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In 2016 a mass mortality period (MMP) of cage cultured tuna aurred in the
northwest coast of Baja California, Mexico. Nine die-offs ecurred from May 31st
to August 2nd in Todos Santos Bay, Salsipuedes Bay and Corordo Islands. The
organisms were disoriented, gasping, swimming erraticall and died hours after these
signs were detected. Necropsies and histopathological anlgses were performed
on dead organisms. Abundant mucus and congestion was obsered in the gills.
Histopathological analysis of the gills showed hyperplasj fusion of gill laments and
lamellae, telangiectasia, edemas, increased numbers of naus cells, and in some
cases severe hemorrhage. Water samples were analyzed and aampling campaign
was implemented in some cultivation areas to evaluate the psence of ichthyotoxic
microalgae. Chattonellaspp. (mainly C. cf. maring were detected in the water column
during the MMP. At the end of May abundances of 5 102 cells L 1 were detected in
sea surface samples andChattonellaspp. represented 20% of the microphytoplankton
community. Abundance of these species at surface increaseto 33  10% cells L 1 in
June and represented 85% of the phytoplankton community. Noother environmental
stressful variables were detected during the MMP. The presee of Chattonella spp.
in the water column explains the dead of the tuna since behawt, necropsies, and
histopathological analyses of the gills indicate a severesaction to an environmental
noxa that could be related to the characteristic toxic effetof these species. Before the
MMP, ichthyotoxic species have not been reported in the phyiplankton community of
the region. Accumulation ofChattonellaspp. was probably associated with abnormally
high temperatures present during the two previous years befe the MMP. Surface
temperature anomalies of 3C were registered during 2015. Mesoscale oceanographic
and atmospheric phenomena brought the environmental condions for a change in the
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phytoplankton community in the region. Phytoplankton biorass was low and associated

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

together with upwelling events followed by strati cation lefore the MMP probably favored

the accumulation ofChattonellaspp. that affected importantly tuna ranching activities in
Northwest Baja California.

Keywords: ichthyotoxic species,  Chattonella marina , environmental noxa, gill damage, EI Nifio

INTRODUCTION Australia (Munday and Hallegrae , 1998 The association of
the sh mortality with the presence ofhattonellawas unclear
Harmful algal blooms (HABs) can a ect economically important since the microalga was present at much lower abundances
coastal activities. Among these, marine aquaculture i$iflig (maximum 66 10° cells L 1) than the ones reported when
susceptible to HABs. Phycotoxin accumulation and masgellowtail nsh mortalities occur. Mortalities of this spees
mortalities are the two major noxious aspects of HABs orpccurs when cell abundances are in the order of millions per
cultivated organisms. From an economic perspective, massiyiger (Imai and Yamaguchi, 20)2However, microalgal toxicosis
mortalities of sh is the main negative eect of HABs to due to C. marinawas the most plausible explanation for the
marine aquaculture Liewitus et al., 2012; Hallegrae et al, tuna die-o (Munday and Hallegrae , 1998 This is the only
2017. Mortalities are associated with di erent causes but mainlyreport of a negative impact to the tuna ranching industry by an
with the presence of marine sh-killing microalgae species. F jchthyotoxic microalga.
example, in 2016 more than 40,000t of cultivated salmonitéChi  Tyna cultivation of northern blue n tuna Thunnus thynnus
were a ected by the presence of the microaRgudochattonella orientalig is an important aquaculture activity in Mexico. Tuna
cf. verruculosgClement et al., 2016; Leon-Mufioz et al., 2D18 ranching was established in 2002 in northern Baja Califoamd
This is the most extraordinary mass mortality event of aidlted  three companies operate currently close to Todos Santos bay.
sh everrecorded, referred as the “Godzilla Red Tide" thaiseal  Cultivated tuna represents more than 90% of the aquaculture
an estimated loss of over 800M USBe(legrae etal., 2017 production of Baja California and it is the second largeshfhd
Ichthyotoxic microalgae belong to dierent taxonomic shrimp production) aquaculture activity in terms of revenine
groups. Dino agellates, cyanobacteria, raphydophytesviexico. Annual production of the last 5 years uctuated around
chrysophytes, dictyochophytes (Silico agellates) havenbee,000t per yeafoletines Estadisticos de la produccién pesqueray
implicated in wild and cultivate massive sh mortalitie&i(n  acuicola de Baja Californiswww.sepescabc.gob.mx). In summer
et al., 2007; Aoki et al., 2012; Imai and Yamaguchi, 201®f 2016, this industry experienced a period of mass mortalitie
Kudela and Gobler, 20)2The rhaphydophytes is one of the of organisms maintained in dierent areas in northern Baja
most important group of ichthyotoxic microalgae that hasCalifornia. First mass mortalities were registered in May 31
caused signi cant economic losses worldwide. Mortalitieso June 2 Figure 1). Eighty percent of the biomass of some
have been associated mainly with bloomsGifattonellaand  culture pens located in Punta Banda was aected (Personal
Heterosigma akashiworhis latter species has aected sh communication; Baja Aquafarms Co.). In June 14, a second
aquaculture principally in northern latitudes, whilghattonella outbreak occurred in Salsipuedes Bay followed by anothesmas
species are distributed in tropical wateis@i and Yamaguchi, mortality in Punta Banda after 2 daysigures ] 2 for the
2012.In 1980, 1,500t of salmon cultivated in British Colombia location of the cultivation areas). Some cultivation pensewe
were lost due to &l. akashiwobloom (Bruslé, 1995; Lewitus relocated from Todos Santos Bay to Coronado Islands as a
et al., 2012; Esenkulova et al., 201Phe estimated loss was response to the registered events. However, mortalities also
35M USD Rensel and Whyte, 2004; Hallegrae et al., 2017 occurred in this location at the end of July. In total, nine
In 1990, H. akashiwowas again associated with another masslie-o s were registered at di erent locations from May 30 to
mortality of cultivated salmon in the same regioBlgck et al., August 4 Figure 1) hereafter, referred as the mass mortality
199). Chattonella marinahad been implicated in more sh period (MMP). This phenomenon has never been recorded
mass mortalities than other raphydophytes species. Partlgula before in the region. We implemented a sampling campaign
blooms of this microalga have aected importantly yellowtailduring the MMP to identify the causes of the tuna mass
n sh (' Seriola quinqueradiajaaquaculture in Japan and Korea. mortalities. Water samples and hydrographic variables were
The rst registered mass mortality occurred in 1973 in theanalyzed. In addition, analyses on aected organisms were
Japanese Seto Inland Séadi et al., 199). The estimated loss conducted. Here, we report that the tuna disease causative
was 90M USD I(mai and Yamaguchi, 20)2In the 1970s and agent was raphydophyte species of the ge@imttonella
mid1980s,C. marina blooms caused other mass mortalitiesmainly C. marina. The presence of these species was probably
of yellowtail nsh (Imai et al., 2006 This species was also associated with abnormal environmental conditions present
associated with a mass mortality of captive southern bluemet  in the region before the MMP. In addition, we describe the
Thunnus maccoyin Australia (Viunday and Hallegrae , 1998  behavior and lesions of aected organisms caused by these
In April 1996, 1700t of captive tuna died in Boston Bay, Southmicroalgae.
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2016 mortality events
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FIGURE 1 | Time line of the events during the period of occurrence of masmortalities of northern blue n tunaThunnus thynnus orientalisultivated in the northwest
coast of Baja California, Mexico.
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FIGURE 2 | Location of tuna production areas (red symbols) in the northest coast of Baja California, Mexico. The round closed symtis represent the stations
covered during the sampling campaign implemented the 16 of ine during the mass mortality period. The coastal (lind) and offshore (lineB and C) stations are
indicated in the map. In addition, stations in Punta Banda a@eare indicated(D). The black line delimits the integration ared used in the calculation ofVTN.
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MATERIALS AND METHODS Analyses on Affected Organisms

