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Abstract 

In autumn of 2013 an immense dinoflagellate bloom developed in Kachemak Bay, AK, 

USA. Much of the Bay was discolored a dark amber color and raised public concerns as small 

scale fish kills were reported in a few locations.  Light microscopy revealed a monospecific 

bloom of gymnodinoid dinoflagellates that were previously unknown from the Bay.  Gene 

sequencing of SSU rDNA from cells collected from the bloom confirmed the causative species to 

be Karenia mikimotoi.  This represents the first report of a K. mikimotoi bloom in Alaska.  After 

the bloom organism was confirmed, a K. mikimotoi species-specific qPCR assay was developed 

and used to assess K. mikimotoi abundances in DNA extracted from phytoplankton samples from 

Kachemak Bay and Lower Cook Inlet (LCI) obtained over a six-year period.  The K. mikimotoi 

abundances were compared with corresponding time series of environmental variables (water 

temperature, salinity, water column stability, nutrients, precipitation and wind speed) to assess 

the environmental factors contributing to the development of the bloom.  The results showed 

early bloom development occurred in August when snow melt reduced salinities and increased 

water column stability during a period of calm winds.  Peak bloom concentrations occurred in 

late September (107 cell eq. L-1) even as water temperatures were decreasing.  The bloom 

gradually declined over the winter but persisted until April of 2014.  Karenia mikimotoi cells 

were not detected two years prior or three years following the bloom, suggesting cells were 

introduced to Kachemak Bay at a time when conditions allowed K. mikimotoi to thrive.   

 

Introduction 

In September of 2013 an unusual and immense dinoflagellate bloom in Kachemak Bay, 

AK caused the water in much of the Bay to be a dark amber color with reports of tinted seafoam.   



There was heightened public concern over the immensity of the bloom as well as small scale fish 

kills that were reported.  The color and increased foam on the water led local residents to term 

the phenomenon the “beer tide”.  Light microscopy observations revealed a monospecific bloom 

of an unknown dinoflagellate that prompted additional efforts to resolve the species’ 

identification.  Molecular methods (PCR) were used to confirm that the dinoflagellate was 

Karenia mikimotoi, a toxic dinoflagellate with a cosmopolitan distribution and a commonly 

reported red tide species.  First described from Japan in 1935, K. mikimotoi has also been 

reported from the western English Channel, the coastal waters of Norway, Ireland, Scotland, 

Hong Kong, China, Australia, New Zealand, western India, and the United States (Oda, 1935; 

Chang, 1996; Nakamura et al., 1996; Raine et al., 2001; Lu and Hodgkiss, 2004; Silke et al., 

2005; Davidson et al., 2009; Al-Kandari et al., 2011; Robin et al., 2013; PIRSA, 2014; Barnes et 

al., 2015; Lin et al., 2015; O'Boyle et al., 2016; MDMR, 2017).  The cells are not toxic to 

humans but have caused fish and benthic invertebrate mortalities resulting in major economic 

losses in some cases (Lu and Hodgkiss, 2004; Mitchell and Rodger, 2007; Davidson et al., 2009; 

Robin et al., 2013; PIRSA, 2014).  Toxic and hemolytic compounds such as gymnocins and 

hemolytic glycolipids have been extracted from cultured cells, however, the mechanism of 

toxicity remains unknown (Satake et al., 2002; Satake et al., 2005; Mooney et al., 2011; Shi et 

al., 2012). 

 The Karenia mikimotoi bloom occurred during an ongoing long-term project to assess the 

distribution and abundance of Alexandrium catenella in lower Cook Inlet conducted by NOAA,  

the Gulf Watch Alaska monitoring program (http://www.gulfwatchalaska.org/monitoring) and 

the phytoplankton monitoring network maintained by the Kachemak Bay National Estuarine 

Research Reserve (KBNERR) (Vandersea et al., 2018).  Phytoplankton samples for that study 



were collected in Katchemak Bay over a six-year period (2011–2017).  The existence of these 

samples made it possible, along with development of a species-specific qPCR assay, to 

determine Karenia mikimotoi cell concentrations in water samples collected before, during, and 

after the bloom.  By comparing the K. mikimotoi cell concentrations to time series of 

environmental data routinely collected by KBNERR, we were able to investigate factors 

associated with bloom development.  The qPCR assay targeted the ITS2 region of the rRNA 

gene complex and employed standard curves that were constructed using known concentrations 

of cultured cells as well as diluted PCR amplicons containing the assay’s target sequence.  It 

should be noted that other quantitative molecular K. mikimotoi assays have been published and 

were similarly employed in those studies (Yuan et al., 2012; Smith et al., 2014; Eckford-Soper 

and Daugbjerg, 2015; Engesmo et al., 2018).  The qPCR assay used in this study was sufficiently 

sensitive to determine if K. mikimotoi was present at background concentrations in Kachemak 

Bay year around as a normal component of the phytoplankton community.  It also allowed us to 

document the timing of bloom initiation, occurrence of peak abundances, and the bloom duration 

in relation the environmental conditions that occurred in Kachemak Bay. 

 

2. Materials and Methods 

2.1 Lower Cook Inlet and Kachemak Bay sampling locations, phytoplankton sampling 

procedures, nutrient and chlorophyll measurements, oceanographic and meteorological data 

collection 

The 2013 Karenia mikimotoi bloom in Kachemak Bay, AK occurred during an ongoing 

long-term project to assess the distribution and abundance of Alexandrium catenella in lower 

Cook Inlet (Vandersea et al., 2018).  Phytoplankton samples and environmental data for that 



study were collected over a six-year period (2011–2017) and were also used in the current study.  

The majority of the data that we present in the current study was collected between 2012–2015 

from the locations and transects shown in Figure 1.  Data collected from stations in lower Cook 

Inlet were pooled and analyzed collectively to characterize K. mikimotoi cell abundances and 

environmental conditions outside of Kachemak Bay and included Transects 3, 6, and 7 (Fig. 1B).  

