
during the abnormal period and conditions (upwelling events
followed by stratification periods) before the MMP were the
probable causes for the accumulation of Chattonella spp.
according to the conceptual model for the formation of blooms
of these species.

The ecological interaction between Chattonella and diatoms is
explained by the “Diatom resting hypothesis” proposed by Imai
and Yamaguchi (2012). According to this hypothesis, blooms of
Chattonella spp. are formed when diatoms are scare in surface
waters and there is an input of nutrients associated with mixing
processes after a period of strong stratification. Chattonellas
show lower growth rate than diatoms (Imai and Yamaguchi,
2012). However, Chattonellas can dominate the phytoplankton
community when diatoms population is in a resting stage in
the sediments or they are physiologically inactive in the water
column. Some diatoms species form resting stages and sink
when there is a strong stratification accompanied by depletion of
surface nutrients. Formation of diatom resting stages are essential
for the increase of Chattonella abundance when the stratification
breaks and nutrient are pumped into surface waters (Imai and
Yamaguchi, 2012).

The increase in Chattonella spp. abundances during the
MMP fits to this conceptual model for HABs formation in Seto
Inland Sea in Japan developed after the observation of recurrent

events in this region (Imai and Yamaguchi, 2012). Probably in
the BTS region, the decrease of diatom abundance during the
long period of abnormally warm conditions and the upwelling
events that occurred at the end of 2015 and before the MMP
brought the conditions for the increase ofChattonella abundance.
After the MMP, “normal conditions” returned in 2016 and 2017
and phytoplankton abundance increased accompanied with the
representation of diatoms in the phytoplankton community.
We related a HAB not registered before to extraordinary
environmental conditions that were present in the region. These
two phenomena must occur recurrently to validate the concept
that they were related. Logically, these will not be favorable for
the mariculture industry of the region.

Impact to the Industry and Management of
the Problem
The MMP affected importantly tuna-ranching activities in
Northwest Baja California. This event is one of the largest
economical negative impact for marine aquaculture industry
related to a microalgae bloom in Mexico. An estimated
value of the loses in one of the companies of the region was
42 million dollars according to insurance records (http://
www.abacoadjusters.com/referencia/mortandad-de-atun-2/).
Ecological information of some noxious species has been
gathered from other regions with a long affectation history.
This information is essential to understand the development of
extraordinary blooms in our region. It is important to continue
the monitoring of the phytoplankton community together with
the characterization of environmental conditions to understand
the bloom dynamics of Chattonella or other noxious microalga.
Risk indexes for the presence of the noxious species including
environmental and ecological variables should be developed
to implement management plans to mitigate the effect of the
species to the industry especially, if extraordinary events will
become normal conditions.
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Video S1 | The video was recorded during a mass mortality event of organisms

maintained in Punta Banda. Organisms were disoriented, swimming slowly and

erratically, not moving in circles as in normal conditions. The video shows a

severely affected tuna crashing against the nets of the pen (video courtesy of Baja

Aquafarms Co.).

Figure S1 | Mucus present in the gills of a dead northern bluefin tuna Thunnus

thynnus orientalis analyzed in June 15 in FICOTOX laboratory of CICESE. Cells of

Tripos furca and round or oval cells were also observed.

Figure S2 | A chromatograph of a typical pigment profile of samples dominated

by Chattonella spp. (A) station E1, 33,000 cells L−1. Chlorophyll a concentration

and Chattonella spp. abundance relation (B). The data was fitted to a linear

regression model (solid line) passing through the origin considering that when

Chattonella is not present the chlorophyll concentration is associated to other

phytoplankton groups.

Figure S3 | Geopotential height anomaly (with respect to the 1979–1995

climatology) at 500 hPa for December 2015. Plot taken from https://www.esrl.

noaa.gov/psd/data/histdata.

Figure S4 | Diatom abundance in samples collected in Punta Banda and

Salsipeudes bay from the end of May to December 2017. Abundances in surface

samples are represented by empty symbols and blue circles are abundances

detected at 10m depth.
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