_— . Histological Procedures
DeSCI‘IptIOD Of_the StUdy Area and Location During the MMP, 14 tunas (136.6 19.5cm of total length)
of the Cultivation Zones were analyzed. Moribund animals were captured directly from
The study area is located in Todos Santos Bay (TSB) region @Re cage nets and sacriceéh situ. Pieces of gills were
the Baja California Peninsula (352N, 116 37°W). The bay  excised and xed in 10% neutral bu ered formalin, placed in
has two mouths, which communicate with the Paci ¢ Oceanpjstological cassettes and send to the laboratory. Thesissere
Two islands, called Todos Santos, divide the two commuitinat Jecalci ed with tetrasodium ethylenediaminotetracetEOTA)
mouths of the bay. Seventy ve percent of the area presentgr a period of 3 to 10 days. The gills were dehydrated in
depths<50m and 25% is part of a narrow submarine canyory ethyl alcohol series of ascending concentrations, efxkd
located between Punta Banda peninsula and Todos Santgs paran and sectioned at 5mm. The tissue sections were
Islands Figure 2. TBS is an area in uenced by the California stained with haematoxilin-eosin (HE), 3 sections of each
Current (CC) that transports water southward. Additionally tissyue from each sh were examined by light microscope.

wind forcing causes coastal upwelling with a marked seasonghe presence of histological alterations was recorded and
cycle Purazo, 200R The concessions for cage-cultivation of photographed.

tuna are located mainly in Todos Santos Bay region (PuntalBan
and Salsipuedes Bay). A systematic sampling was implementedA’hawsis of Environmental Variables
these locationsHigure 2). Regional-Environmental Indicators
Long-term series of monthly anomalies of several physical
and biological elds were constructed in order to describe the
Sample Campaign (June 16) and Data interannual variability of the environmental conditiondose
Collection to the study area. The period for these series was from the

The sampling campaign was conducted aboard the research bo4ar 2003 through year 2017, coincident with the availgbiif

Rigel of the Center for Scienti c Research and Higher Educatio the satellite imagery used in this analysis. For all the bées

at Ensenada (CICESE). Water samples were collected at Which are described below, those data points located over
stations in TSB region_ At each Station, temperature’ gghand the continental shelf (shoreward of the 200-m iSObath) and
pressure were measured with a continuous temperature, galinibetween Punta Banda Peninsula and Coronado Islands (see
depth pro ler (Sontek, CastAway CTD). The water samples wer&igure 2) were averaged (or integrated) for each month in the

collected at di erent depths with a 5-L Niskin bottle. series. A monthly-mean climatology was then calculated and
subtracted to the monthly composites to obtain the anomdbes

the series.