Similarly, data collected from stations inside Kachemak Bay also were pooled to characterize 

cell abundances and environmental conditions inside Kachemak Bay and included Transects 4, 9, 

Kasistna Bay Laboratory, and Jakoloff Bay Dock (Fig. 1C).  For water sampling, ten to forty 

liters of surface water containing live phytoplankton were collected at each station using a bucket 

and concentrated with a 20 μm mesh plankton net.  The resulting concentrate was shaken gently 

to homogenize the sample and a 125 mL aliquot was preserved with neutral Lugol’s iodine 

solution for molecular analyses (Auinger et al., 2008) and then shipped to the National Oceanic 

Atmospheric Administration’s (NOAA) Beaufort Laboratory in Beaufort, NC.  DNA was 

extracted from the water samples and archived at -20 °C.  In conjunction with the phytoplankton 

sampling, corresponding water temperature and conductivity were measured using a CTD 

(conductivity, temperature, depth; model SBE 19plus V2, Sea-Bird Scientific, Bellevue, 

Washington, USA).  Nutrient samples were collected monthly from the Homer, AK 

environmental monitoring station (59.4409 °N, 151.7209 °W) maintained by the Kachemak Bay 

National Estuarine Research Reserve (KBNERR; triangle, Fig. 1C).  The nutrient sampling was 

independent of the water sampling.  Nutrient measurement data for phosphate, ammonium, and 

nitrate+nitrite as well as water temperature and salinity for Kachemak Bay were obtained from 

the National Estuarine Research Reserve System Centralized Data Management Office website 

(http://cdmo.baruch.sc.edu/get/export.cfm).  Homer, AK airport wind speed data (2012-2015) 



were downloaded from NOAA’s National Centers for Environmental Information website 

https://www.ncdc.noaa.gov/cdo-web/datasets/GHCND/stations/GHCND:USW00025507/detail.  

Precipitation data for Homer, AK was downloaded from The Alaska Climate Research Center’s 

website http://climate.gi.alaska.edu/acis_data.  A monthly average interannual stratification 

index (2012-2015) was calculated using CTD measurements of temperature and salinity obtained 

from the middle of Kachemak Bay at Transect 9, station 6 (Fig. 1C).  The stratification index 

was calculated as the slope of the vertical density gradient from the surface to 30 m depth 

(Vandersea et al. 2018).   

 

2.2 Satellite imagery processing 

Satellite imagery of algal biomass was collected before, during, and after the Karenia 

mikimotoi bloom and was used to assess the geographical extent and relative magnitude of the 

bloom.  The satellite imagery also corroborated qPCR cell abundance estimates for water 

samples collected from approximately the same time as the satellite images in lower Cook Inlet 

and Kachemak Bay.  Imagery from the Moderate Resolution Imaging Spectroradiometer 

(MODIS) covering south-central Alaska were obtained from NASA Goddard Space Flight 

Center’s Ocean Biology Processing Group (https://oceancolor.gsfc.nasa.gov). The Aqua level 0 

granules were processed using the NOAA satellite automated system, which incorporates 

National Aeronautics and Space Administration’s (NASA) standard ocean color satellite 

processing software distributed within the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) 

Data Analysis System (SeaDAS) package (version 7.5 https://seadas.gsfc.nasa.gov/).  Remote 

sensing reflectance (Rrs) and top-of-atmosphere reflectance corrected for molecular scattering 

(Rayleigh) and absorption (Rho_s) products were created for the visible and near infrared bands.  



Near-infrared reflectance allows differentiation between chlorophyll and water.  Chlorophyll 

reflects the near-infrared spectrum while near-infrared radiation is absorbed more by water.  

Products were mapped to an Albers Equal Area projection at 1100 m pixel resolution to produce 

level3 multi-band GeoTiffs.  Multiple granules overlapping the area of interest from the same 

day were composited based on time of swath.  The Red Band Difference (RBD) algorithm 

described in Amin et al. (2009) was applied using the processed Rho_s bands as 

��� = �ℎ�_�(678) − �ℎ�_�(667)  

to highlight areas of high algal biomass.   

 

2.3 Cell culturing 

Cell cultures were used as a source of positive control DNA for the qPCR assays and to 

construct qPCR standard curves described below.  Four Karenia mikimotoi strains (CC21, CC22, 

CCFW64, CCFW131) were obtained from Dr. Carmelo Tomas of University of North Carolina 

Wilmington, Center for Marine Science.  The cultures were maintained using methods described 

in Hardison et al. (2013). 

 

2.4 DNA extraction, sequencing protocols and molecular identification of Karenia mikimotoi 

DNA extraction and PCR amplification of the Karenia mikimotoi SSU rDNA region was 

performed using reagents and methods adapted from Vandersea et al. (2012).  Approximately 50 

mL of Lugol’s-preserved surface water was collected from Seldovia Bay, AK (Fig. 1C) during 

the K. mikimotoi bloom and concentrated by filtration onto a 47 mm, 8 µm pore size 



polycarbonate filter (Whatman NucleoporeTM, GE Healthcare Bio-sciences, Pittsburgh, 

Pennsylvania, USA).  Genomic DNA was extracted from the filter using the Mo Bio 

Laboratories Power® Soil DNA Isolation Kit (Mo Bio Laboratories, Solana Beach, California, 

USA) following the manufacturer’s protocol, except that 350 µL of cell lysate rather than the 

prescribed 450 µL was processed.  Spectrophotometric analysis (260nm/280nm) of the DNA was 

conducted to assess DNA concentration and purity.  An approximately 1750 bp product 

containing the SSU rDNA domain was PCR amplified using the GCG18SF 

(CACTTAGAGGAAGGAGAAGT) and G45R (ACGAACGATTTGCACGTCAG) primers.  

The PCR  amplification reaction mixtures contained 20 mM Tris-HCl, pH 8.4, 3 mM MgCl2, 50 

mM KCl, 25 pmoles of each primer, 2.5 mM of each deoxynucleoside triphoshate, 0.2 units 

Platinum® Taq  DNA polymerase (InvitrogenTM Life Technologies, Carlsbad, California, USA), 

and 10 ng of  genomic DNA in a total reaction volume of 50 μL.  An MJ Research MiniCycler® 

(MJ Research, Waltham, Massachusetts, USA) was used to conduct the PCR with the following 

cycling  conditions: 2 min. at 95 °C, 35X (30 s denaturation at 95 °C, 30 s annealing temperature 

at 58 °C and an extension of 1.5 min at 72 °C), and a final 5 min extension at 72 °C.  A 4 μL 

aliquot of each PCR reaction was checked for the presence of a specific amplification product by 

agarose gel electrophoresis (2% tris-acetate/EDTA, 100 V) and ethidium bromide staining. 

The PCR product was purified using the Pure LinkTM Quick PCR Purification Kit 

(Invitrogen Life Technologies).  DNA templates were sequenced completely in both directions 

using the sequencing primers listed in Vandersea et al. (2012).  The sequences were assembled 

using the Vector NTI AdvanceTM 11 program (Invitrogen Life Technologies) and aligned with 

related species to confirm the identity of the bloom.  The GenBank accession numbers included 

in the SSU rDNA alignments were Karenia selliformis HM067007, Karenia papilionacea 



HM067005, Karenia brevis FJ587219, DQ847434, EF492501, EF492502, EF492503 EF492504, 

AF274259, Gymnodinium breve AF172714, Karenia mikimotoi EF492505, FR865627, 

FJ587220, KU314866, MG022774, uncultured eukaryote HM581706, Gyrodinium aureolum 

AF172713, AJ415517, Gymnodinium aureolum DQ779991, AF172713, Gymnodinium cf. 

mikimotoi AF009216, Gymnodinium mikimotoi AF022195.  The Karenia mikimotoi SSU rDNA 

gene sequence obtained in this study was deposited in GenBank (MH161392).  

 

2.5 Design and testing of species-specific Karenia mikimotoi PCR primers 

 To identify species-specific Karenia mikimotoi PCR primer sites, Karenia mikimotoi 

ribosomal ITS rDNA sequences, obtained from GenBank, were aligned with corresponding ITS 

sequences from other related Karenia species using the ClustalX program (Thompson et al., 

1997).  Unique forward and reverse K. mikimotoi species-specific PCR primer sites were visually 

identified within the alignments.  Each primer was subjected to a BLAST search using the 

National Center for Biotechnology Information (NCBI) BLAST tool to confirm specificity 

(Altschul et al., 1997).  The primers were tested systematically for secondary PCR products 

using K. mikimotoi genomic DNA and the amplification conditions described below. 

GenBank acession numbers used in the ITS rDNA sequence alignments:  Karenia 

mikimotoi AF318223, AF318224, FJ823564, FR865627, HM807311- HM807314, HM807316- 

HM807319, HM807321, JF683413, JN595871, JN595872, Karenia bidigitata FJ823560, 

FJ823561, HM067003, HM807322, HM807323, Karenia brevis AF352823-AF352827, 

AF352368, AF352369, Karenia papilionacea  AB623224, KJ508367, LC055192- LC055195, 

LC055202, LC055204, LC055206, LC055209, Karenia selliformis HM067008, HM807324, 

Karenia umbella FJ823566, MF781065-MF781068, Karlodinium veneficum EF036540, 



AY245692, KU314867, KP639236, KT389958, Karlodinium sp. FN357291, Karenia sp. 

AM184206, Karenia sp. AF318225,  Gymnodinium sp. Chile_53/16 AF318247, Gymnodinium 

aureolum DQ779991, KT390017, Uncultured eukaryote GU941834. 

 

2.6 Environmental sample DNA extraction and qPCR assay 

 Molecular analyses of environmental samples were performed using reagents and 

methods described in Vandersea et al. (2018).  DNA was extracted from the Lugol’s-preserved 

phytoplankton samples collected during 2011-2017 and stored at -20 °C pending Karenia 

mikimotoi qPCR assay analysis.  The Karenia mikimotoi qPCR assay was conducted using an 

Eppendorf Mastercycler® ep realplex 4 system with white Eppendorf real-time tube strips 

(Eppendorf North America, Inc., Westbury, New York, USA) and a total reaction volume of 10.5 

µL per tube.  Each PCR reaction mixture contained 4.5 µL of 5 Prime RealMasterMix SYBR 

ROX 2.5x [0.05 units µL-1 Taq DNA polymerase, 10 mM Mg(CH3COO)2, 1.0 mM dNTPs, 20X 

SYBR® Green solution], each primer at a concentration of 0.15 µM, 4.7 µL of sterile deionized 

water, and 1 µL of template DNA [Karenia mikimotoi forward primer (5’-

TATTCTCTCATGCCACTGTCATCT-3’) reverse primer (3’- CAATGCATCAGGGGCAGGA-

5’)].  Thermal cycling conditions included denaturation at 95°C for 2 min followed by 40 cycles 

at 95°C for 10 s, annealing for 15 s at 60°C with a subsequent extension at 68°C for 20 s to 

produce a 102 bp PCR product.  A melting curve analysis was performed following thermal 

cycling to check the specificity of the PCR reactions.  A limit of ±0.5°C for melting temperature 

peak shift was set as the cutoff for species-specific amplifications. 

 

2.7 qPCR standard curves 



 Standard curves were constructed to calibrate the Karenia mikimotoi qPCR assay 

following methods described in Vandersea et al. (2017) using serially diluted PCR amplicons as 

well as dilutions of live, cultured Karenia mikimotoi cells.  First, an rDNA fragment (3’ SSU – 5’ 

LSU) that contained the qPCR assay target sites was PCR amplified using the G45F forward and 

LSUB reverse primers and the cycling conditions described above.  The DNA concentration of 

the purified amplicon was estimated spectrophotometrically by measuring UV absorbance at 260 

nm.  To construct standard curves, the purified amplicon was serially diluted 1:10 in dH2O and 

encompassed six orders of magnitude.  Each serial dilution was qPCR amplified for 40 cycles 

using the K. mikimotoi species-specific primers followed by a melting curve analysis to check for 

secondary qPCR products and primer dimers.  The qPCR assay limit of detection (LOD) for the 

diluted PCR amplicon based standard curves was the lowest copy number concentration that 

yielded linear Cq values.  For each curve, the Cq values generated from the tenfold serial 

dilutions were plotted against the log transformed copy numbers to obtain regression equations.  

Regression analyses were performed to calculate the slope values and confirm the linearity of the 

standard curves. 