Phytoplankton Community Evaluation and Satellite Imagery

Pigment Analysis Monthly composites of satellite-derived products were used in
Of the water collected with the Niskin bottles, a 50 mL aliquo the long-term anomaly series. These products included the 4 km
was placed in amber bottles (Nalgene type). The samples weasolution version of the thnight-time sea surface temperature
xed with a solution of paraformaldehyde, glutaraldehyde 1%(SST) and default algorithm (OCI) based chlorophg/{{CHL),
with HEPES buer (pH 7.4) and sucrose, as described byaken from the Moderate Resolution Imaging Spectroradiometer
Katano et al. (2009]This solution preserved microalgae specie§MODIS)—Aqua product. These data were obtained from
with ichthyotoxic potential. The phytoplankton community was the National Aeronautics and Space Administration (NASA)

analyzed using the Utermohl methods¢urnia, 1978 Ten, OceanColor Web: http://oceancolor.gsfc.nasa.gov.
25, or 50mL were sedimented and the complete area of the

sedimentation chamber was analyzed with an inverted lighCoastal Upwelling Index

microscope (Leica DM3000 model). Diatoms, dino agellatesTo analyze the variability of the regional upwelling regime, a

raphidophytes, and other phytoplankton groups were identi edmonthly coastal upwelling index (CUI) was calculated using the

up to genus level and in some cases to species level accondingatind stress obtained from the 3-h 25 km-resolution wind ect

Tomas (1997and Omura et al. (2012)Abundance is reported at 10-m height from the North American Regional Reanalysis

in cells L 1. In addition, the presence dChattonellaspecies (NARR; Mesinger et al., 2006and using parameterizations

is expressed as relative abundances in relation of the totploposed bySmith (1988) This calculation was done according

abundance of the microphytoplankton community. to the de nition used byBakun (1973)and Schwing et al.
One liter of water was vacuum ltered to determine the (1996) assuming a coast oriented 28Clockwise from

concentration of phytoplankton pigments. The water was passetthe north.

through GF/F (Whatman) glass ber Iters. The analysis

of the pigments was performed by high-performance liquidNumerical Oceanic Model

chromatography (HPLC). The method used was the onélumerical-model outputs were also included in the series to

described byvan-Heukelem and Thomas (200and modied  obtain information of the conditions of the water column

by Almazan-Becerril and Garcia-Mendoza (2017) during the anomalies of the surface elds described above.
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The numerical model used in this analysis was the regiondRESULTS
hysical-biogeochemical coupled model usedinz-Rico and . .
FFliivas (2018)but with somepdi erences (described below).'A‘ﬂ:e(:t,atl(:)n of Orgamsms’ Necropsy and
This biogeochemical model is a nutrients-phytoplankton-Gill Histopathological Results
zooplankton-detritus (NPZD) model based on nitrogefogvell  The rst signs of distress of cultivated tuna were observed i
et al., 2005 The total nitrogen at any point is partiioned May 31 Figure 1). The organisms were disoriented, swimming
between dissolved nitrogen (N), phototrophic phytoplanktonslowly, and erratically, not moving in circles as in normal
(P), the herbivorous zooplankton (Z), and particulate nitepg conditions. Some shes were gasping, the opercula and mouth
(D: Detritus). Major biological processes (i.e., photosgtih Wwere open and the most a ected organisms crashed against
growth and uptake of nitrogen by phytoplankton, grazing onthe nets of the pen\(ideo S1; Supplementary Materigl The
phytoplankton by zooplankton, mortality of both phytoplankton organisms died and sank to the bottom of the pend h after
and zooplankton, and sinking and remineralization of detsity ~ these signs were noticed.
and physical processes (i.e., advection and mixing) a ecting Necropsies were performed in dierent organisms and
the biological components (N, P, Z, D) are included in theorgans were analyzed macroscopically and histopathologicall
biochemical model which runs together with the physical modeLiver and kidneys did not present signs of damage that
as one Powell et al., 2006 represented a malfunction of the organs. In contrast, gills
The di erences between our model approach and that use@f the evaluated organisms were heavily aected. Excessive
by Cruz-Rico and Rivas (201@re the boundary data and mucus and excretion of blood was observed in the gills of
surface forcing. In our approach, monthly data from the Globaf@n organism analyzed in June 15. The observation of mucus
Ocean Data Assimilation System (GODAS; ettpang et al., underthe microscope revealed the presence of microalgaespeci
2008; Ravichandran et al., 2)iere used in the model's lateral (Figure 1, Supplementary Materia). Some cells ofripos furca
open boundaries, and daily wind stress calculated from th#ere visible and round or oval cells were also observed that
NARR's wind and monthly heat uxes from the GODAS were Probable wer€hattonellaspp., see below.
used in the model's free surface. The simulation period was Histopathological analysis revealed the presence of diuse
also 2003—2017. congestion by erythrocytes of branchial lamellBgy(res 3A,B.
An indicator of the nutrient availability for phytoplankton Multifocal telangiectasia, which is the result of rupture ofgsi
growth was diagnosed from the numerical-model outputs ancells in the distal part of the branchial lamellae was alsorviese
the vertical transport of nitrogen through the 50-m depth. $hi and in some areas rupture of lamellae epithelia was evident

transport was calculated as releasing erythrocyte$igures 3C,D. In some cases, multifocal
telangiectasia occupied the entire branchial lamellae Bigpw
Z the magnitude of damagéd-igures 3E, . Severe in ammation
VIND wNdA (1) and hyperplasia of both, gill laments, and lamellae, inchgli
A fusion and shortening of lamellae were common recorded