To construct cell based standard curves, four strains of Karenia mikimotoi cultures in log 

phase growth were gently mixed to ensure homogenization and then cell concentrations were 

measured in triplicate using a Beckman Coulter MultisizerTM 3 fitted with a 280 µm aperture 

tube (Beckman Coulter Inc., Brea, CA, USA).  Individual cell dilutions ranging from 350 to 3.32 

x 105 cells were prepared in triplicate using sterile filtered seawater at a salinity of 25.  For each 

replicate sample, 100 mL of cells were concentrated by filtration onto 47 mm, 8 µm pore size 

polycarbonate filters as described above.  Genomic DNA extraction and qPCR amplification 

were performed as described above.  Each assay incorporated 1 µL of the 50 µL DNA extract in 



the qPCR reaction mix.  Standard curves were constructed by plotting the triplicate Cq values 

against the log transformed cell concentrations.  A regression analysis of the Cq vs. log 

transformed cell concentrations was performed to calculate the slope values and confirm the 

linearity of the standard curves.  The qPCR assay limit of detection for the cell based standard 

curves was the lowest cell concentration, ranging over three orders of magnitude, that amplified 

and yielded linear Cq values. 

 

2.8 Estimating cell numbers 

 Methods described in Vandersea et al. (2017) were used to calculate Karenia mikimotoi 

cell number estimates from DNA extracted from environmental samples collected in lower Cook 

Inlet and Kachemak Bay.  First, the number of extractable PCR amplicons per environmental 

sample was calculated by solving the regression equations derived from diluted PCR amplicon-

based standard curves using Cq values acquired from qPCR assay of environmental samples.  

This value was divided by the number of K. mikimotoi extractable rDNA copies per cell that was 

estimated from the regression equations for the cell based standard curves.  The sample volume 

(10 – 40 L) and the volume removed from the collection bottle of the phytoplankton net (100 

mL) were used to calculate the number of cells per liter in each sample and abundance was 

expressed as K. mikimotoi cell equivalents per liter of seawater (cell eq. L-1). 

 

2.9 qPCR assay controls 

 To assess potential DNA contamination and PCR inhibitors in the extracted field 

samples, each qPCR assay included a positive control, a negative DNA control, a blank 

extraction control, and two spiked DNA controls.  The positive control contained a known 



amount of target DNA in the qPCR reaction mixture and ensured that the qPCR reagents were 

properly assembled.  The negative control included the addition of 1µL of reaction buffer to a 

subset of reaction mixes in order to test for contaminated reagents or cross-contamination 

between samples.  The blank controls were incorporated during the DNA extractions of the 

environmental samples to test for potential DNA contamination during the extraction process.  

Spiked DNA controls consisted of adding target DNA to a subset of the environmental samples 

to determine if PCR inhibitors were present. 

 

2.10 Literature survey 

Two literature surveys were performed.  The objective of the first survey was to assemble 

a representative table of Karenia mikimotoi bloom conditions for comparison with the Kachemak 

Bay bloom.  The table included cell densities, prevailing temperatures, salinities, and other 

factors that favored blooms.  It also included temperature ranges and salinities over which 

blooms were observed.  The second survey was conducted to examine the relationship between 

temperature and K. mikimotoi growth, including both laboratory and field estimates. The bloom 

in this study occurred at unusually low temperatures and it was of interest to estimate to what 

extent in situ growth accounted for the observed cell densities versus hydrodynamic 

accumulation.  Growth rates were calculated using μ = ln ���
�� � /�, where Ni and Nf are the 

initial and final qPCR cell estimate concentrations and T is the incubation time (Nakamura et al. 

1995).   

 

3. Results 



Light microscopy observation of the Kachemak Bay bloom species revealed an unknown 

Gymnodinoid dinoflagellate (Fig. 2).  Molecular characterization of the SSU rRNA gene 

confirmed the species as Karenia mikimotoi and established a new dinoflagellate observational 

record for Kachemak Bay, AK.  Based on these findings, a quantitative PCR assay was 

developed to assess abundance and distribution of K. mikimotoi in relation to environmental 

observations in lower Cook Inlet.  The assay targeted the ITS2 rDNA of the ribosomal gene 

complex.  The assay sensitivity and LOD was tested using cell concentrations ranging from 10 to 

3.32 x 105 cells diluted in 100 mL of filtered seawater.  The assay was capable of detecting as 

few as10 cells, however the Cq values were variable and couldn’t be included as members of 

linear standard curves.  The assays’ quantitative LOD was therefore 350 cells in 100 mL of 

filtered seawater and exhibited a linear range up to 3.32 x 105 cells.  A dilution series of a PCR 

amplicon that contained the K. mikimotoi target sequence was also used to test the sensitivity of 

the assay.  The LOD of the diluted PCR amplicon was ~430 copies and the assay was linear over 

six orders of magnitude.  Standard curves were constructed using 10-fold serial dilutions of 

purified PCR amplicons as well as DNA extracted from known concentrations of live K. 

mikimotoi cells.  The slope values of the diluted PCR amplicon curves typically varied between -

3.21 and -3.32 with corresponding amplification efficiencies ranging from 99 – 104%.  The cell 

based standard curves were linear over three orders of magnitude with slope values that ranged 

between -3.24 and -3.33 and possessed amplification efficiencies ranging from 99 – 103%.  The 

differences in the slope values of the cell based standard curves and the diluted PCR amplicon 

standard curves was compared and varied by less than 0.1.  The linear relationships and 

representative data from typical standard curves that were used to calculate the regressions are 



shown (Fig. 3).  The empirical relationship between extractable rDNA copy numbers and cell 

numbers for K. mikimotoi was calculated to be approximately four extractable copies per cell. 

 

3.1 Temperature, salinity, stratification, and Karenia mikimotoi bloom development in 

Kachemak Bay and Lower Cook Inlet 

 A time series analysis of water temperature, salinity, stratification, and abundance of 

Karenia mikimotoi in Kachemak Bay and lower Cook Inlet from 2012-2015 is shown in Figure 

4.  Phytoplankton samples and physical data were collected along Transects 3, 4, 6, 7 & 9, and 

from Jakolof Bay dock, Kasitsna Bay dock, and Seldovia Bay (Figs. 1B and 1C).  For Kachemak 

Bay, the analysis revealed that water temperatures reached annual minima (~ 2 – 4 ˚C) during 

February-April while salinities reached annual maxima during April (31 – 32.2).  Salinity 

decreased in May-June (26.5–31.5) as water temperatures increased, indicating input of snow 

melt to the Bay.  Water temperatures reached annual maxima during July-September (12.6 - 14 

°C) while salinities varied between 21 - 32.  The first presence of Karenia mikimotoi was 

detected in a water sample collected at the Kasitsna Bay, NOAA Laboratory dock by qPCR on 

22 July 2013, and at a concentration of ~ 30 cell eq. L-1 (Fig. 4D).  The first bloom 

concentrations (> 103 cells eq. L-1) were detected 30 August 2013, at the Kasitsna Bay dock and 

at Transect 9, station 1 (~1.2 x 103 – 7.9 x 105 cell eq. L-1).  Water temperatures during August 

ranged from 9 – 12 °C and salinities varied between 24.8 – 31.8.  During September, water 

temperatures started decreasing and ranged from 8 – 11.8  °C while salinities varied from 24.8 – 

31.4.  Maximum K. mikimotoi cell number estimates detected in October were less than 

September and ranged from 7.4 x 102 – 3.0 x 105 cell eq. L-1.  From November, 2013 to March, 

2014 water temperatures continued to decline (8.8 – 3.26 °C) while salinities increased (25.8 – 



32.1) due to onset of winter conditions and reduced freshwater input.  K. mikimotoi bloom 

concentrations were detected in five samples during this period with cell concentrations ranging 

from 7.4 x 102 – 5.9 x 104 cell eq. L-1
.  The last sample to contain measurable cell concentrations 

was collected at Transect 4, station 2 on 11 April 2014 and contained ~3.5 cell eq. L-1.  In lower 

Cook Inlet, K. mikimotoi was detected along Transects 3 and 6 during November 6 - 8, 2013 

(Figs. 1B and 4G).  Cell concentrations at these stations ranges from 2.9 x 102 – 1.84 x 104 cell 

eq. L-1. 

The seasonal cycle of stratification and mixing of the upper water column during 2013 

was compared to K. mikimotoi qPCR cell estimates for water samples collected during the course 

of the bloom (Figs. 4C and 4D).  The stratification index in this region of Kachemak Bay 

indicated more stable water column conditions (≥ 0.1) during June – August (0.1 – 0.3), and 

mixed conditions (≤ 0.1) from September through May of 2014 (Fig. 4C). 

 

3.2 Precipitation, wind speeds, and Karenia mikimotoi bloom development 

Average daily precipitation and wind speed data for Homer, AK from 2012 - 2015 were 

plotted in relation to Karenia mikimotoi qPCR cell estimates to investigate any correlation 

between rainfall, wind speeds, and the bloom cycle (Fig. 5).  The total amount of rainfall that 

occurred in Homer during May - September of 2013, leading up to the K. mikimotoi bloom, was 

~324 mm (Fig. 5A).  Average daily wind speeds before and during bloom development (May – 

September) were < 6 m/s (Fig. 5B). 

 

3.3 Seasonal nutrient cycling in comparison to bloom development 



 Nutrient data collected from the Homer Spit monitoring station during 2012 - 2015 are 

shown in relation to Karenia mikimotoi qPCR cell abundance estimates in Figure 6.  The data 

revealed that both surface and subsurface nitrate + nitrite concentrations (NO2
- + NO3

-) began 

declining from winter time maxima (>0.2mg L-1) in April - May to summertime minima (<0.05 

mg L-1) in June – August, and then began increasing in autumn (September – November, Fig. 

6A).  Dissolved surface and subsurface phosphate (PO4
3-) exhibited a similar pattern with 

concentrations of 0.03 - 0.04 mg L-1 in winter that declined to 0.01 - 0.025 mg L-1 during the 

summer (Fig. 6B).  Both surface and subsurface NO2
- + NO3

- and PO4
3- levels exhibited similar 

seasonal patterns, indicative of nutrient drawdown during the April - June phytoplankton bloom 

each year.  Surface concentrations of ammonium (NH4
+) were generally at their highest from 

October - March (0.03-0.05 mg L-1) and decreased to ≤ 0.02 mg L-1 during June - August (Fig. 

6C).  Near bottom NH4
+concentrations were similar to surface levels in the winter months, but 

then increased sharply during May-September (0.03 - 0.08 mg L-1, Fig. 6C). 

 

3.4 Literature survey 

The first literature survey revealed Karenia mikimotoi bloom concentrations typically ranged 

from several hundred thousand cells L-1 to around 10,000,000 cells L-1 with as many as 

69,000,000 cells L-1 reported (Table 1).  Blooms were reported occurring between 12 and 31.2 

°C and at salinities between 6 and 35.7.  Live cells were observed between 4 and 31.2 °C and at 

salinities between 0 and 35.8. Other factors common to bloom formation included water column 

stability, a ready source of nutrients, relatively calm conditions, and favorable hydrodynamic 

conditions.  Water column stability was typically the result of runoff setting up a stable 

pycnocline, increased temperatures establishing a thermocline, or both.  The exception was 



shallow systems (~10-15m), such as estuaries where blooms served the same function as a 

pycnocline or thermocline.  Nutrients were either input directly through runoff or other processes 

or were accessible from a nutrient rich layer below the thermocline or pycnocline by diel vertical 

migration.  Upwelling zones and high wind driven mixing were not conducive to bloom 

formation.  

The results of the growth rate literature survey are shown (Fig. 7).  A majority of the laboratory 

studies revealed that Karenia mikimotoi growth increased from 15 to 27 °C reaching a maximal 

growth rate between 0.3 and 0.63 d-1 (Fig. 7A).  The primary exception was the study by Gentien 

et al. 2007 where growth rates increased from 0 at 12 °C to a maximum of 0.63 d-1 at 17 °C 

(black diamond symbols, Fig. 7A).  In contrast, a majority of growth rate estimates from field 

studies at water temperatures between 13 and 30 °C ranged from 0.3 to 0.44 d-1 (Fig. 7B).  The 

one exception was a growth rate of 0.9 estimated by Chang and Carpenter (1985), which is likely 

an overestimate caused by bioaccumulation due to hydrodynamics or diel vertical migration 

(Shikata et al., 2015; Sourisseau et al., 2016).  The growth rates calculated in the current study 

were consistent with growth versus temperature data from other studies (star symbols, Fig. 7B). 

They also spanned a lower temperature range not previously recorded.  The data indicated that 

growth ceased around 8 oC. The negative values represent the period of rapid decline in the 

bloom as water temperatures declined. 