(Figures 4A,B. In several cases, the total loose of gill lamellae
where w is the vertical velocityN is the dissolved nitrogen with severe inammation, hyperplasia, and necrosis were
(nitrate), andA is the area of the horizontal plane limited o shore noted Figures 4C,0). Additionally, detachment of lamellae
by the 200-m isobath and extending from Todos Santos Bay tepithelium, consistent with di use edema, and vacuolization
Coronado Islands located at 50-m depth; the total area A i46L.5 were observedqjgures 4E,ff. Hemorrhagic zones were observed

10° km2. over the gills laments and lamella€igures 5A,B.
On the other hand, the Brunt-Vaiséla frequency squared
(BVPF) was calculated as an indicator of the strati cation of the|denti cation of the Causative Agent

water column. The maximum dBVF? (maxBVF) and its depth  Analyses of water samples from Punta Banda and Salsipuedes
were used to characterize the water-column conditions atbu Bay started after the report of the rst die-o. Samples

the study area. were collected at dierent days during the mass mortality
period (MMP, Figure 1) and to the end of August in 2016.
Teleconnection Index After this month, analysis of samples continued on weekly

A climatic index was also compared to the oceanographibasis as part of the continuous monitoring programs of Baja
variables around the study area in order to explore a possibldquafarms Co. and CICESE. The ichthyotoxic microalgae
relation between such variables and the large-scale d¢timatChattonellaspp. were present in the tuna cultivation areas
patterns. The Southern Oscillation Index (SOI) was used as afuring the MMP. The species was identied & marina
indicator of the El Nifio activity around the study area. Asaccording to cell morphology of the organism observed in
reported in previous papers (e.@ruz-Rico and Rivas, 20},8 water samples without any xativeF{gures 6A,B. The cells
the El Nifio phenomenon modulates much of the dynamicpresented a tear (oblong to ovoid) shape morphology and
over Baja California’s shelf. Indeed, in particular for tharm  were 35 to 60nm long. Several chloroplasts arranged close to
anomaly occurred in the period 2013-2016, many of the e ectthe cell wall were evident-{gures 6A,B. Cells with di erent
are attributed to an intense El Nifio event (eldcClatchie et al., morphologies were also present in the samplegyres 6C,D
2014. but the most conspicuous and abundant organism was the
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FIGURE 3 | Gills of blue tuna Thunnus thynnus orientaliy exposed to a harmful algal bloom oChattonella marina (A) The presence of diffuse congestion by
erythrocytes of the branchial lamellae is observedB) Detail of erythrocyte accumulation (congestion) of the brechial lamellae.(C) Multifocal telangiectasia (arrows),
resulted of rupture of pillar cells, in the distal part of brechial lamellae (aneurysm)D) Detail of the top of branchial lamellae telangiectasia (@w) where release of
some erythrocytes is observed, evidencing rupture of lamkele epithelia.(E) Large multifocal telangiectasia of entire branchial laniak plethoric of erythrocytes.(F)
Close up of erythrocytes accumulated in branchial lamellagote hemosiderin granules.

one identi ed asC. marina Raphydophytes are susceptible tostrains were identi ed with the D1/D2 large DNA subnunit
some preservatives and cell morphology was aected by theequences a€hattonella marina var. ovatéFigure 6G and
addition of lugol-acetate to the sampleBidure 6B. Several C. minima (Figure 6H) (Ahumada-Fierro, 2017 Therefore,
xatives were tested during the monitoring period. Using di erent species (or varieties) @hattonellavere present during
paraformaldehyde, 1% glutaraldehyde, HEPES and sucrod® die-o period and the abundance is presentedzmttonella
(Katano et al., 20Q9proved to be adequate to preserve thespp.

samples with minor alterations @@hattonellacells Figure 6F). The abundance of phytoplankton an@hattonellaspp. in
Although it was possible to identify the organism<CGisattonella  samples collected in Punta Banda and Salsipuedes from the end
the dierentiation between morphotypes was not possibleof May to December 2017 is presentedrigure 7. Chattonella
in preserved samples. Identication o€hattonella species spp. abundance at the end of May wa$  10° cells L1
using morphological characteristics is sometimes ambiguouand reached a maximum of 30 10° cells L ! in the second
Therefore, several isolates were established from cdlectsnl  week of June Rigure 7B). Chattonellaspp. abundance was
during the MMP. Cultures of two strains were established. Théigher than 10 10 cells L ! from June to the beginning
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FIGURE 4 | Gills of blue tuna Thunnus thynnus orientaliy exposed to a harmful algal bloom ofChattonella marina (A) Severe in ammation and hyperplasia of gill
laments and lamellae, showing fusion of lamellae (arrowshote accumulation of erythrocytes (asterisks) in the midelarea of lament. (B) Fusion and shortening of
gill lamellae with multifocal telangiectasia (arrows)C) Total loose of gill lamellae with severe in ammation and neosis of the gill lament. (D) Severe in ammation,
hyperplasia, fusion, and necrosis of lament with almost theotality loose of gill lamellae(E) Detachment of lamellae epithelium (arrow) consistent wittiiffuse edema
and vacuolization.(F) Close up of gill lamellae severely vacuolated.