 

3.5 Satellite imagery 

Satellite imagery from the Moderate Resolution Imaging Spectroradiometer (MODIS) covering 

south-central Alaska for 2013 was obtained from NASA Goddard Space Flight Center’s Ocean 

Biology Processing Group and was used to assess the geographical extent and relative magnitude 



of the bloom (Fig 8).  The satellite imagery provided a visual record of the bloom progression 

and was also used to corroborate qPCR cell abundance estimates for water samples collected 

from approximately the same time as the satellite images in lower Cook Inlet and Kachemak 

Bay.   

 

4. Discussion 

This is the first record of a Karenia mikmotoi bloom in Alaska.  qPCR assay analyses of 

DNA samples collected as part of a long-term study of Alexandrium catenalla in Kachemak Bay 

and lower Cook Inlet Alaska revealed the earliest evidence of the bloom occurred in late July, 

2013 and lasted through April, 2014 (Fig. 4D).  Maximum bloom concentrations were detected 

in late September even though water temperatures peaked during July (12-14 °C) and decreased 

during August and September (12-8 °C) as the bloom was maturing (compare Figs 4A and 4D).  

These data suggest that after initial phases of the bloom, water temperature was not the primary 

factor controlling subsequent bloom development.  Similar K. mikimotoi bloom intensification 

after annual water temperatures have peaked has been observed in Scottland (Davidson et al. 

2009) and in Japan (Honjo, 1994).  Furthermore, analysis of salinity and stratification in relation 

to K. mikimotoi abundances in Kachemak Bay showed that the timing of bloom development 

coincided with salinity minima as well as maximum water column stratification (Figs 4B-4D).  

During summer, snow melt has a more pronounced impact on salinity and vertical structure of 

the water column in Kachemak Bay than runoff from rainfall (Abookire et al., 2000; Okkonen et 

al., 2009).  However, precipitation measurements from Homer showed that 70% of the annual 

rainfall in 2013 occurred during August and September, with a total of 227 mm during this 

period.  This was above average rainfall for late summer and likely augmented the snow melt 



runoff into the Bay, increasing freshwater impact on vertical water column structure.  Salinities 

during this period ranged from 24.8 – 31.8 (Fig. 3B), well within the salinity tolerances of K. 

mikimotoi that have been reported previously (Gentien, 1998; Kimura et al., 1999; Aoki et al., 

2017; Table 1). Wind speeds leading up to the bloom were relatively light and were measured at 

< 6 m s-1 (Fig 5).  Nutrient analyses of surface and bottom NO2
- + NO3

-, PO4
3-, and NH4

+ 

revealed seasonal patterns indicative of nutrient drawdown at the surface during the April-June 

phytoplankton bloom (Fig. 6).  Minimum concentrations of surface and bottom NO2
- + NO3

-

occurred during the summer and increased in autumn (Fig. 6A).  In contrast, surface PO4
3- and 

NH4
+ measurements revealed they were at their lowest during summer while near bottom 

concentrations were more elevated and well within ranges reported to support K. mikimotoi 

blooms in other field studies (DIN 0.23-18.5 umol L-1; PO4
-3 0.03-2.42 umol L-1 fromYamaguchi 

and Itakura, 1999; Li et al., 2009) (Fig. 6B).  

In summary, these physical data indicated that a very stable, stratified, water column 

existed in the Bay during the summer months of 2013 with pools of PO4
3- and NH4

+ existing at 

depth during the early stages of bloom formation.  K. mikimotoi’s ability to vertically migrate 

would have allowed the cells access to deep nutrient pools, likely providing a competitive 

advantage over other phytoplankton species (Koizumi et al., 1996; Nakamura et al., 1996; 

Kimura et al., 1999; Aoki et al., 2017).  Review of the literature revealed that water column 

stratification and high nutrients are consistent factors associated with K. mikimotoi blooms 

(Table 1). These conditions also correspond with environmental conditions promoting bloom 

formations of other dinoflagellate species in many coastal systems (Margalef, 1975; Smayda, 

1980; Sournia, 1982; Chang and J. Carpenter, 1985; Paerl, 1988; Daniel et al., 1992; 

Widdicombe et al., 2010; Hartman et al., 2014; Barnes et al., 2015).  Moreover, as the K. 



mikimotoi bloom developed during August-September, surface PO4
3- and NH4

+ concentrations 

increased (Figs 6B and 6C).  The increased availability of these nutrients would have further 

supported bloom development and help to explain the high concentrations of cells that were 

detected at the peak of the bloom (Fig. 4D, 107 cells L-1).   

The bloom concentrations measured in this study were among the highest that have been 

reported (Table 1).  This leads to the logical question of whether the bloom concentrations were 

the result of in situ growth or hydrodynamic accumulation?  A literature review revealed that 

maximal growth of Karenia mikimotoi (0.62 to 0.69 d-1) in laboratory studies, occurred between 

15 to 26 °C, depending on the strain (Fig. 7A).  In these studies, growth never exceeded one 

division per day (0.69 d-1) and markedly declined below 12-15 °C.  The estimated field growth 

rates calculated in our study were 0.29 and 0.13 d-1 in August and September when average 

monthly water temperatures were 11.3 and 10.4 °C respectively (star symbols, Fig. 7B).  Growth 

rates were almost zero or negative as water temperatures declined below 8 °C (Fig. 7B).  These 

growth rates agreed with previous laboratory and field studies that reported comparable water 

temperatures and were sufficiently high that in situ growth alone could account for development 

of the bloom given the standing stock of cells present in August (Fig. 4D).  Development of K. 

mikmotoi blooms over similar time periods have been observed in other systems, though usually 

at higher water temperatures (Lindahl et al., 1983; Chang and Carpenter, 1985; Honjo, 1994; 

Blasco et al., 1996; Davidson et al., 2009).  

MODIS-Aqua satellite imagery of south-central Alaska from 2013 provided a visual 

record of the bloom progression and the bloom’s extent (Fig. 8).  Despite cloud cover in the 

region that obscured the majority of the daily satellite images, a relative fluorescence image from 

24 August demonstrated that LCI and Kachemak Bay exhibited very low algal biomass (Fig. 8).  



Similarly, qPCR cell estimates from a water sample collected from the Kasistna Bay Dock on 23 

August confirmed low Karenia mikimotoi concentrations ( < 10 cells L-1).  Satellite imagery 

collected 1 October documented that the bloom covered most of Kachemak Bay and confirmed 

high biomass associated with peak bloom phase (Figs. 4D and 8).  Bloom concentrations in 

Kachemak Bay began declining in October through November as water temperatures were 

cooling (Figs. 4 and 8).  Previous studies have implicated wind events, increased mixing, 

autotoxicity, light limitation, and grazing as factors that can cause K. mikimotoi blooms to 

decline (Nakamura et al., 1996; Gentien et al., 2007; Barnes et al., 2015).  Analysis of water 

column stability revealed that water column stratification was breaking down during the period 

that the K. mikimotoi bloom was declining (arrowhead, Fig. 4C).  Grazing is less likely of a 

factor because zooplankton populations in the region decline significantly in the late fall and 

winter (McKinstry and Campbell, 2018). Although other factors may have prompted the bloom 

to decline, water column mixing and cooling water temperatures appear to have been potential 

drivers.   

Satellite imagery from 23 October and 12 November showed a decline in algal biomass 

in Kachemak Bay (Fig 8).  Interestingly, in the image from 23 October, a high algal biomass 

signature is present in the Shelikof Strait on the west side of Kodiak Island.  This region of 

Kodiak Island is sparsely populated and there were no reports of an algal bloom.  Unfortunately 

satellite imagery between 1 and 23 October was obscured by cloud cover that prevented 

monitoring of potential bloom transport.  Therefore it is unknown if the bloom was transported to 

Shelikof Strait.  Salinities in Kachemak Bay during this period ranged from 23.7 to 31.3 (Fig. 

4B), well within the salinity tolerances of Karenia mikimotoi that were reported previously 

(Gentien, 1998; Kimura et al., 1999; Aoki et al., 2017; Table 1).  Nutrient concentrations (Fig. 6) 



were also within ranges reported to support K. mikimotoi blooms in other field studies (DIN 

0.23-18.5 umol L-1; PO4
-3 0.03-2.42 umol L-1 fromYamaguchi and Itakura, 1999; Li et al., 2009).  

In early December and again in early January, two bloom concentrations were detected in 

samples containing 4.5x104 and 5.9 x104 cells eq. L-1.  The significance of this is that water 

temperatures between December and January averaged ~5 °C.  Previously, Blasco et al., (1996) 

reported 4 oC as the lowest temperature where live cells had been observed (Table 1) and 

Shimada et al. (2016) reported K. mikimotoi in Hakodate Bay, Japan at 9 °C.  Other 

corresponding laboratory and field studies indicated that K. mikimotoi growth ceases below 10 

°C (Fig. 7).  In contrast, estimated K. mikimotoi field growth rates from our study showed active 

growth between 10-12 °C, with growth ceasing below ~8 °C.  This suggests that the bloom 

concentrations observed in December and thereafter were residual populations from the fall 

bloom that were no longer actively growing.  The last qPCR positive sample from Kachemak 

Bay was detected in early April 2014 and contained < 10 cells eq. L-1.  These data indicated 

some K. mikimotoi cells were able to endure relatively cold water temperatures, but succumbed 

as water temperatures from January to April 2014 continued to decline and ranged between 3.0 

to 5.5 °C.   

Another important, but unanswered question is what led to the establishment of the initial 

cell population in July 2013? The conditions present in Kachemak Bay during 2013 were not 

significantly different from preceding years (Vandersea et al. 2018), yet the bloom occurred 

during 2013.  In a review of harmful algal bloom dispersal, Smayda (2007) described enigmatic 

and exotic blooms as “usually precipitous, abundant, ephemeral, often recorded as ‘first events’, 

and the source of the propagules seeding the bloom is usually unknown”.  The Karenia 

mikimotoi bloom in Kachemak Bay certainly qualified as an exotic bloom.  One possible 



explanation for the introduction of the K. mikimotoi seed population was through discharge of 

ballast water.  Cook Inlet is a highly trafficked waterway, supporting the majority of the state’s 

population as the only sea-route to the Port of Anchorage.  Commercial vessels would have 

regularly entered Kachemak Bay during 2013 providing opportunities for a ballast water 

introduction of K. mikimotoi.  However, given the similarity in prevailing environmental 

conditions during previous years, coupled with the lack of K. mikimotoi blooms, it is unlikely 

this is was the mechanism leading to the establishment of the intial K. mikimotoi population. 

A more likely hypothesis, is a long distance, latitudinal dispersion of K. mikimotoi from 

Japan.  In March of 2011, a massive tsunami struck the east coast of Japan and swept an 

estimated five million tons of debris out to sea (Ministry of the Environment, Japan, 2012).  The 

circulation patterns of the North Pacific and Gulf of Alaska are favorable for transport and 

dispersal of tsunami debris along southeast and south central Alaskan shorelines in the Gulf of 

Alaska.  Marine debris from this event started arriving to North American shorelines in 2012, 

including beaches in Alaska adjacent to Kachemak Bay (Carlton et al., 2017; Murray et al., 

2018; ADEC, 2019).  We speculate that K. mikimotoi cells could have rafted into lower Cook 

Inlet and Kachemak Bay or were entrained in a water mass carrying marine debris originating 

from Japan.  Support for this hypothesis comes from Carlton et al. (2017) who documented 289 

living Japanese coastal marine species that landed with tsunami debris on coastlines from 

Midway Atoll to Hawaii Island and from south central Alaska to California.  Further, the 

potential for dinoflagellate dispersal by drift algae or plastic debris also has been noted by others 

(Bomber et al. 1988; Faust and Gulledge, 1996; Masó et al 2003).  The long transit time across 

the Pacific would have provided an extended acclimatization period for K. mikimotoi and may 

help explain why the bloom persisted in Kachemak Bay at some of the lowest recorded water 



temperatures for K. mikimotoi.  The life cycle for K. mikimotoi is not fully described.  It is 

possible that cyst stages may have overwintered in Kachemak Bay (Liu et al. 2018).  However, 

continued qPCR assay of water samples collected from Kachemak Bay and lower Cook Inlet 

from 2011-2016 have all been negative (Fig. S1), suggesting that the K. mikimotoi bloom of 

2013 in Kachemak Bay was a singular event and the cells have not become established 

permanently as a common component of the local phytoplankton assemblage.   
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Table 1. Literature survey of environmental and bloom conditions of globally occurring Karenia 

mikimotoi.  