of August, particularly in surface sampleidure 78). Cell Environmental Conditions Associated With
abundance decreased after August and only an abundance abgihe Presence of Chattonella

10 10 cells L * was detected in one surface sample aftefrq characterize the spatial distribution of ichthyotoxic seec
this month. Low phytoplankton abundances (below 5016°  and environmental variables close to the tuna cultivatiogsa:
cells L ) were registered during the period of the appearancg sampling campaign was implemented after the second mass
of Chattonellaspp. Figure 7A). Therefore, these species weremortality episode that occurred in Salsipuedes biggre 1).
highly represented in the phytoplankton community. In some|n june 16, phytoplankton abundance was evaluated in nine
samples, relative abundance&dfattonellespp. were higher than sampling stations in this aredigure 2, lines marked as A, B,
60% (maximum relative abundance of 83% by the middle ofnq C) and in ve stations in Punta Band&igure 2, area D).
June) of the microphytoplankton communit§F{gure 7Q). These e found high abundances @@hattonellaspp. in the surface
species were not detected or were present at abundances I0Wgly close to the coast in Salsipuedes bay. Abundancesof
than 1 10 cells L * after August. Phytoplankton abundance 1% cells L ! were detected at surface in three stations
increased after this monttHgure 7A). located between 0.77 and 1.79 miles from the cdzigufe 8A).
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FIGURE 5 | Gills of blue tuna Thunnus thynnus orientaliy exposed to a harmful algal bloom ofChattonella marina (A) General view of gill lament with hemorrhagic
zone (asterisk) where all lamellae are loosed, note telaegtasia in the distal area of gill lamellae (arrow) of the cbiguous lament. (B) Detail of hemorrhagic zone
plenty of erythrocytes with hemosiderin granules, note neosis of the basal epithelia close to the cartilage of the lamnt.

Chattonellaabundance decreased t025 10° cells L1 at Chattonellaspecies thrive in warm temperatures and blooms
10m and decreased signicantly at 20m sampling depth irof this species have been reported when water temperature is
these stationsHigure 8A). The abundance of this species atabove 20C (Edvardsen and Imai, 2006; Imai and Yamaguchi,
surface decreased to approximately to 10L0° cells L1 and 2012. The presence of these species and its relation with the
5 10 cells L 1 in o shore stations Figures 8B,J. In Punta thermal conditions was not clear during the sampling campaign.
Banda Figure 8D) Chattonellaspp abundance was lower than Therefore, we analyzed the variation of the temperature
in Salsipuedes Bay. These species were detected from sarfaceneasured continuouslhyin-situ at various depths in Punta
15 m depth Figure 8D). Banda since 2012. Two short upwelling pulses occurred at
Phytoplankton pigments were also determined inthe beginning of the MMP FKigure 9. Thereafter, surface
samples collected during the campaign. CHL, fucoxanthintemperatures increased an®3 C occurred in the Punta Banda
violaxanthin, and chlorophyll C2 were highly representedregion during the MMP. In addition, strati cation was evident
in samples dominated byChattonella spp. Eigure 2A,  during this period and the 18 isotherm was detected between
Supplementary Materia). Pigment concentration was high 8 and 10 m depth. Only in few occasions, this temperature were
relative to phytoplankton abundance registered in wateregistered below 10 m depth in the rest of the yeiggre 9).
samples. CHL concentration was3 mg L ! in samples Most notably, temperatures above T8were registered from
collected at surface in coastal stations. In these stgtionsurface to the bottom of the water column in the two previous
microphytoplankton abundance was lower than 4010° cells years of the MMP. Temperatures in the bottom of the water
L ! and Chattonellaspp. represented 80% of this abundance. column above 18C prevailed for 5 months, from August to
Therefore, accumulation of CHL was associated with th®ecember in 2015Rigure 9). This condition was not registered
presence ofChattonellaspp. in the water columnKigure 2B,  in other years.
Supplementary Materia). In-situ thermal conditions indicate that abnormally warm
There was not a clear relation between the distribution ofyears occurred in the region before 2016. The interannual
Chattonellaspp. and the thermal structure of the water columnvariability of the environmental conditions in the regionas
during the sampling campaign. Surface temperature was similanalyzed to evaluate the anomaly of the conditions related to
(mean of 17.8C) in all Salsipuedes station&igures 8A—Q. the MMP. This period (May-August 2016) was characterized
Also, a clear thermal strati cation of the water column wasby moderate La Nifia conditions. Early 2016 and during
not evident between coastal and o shore stations. Ther¢ghe MMP the waters were anomalously warm1-2 C) but
was no evident mixed layer and the temperature decreasemlder than in the previous months when the anomalies were
monotonically with the depth in most of Salsipuedes stationdigher than 2C with a maximum exceeding & in October
(Figures 8A—Q. In contrast, a well-de ned mixed layer was 2015 fFigure 10B. During this year and in 2014 intense El
evident in some stations of Punta Banda (inside TSB). Thalifio conditions were evidentHigure 10A). Associated with
thermocline was evident at 8m depth in some stations this conditions, almost 3 years of excessively low levels of
(Figure 8D). Also, surface temperature in Punta Banda wa$CHL were registered in the region. Right after one of its
higher than in Salsipuedes. The maximum surface temperatutewest values in April 2016, the CHL levels became nearly
was 20.3C in this area Figure 8D). Under these conditions, normal (Figure 10Q. In the months prior to the MMP the
Chattonella abundances were 10 10® cells L1 from upwelling activity was intense, especially from December 2015
surface to the bottom of the thermocline in Punta Bandato March 2016, after that the upwelling was nearly normal
(Figure 8D). with slightly intense short periodsF{gure 10D). The strong
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FIGURE 6 | Chattonellaspp. in water samples collected during the mass mortality peod of northern blue n tuna Thunnus thynnus orientalicultivated in the
northwest coast of Baja California, Mexico. Panel§A—-D) shows cell observed in water samples without any xative. Adiion of Lugol-acetate affected signi cantly the
morphology of the cells(E). Less affectation ofChattonellacells was observed(F) with paraformaldehyde, 1% glutaraldehyde, HEPES, and suese (Katano et al.,
2009). Cultivated strains isolated during the (MMP) are also @ented: Chattonella marina var. ovatgG) and C. minima (H).

positive upwelling anomaly was related to an intense verticdate 2015 (November and December) through the MMP the
nutrient supply estimated by numerical-model outputs in thestrati cation became stronger, except in July-August 201h wi
rst months of 2016, especially in March, reaching lower eslu a thermocline (i.e., depth of th@axBVF) becoming shallower
(but still over the normal) in the MMP [igure 105. From and then nearly normalRigure 10F. After the MMP, SST, and
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FIGURE 7 | Phytoplankton (A) and Chattonellaspp. (B) abundance in samples collected in Punta Banda and Salsipuezs from the end of May to December 2017.
The relative abundance of these species is presented ifC) Abundances in surface samples are represented by empty syndis and blue circles are abundances
detected at 10 m depth.

SOI, CHL concentration were nearly normal, positive or closeolumn explains the death of the tuna since behavior of the
to the climatological mean and the SOI was nearly normabrganisms, and histopathological analyses of the gillscatdi

(Figure 10. a severe reaction to an environmental noxa that could be
related to the characteristic toxic e ect of these ichthyato
DISCUSSION raphydophytes.

The gills functions include not only respiration but also
Here, we document for the rst time mass mortalities of osmoregulation and excretion. Since the gills are in cantait
cage-reared tuna caused by raphytophytes species of tH environment, they are particularly sensitive to presenice o
genus Chattonella in Northwest Baja California, Mexico. noxas in the water. The signi cant morphological changes of
No other environmental stressful variable was detectethe gill tissue of tunas exposed @ marinaare characteristic
during the mass mortality period (MMP). The presence ofof an exposure of shes to an acute-type noxa or contaminants
Chattonellaspecies, but most probabty. marina,in the water  (Mallatt, 1985; Godoy, 20).6Changes such as hypertrophy,
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FIGURE 8 | Chattonellaspp. abundance (in cells L 1 red circles) and temperature distribution (lines) in theater column in tuna cultivation areas after a mass
mortality episode that occurred in Salsipuedes Bay(A) presents the abundance and temperature in three stations kated close to the coast (seeFigure 2 for the
distribution of the stations).(B,C) shows the results of samples collected in offshore stationgD) shows the results of registered in Punta Banda area (see Map i

/
/ Salsipuedes

hyperplasia, epithelial lifting, partial fusion of some lammell the normal functioning of the tissue and irreparable damage
of gill epithelium constitute adaptive changes that can beccurs, even with elimination of the noxa in the water.

reversed if the external noxa is eliminated. In contrasheot

These changes correspond to lamellar telangiectasis (gsrajr

changes are more severe and if are extended, impairment nfpture of epithelial cells with hemorrhages and necrosis

Frontiers in Marine Science | www.frontiersin.org

11

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

Garcia-Mendoza et al. Northern Blue n Tuna Mass Mortality

24

22

-5

Depth (m)

-15

-25 !
2012 2013 2014 2015 2016 | | 2017 2018

FIGURE 9 | Water temperature measured continuouslyn-situ since 2012 at various depths in Punta Banda cultivation arealThe mass mortality period is highlight.
The data was obtained with a set of temperature data loggersHOBO U22-001) placed at different depths in the water column