 
Location Cell Concentrations and Prevailing  

 

Range over which cells  Conditions favoring bloom Formation Reference 

 Conditions During Bloom were observed    

 K. mikimotoi   

(cells L
-1
) 

Temperature 

(
o
C) 

Salinity Temperature 

 (
o
C) 

Salinity   

Kachemak Bay, Alaska, 
USA 

1000 – 19,900,000 8 - 12 24.8 – 31.8 3 - 14 21 - 32 Stratification and nutrient rich waters accessible below thermocline Vandersea et al this study 

Imari Bay, Japan 10,000 - 10,000,000 26 - 29 32 - 34   Stratification of due to freshwater inflow coupled with upwelling induced 
delivery high nutrient bottom water accessible to K. mikimotoi and by limited 
water exchange  

Aoki et al. 2017;  
Aoki et al. 2019 

English Channel  200,000 - 1,500,000  12 - 17 33.9 - 35.5   Stratification due to high runoff delivering increased nutrients Barnes et al. 2015 

Gulf of Lawrence, 
Canada 

2,000 - 990,000 12 - 13 17 - 29 4 - 19 15 - 31 Strong vertical stratification, shallow thermocline, presence of an estuarine 
front, and availability high ammonia concentrations 

Blasco et al., 1996 

Carmans Estuary, Long 
Island Sound, New York, 
USA  

>1000 - 10,200,000 24.5 - 29 6 - 20 19 - 30 0 - 22 Strong vertical stratification Chang and Carpenter, 1985 

Norwegian waters 500,000 – 10,000,000 21 22.3 5 - 22 12 - 35 Blooms in stratified waters along frontal zones Dahl and Tangen, 1993 

Coast of 
Thiruvananthapuram, 
west India 

2,000 - 94,000 28.2 - 28.5 33.9 - 35.7   Stratification due to heavy runoff delivering increased nutrients Iyer et al., 2008) 

English Channel 700,000-1,380,000  16 - 18.5 35.05 - 35.2   Stratification due lower salinity intrusions and calm winds Hartman et al., 2014 

English Channel 69,000 - 2,649,000 12.5 - 16 34.6 - 35.1   Intense stratification Holligan et al., 1984 

Gokasho Bay, Japan 1,000 - 4,500,000 12 - 27  

 

   Honjo et al., 1991;  
Honjo, 1994 

Ria of Pontevedra, 
northwest Spain 

8,908,000 - 69,337,000 19 - 19.5 35.02 - 
35.10 

  Stratification and nutrient rich waters accessible below thermocline Jiménez et al., 1992  

Western English Channel 39,810 - 1,585,000 14 - 16  12 - 16  Stratification Jordan and Joint, 1984 

East Johor Straits 
between Peninsular 
Malaysia to the north and 
Singapore to the south 

1,350,000 - 8,370,000 27.4 ± 1.41 21 - 25   Runoff decreased salinity, increased salinity and input of high levels N and P Kok et al., 2019 

Changjiang River estuary 
and adjacent waters, 
China 

64,000 - 8,730,000 17.2 - 19.3 24.3 - 30.6   Correlated with reduced salinity, increased nutrient fluxes, shallow depth, 
and sheltered conditions 

Kong et al., 2016 

Sundays Estuary, South 
Africa 

516,000 22 - 23.5 10 - 20   Stratified water column concomitant with nutrient-enriched mesohaline (~ 
10m) surface waters  

Lemley et al., 2018 

Swedish coast  10,000 – 810,000 14 - 16 24 - 30   Strongly stratified water column; bloom develops along pycnocline where 
sufficient nutrients available then overtime migrates up in water column 
eventually forming dense surface blooms 

Lindahl, 1983 

Cochin inlet, Southwest 
coast of India  

400 - 15,500,000 30.5 - 31.2 22.5 - 29.8   Thermally stratified Madhu et al., 2011  

Seto Inland Sea, Japan 2,000 - 380,000 22 - 24 30.3 - 33   Stratified, shallow thermocline (10-15 m) with accessible nutrient rich waters 
below thermocline 

Nakamural et al., 1996 

West and northwest 
coasts of Ireland,  

5,000 - 3,700,000 13.0 - 17.1 34.2 - 34.9     O’Boyle et al., 2016 

Términos Lagoon, 
Campeche, Mexico, SE 
Gulf of Mexico 

1,000 - 9,000  27.8 - 28.4 17.4 - 19.5 27.8 - 30.6 11.6 - 19.5 Shallow water column (ave. 3.5 m), no vertical stratification, but low winds 
and abundant nutrients 

Poot-Delgado et al., 2015 

English Channel 5,000 - 8,000,000 19 - 22 34.8 - 35.0 12 - 22.5 34.6 - 35.8 Stratification due to unusually high summertime water temperatures >19C, 
favorable winds, and intrusion low salinity water from French rivers into the 
English Channel  

Qurban, 2009 

Southwestern Ireland  1,000 - 530,000 16 35.0 14.5 - 16 35.1 - 35.4 Strong thermal stratification and favorable wind stress - brought nutrient 
replete cells from sub-surface maxima along thermocline of waters in the 
northern Celtic Sea nearer surface where conditions more favorable or 
growth. 

Raine et al., 2001 

Southeast Arabian Sea, 
bordering western India 

189,400 -193,700 28.2 - 28.5 33.9 - 35.7   Formed in thermally stratified cyclonic eddies when windspeeds (turbulence) 
were low but still sufficient to cause onshore accumulation in an embayment 
where runoff from heavy rainfall supplied nutrients 

Robin et al., 2013  

Southeastern Arabian 
Sea, India 

600,000 24.2 - 27.0 33.6 - 34.8   Formed just outside inlets in stratified water formed from outflow of N-rich 
water from the inlets during summer monsoon  

Sathish Kumar et al., 2018 

Hiroshima Bay, Japan 1000 - >10,000,00         22.5 - 24.8 27.2 - 30.5 22.2 - 27.0 21.3 - 31.0 Highly stratified Shikata etal., 2017 

Changjiang (Yangtze 
River) Estuary, China 

20,000 - 909,900 18 - 22 27 - 32   Stratified stations, characterized by low nitrate, low phosphate and turbidity - 
dense accumulation cells along the isohaline with access to nutrients below  

Song et al., 2017 

 

 

 