(Fernandez and Mazon, 2003; Camargo and Martinez, 200{Dorantes-Aranda et al., 201.5Therefore, the toxicity of PUFAs
Godoy, 2015 These alterations were documented in all gillincreased synergistically in the presence of R@&¢hall et al.,
samples analyzed from organisms that died in di erent date2003.
during the MMP. Similar alterations in the gills of shes It well recognized that intense blooms of raphydophytes have
exposed taChattonellaspp. have been observed in yellow tail,been responsible for several mass mortalities of cultivated
Seriola quinqueradiatan Japan (shimatsu et al., 1996 Tilapia, wild sh and represent a threat to marine sh aquaculturen@i
Oreochromis mossambicusom the Salton Sea, California and Yamaguchi, 20)2However, two main questions arise from
(Tiany et al., 200), and the Atlantic salmonSalmon salain  the analysis of the extraordinary event reported in this work:
Chile (Godoy, 201k Lethal e ects associated witBhattonella (1) Why a relatively low abundance @fhattonellaspecies has
spp. has been recorded 8 quinqueradiatén Japan, southern such a devastating e ect on tuna? and (2) What caused the
blue n tuna (Thunnus maccoyiin Australia, and salmon§. accumulation ofChattonellaspp. since these species have not
salan in Norway and Chile (mai and Itoh, 1987; Munday and been reported before in the region?
Hallegrae , 1998; Godoy, 2016 A high toxic potential ofChattonellaspecies during the bloom
The precise a ectation mechanisms of the gills@yattonella or (together with) a high susceptibility of a ected organisare
is not clear. It was proposedisfiimatsu et al., 199@hat oxygen possible answers for the rst question. After the rst report of
radicals released froi@hattonella stimulate mucus cells in the the e ect of Chattonellato cultured tuna in southern Australia,
gills, and the secreted mucus, possibly plisattonellacells investigations on strains isolated from this region haverbe
trapped within the mucus, impedes the gas exchange capacjpgrformed. These strains showed higher growth rates than
of the gills by shunting respiratory water current away fromJapanese strains at high irradiancé&(shall and Hallegrae ,
the lamellae.Khan et al. (1996)proposed that brevetoxins 1999. Maximum growth rate of the Southern Australian strain
produced byC. marinain conjunction with superoxide radicals was registered at 40@mol quanta m 2 s 1 and they have been
(ROS) cause gill epithelium to become swollen with massiveecognized as a high-light adapted microalga stralisrghall
mucous production resulting in sh suocation. However, and Hallegrae , 1999; Hallegrae et al., 21T addition, the
production of brevetoxins byChattonellahas been disputed C. marinaAustralian strain probed to be more toxic to sh gill
since these phycotoxins have not been detected by LC-MS/M®lIs due to an elevated production of the eicosapentaentyc fa
analysis l(allegrae et al., 201)7 What is clear is that ROS acid and superoxide anion®(rantes-Aranda et al., 20).3The
play an important role in the aectation of the gills since mortality of cage-reared tuna in the Todos Santos bay regam
raphydophytes produce high amounts of these compounds anlge related also to the presence of highly ta@fattonellastrains.
together with polyunsaturated fatty acids (PUFAs) produceAbundances were in the same order of magnitude during the
other toxic compounds through lipid peroxidation by increagin MMP and the outbreak that occurred in Australia. We registered
superoxide dismutase activity and damage gill cell membranes maximum cell abundance of 33 10® cells L 1. However,
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highly tolerant to conditions of low dissolved oxygen in the
environment. The maintenance metabolism, routine swimming,
and speci ¢ dynamic action of these species are not a ected in
moderate to severe hypoxi&i{zgibbon et al., 20)0Probably,
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, 20Pfake these organisms
extremely susceptible to the ROS and PUFAs produced by
ichthyotoxic species. This has to be corroborated but a priybab
high susceptibility of tuna is the most plausible explanation
for the devastating e ect of the noxiou€. marina on these
organisms. Striped bass is also cultivated in the region aerckth
were no reports of a ection to this species during the MMP.

What caused the accumulation d@hattonellaspp. since
these species have not been reported before? It is important
to try to understand how theChattonellaspp. HAB developed
in the region. We have been monitoring the phytoplankton
community intermittently for more than 15 years at di erent
sampling points in TSB and semicontinuously since 2010 in
Rincon de Ballenas where bivalve mollusks are cultivated and
it is located 2 miles south from Punta Bandgidure 2). There
are also other phytoplankton monitoring programs in the region
and Chattonellaspp. have not been reported before. After the
MMP the presence of ichthyotoxic species were monitored and
Chattonellaspp were registered in several samples. Abundances
lower than 1000 cells I were registered during some periods
of the year and relative contribution to total abundance was

FIGURE 10 | (A) Monthly values of the southern oscillation index (SOI), and genera”y not h'Qher than 5% (Sdégure 7) This indicates
monthly anomalies (with respect to the 2003-2017 climatolgy) of (B), surface that Chattonellaspp. are common species in the phytoplankton
temperature (SST){(C), chlorophyll-a concentration (CHL);(D), coastal community of the region and are present at low abundances.
upwelling index (CUI)(E), vertical transport of nutrients YTN), and (F), Probably, these species were not detected before the MMP since

magnitude and depth (line's color) of the maximum Brunt-Vaéla frequency

(maxBVF?) for the period 2012-2017. The shaded area indicates the péd .the momto_nng prpgrams were not focused on the d?tecuon _Of
mass morality period. Positive values of the SOI correspontb La Nifia, ichthyotoxic species and samples were preserved with so&ution
whereas negative values correspond to El Nifio. Positive uas in the VTN that aect fragile phytoplankton cells. If they were present,

correspond to an upward nitrogen supply. probably they represented the seeding population for the HAB

that a ected the cultivated tuna. Alternativelghattonellaspp.

were transported into the region from other areas or cysts i th

sediment were probably the source of cells for the initiatibthe
a tuna ranching company reported (abundance was evaluatédiAB during the MMP. Cysts were detected in sediments after the
with Sedgwick-rafter chambers) a maximum abundance of 90 2016 HAB (data not shown).
10 cells L 1. In comparison, cells abundances in the Australian The source of the seeding population that originated the
outbreak were between 1 10° cells L1 and a maximum HAB during the MMP remains elusive. We cannot prove that
of 66 10 cells L1 (Munday and Hallegrae , 1998 Toxic ~ Chattonellaspp. or cysts were present before the MMP. However,
potential of the species from our region has to be investigateit is important to try to identify the conditions that favorethe
but it is clear from the only two reported mass mortalities ofaccumulation ofChattonellaThis was an extraordinary event not
cultivated tuna that the lethal abundance for tuna is oneasrof ~ documented before in the region. Extraordinary environrtan
magnitude lower than the one considered for other econoitjca conditions were also present in the region before the MMP.
important shes. A ectations to the yellow tals. quinqueradiata Abnormally warm conditions were present the two previous
are expected whe@hattonellacell abundances are higher than years before 2016 and temperatures abov€ltere detected in
500 1CcellsL ™. the entire water column close to Punta Banda. In additiorréh

Tuna susceptibility to ichthyotoxic species has not beenmvere two upwelling periods before the rise of the temperature

investigated. Behavior and a ectation of the gills of the arigens  and strati cation in the water column during the MMP. The
during the outbreak of Australia were similar to our obseiiwsas. mesoscale interannual variability analysis demonstrateat t
Therefore, it seems that tuna is particularly susceptible tthese abnormal conditions started 3 years before 2016. Ist mo
ichthyotoxic microalgae.Shen et al. (2011proposed that of these 3 years before the MMP the EI Nifio conditions
susceptibility of marine sh taC. marinaappears to be inversely dominated in the study area. Notably, upwelling conditionseve
related to their tolerance to hypoxia. Howevar, maccoyiis 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 yeawents in this regioni(nai and Yamaguchi, 20)2Probably in
2015 an upwelling intensi cation occurred, associated vdth the BTS region, the decrease of diatom abundance during the
atmospheric low-pressure anomaly over the northeastern®acilong period of abnormally warm conditions and the upwelling
and an intensi cation of the North Paci ¢ High Pressure Sgist - events that occurred at the end of 2015 and before the MMP
(Figure 3 Supplementary Materia). This condition a ected the brought the conditions for the increase©hattonellaabundance.
northwestern Baja California coast through the rst montbs  After the MMP, “normal conditions” returned in 2016 and 2017
2016, which caused a weakening of the SST anomaly, althoughd phytoplankton abundance increased accompanied with the
it did not reach its normal values and the CHL showed norepresentation of diatoms in the phytoplankton community.
increase. According to the numerical model results the eckd We related a HAB not registered before to extraordinary
upwelling caused a stronger nutrient supply into the surfacenvironmental conditions that were present in the regione$a
waters over the shelf combined with an enhanced stratimati two phenomena must occur recurrently to validate the concept
Thus, the environmental conditions during the MMP turned into that they were related. Logically, these will not be favierdbr

La Nifia colder conditions with a relatively intense upwalin the mariculture industry of the region.

accompanied with high levels of nutrients according to the

model, and a relatively strong strati cation, which causad Impact to the Industry and Management of
increment of the CHL but not phytoplankton accumulation. the Problem

Notably, during the MMP microphytoplankton counts were the MMP aected importantly tuna-ranching activities in

. . l
extremely low but concentrations higher thanry L = of  Northwest Baja California. This event is one of the largest
CHL were detected in some samples. The high chlorophyllconomical negative impact for marine aquaculture industry
concentration was associated with the presenc€ludttonella  (gjated to a microalgae bloom in Mexico. An estimated

This species prelsents high CHL cellular cor!centra}tior!s, UP ajue of the loses in one of the companies of the region was
250 ng CHL cell” had been reported fo€. marinamaintained 45 mjlion dollars according to insurance records (http:/

under culture conditionsilarshall and Newman, 2092~ yww abacoadjusters.com/referencia/mortandad- de-gn

We propose that extraordinary environmental conditionsgco|ogical information of some noxious species has been
before the MMP permittedChattonellaspp. to thrive in the  gaihered from other regions with a long a ectation history.
region. These conditions caused a change in the phytoplankiofyis information is essential to understand the developmeit
community normally observed in the region. The abundance Ofyiraordinary blooms in our region. It is important to contire
diatoms and dino agellates decreased signi cantly. Speaily,  {he monitoring of the phytoplankton community together with
diatom abundance was unusually low in the previous yearge characterization of environmental conditions to unsiemd
before 2016 (data not shown) and particularly during the MMPye po0m dynamics o€hattonellaor other noxious microalga.
(Figure 4, Supplementary Materia). Blo.omsf of Chattonella “Risk indexes for the presence of the noxious species including
occur when diatoms are scardengi, 1990; Onitsuka etal., 2011; gpyironmental and ecological variables should be developed
Aoki et al., 201} The change in the phytoplankton community {4 implement management plans to mitigate the e ect of the

during the abnormal period and conditions (upwelling eventsgpecies to the industry especially, if extraordinary events wi
followed by strati cation periods) before the MMP were the pacome normal conditions.
probable causes for the accumulation Ghattonella spp.
according to the conceptual model for the formation of blooms
of these Species. AUTHOR CONTRIBUTIONS

The ecological interaction betwe@tnattonellaand diatoms is . .
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Video S1 | The video was recorded during a mass mortality event of orgasms
maintained in Punta Banda. Organisms were disoriented, swiming slowly and
erratically, not moving in circles as in normal conditionsThe video shows a
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