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Abstract: 

Ocean acidification, a decrease in ocean pH resulting from anthropogenic CO2 emissions, 

is likely to impact individual marine organisms as well as entire communities and food webs. 

Among these impacts is the increasing incidence of harmful algal booms (HABs), which cause 

significant fish mortality and economic losses worldwide. Although Heterosigma akashiwo, a 

raphidophyte capable of forming HABs, has exhibited faster growth under 750 ppmv pCO2 

compared with current concentrations (~400 ppmv), little is known about how this species will 

be affected by a range of potential future pCO2 conditions as seawater carbonate chemistry 

shifts. In this study, H. akashiwo were grown at a range of pCO2 levels (from 200 to 1000 ppmv) 

and monitored for changes in growth rates, elemental composition, and concentration of H2O2 

(which may be linked to the species’ toxicity). Heterosigma akashiwo grew significantly faster 

under pCO2 between 600 and 900 ppmv (RCP6), while growth rates decreased when pCO2 

exceeded 900 ppmv (RCP8.5). Elemental analysis revealed significant positive correlations 

between H. akashiwo growth rate and carbon and nitrogen per cell. The concentration of H2O2 

per cell was also positively correlated with growth rate, with the highest concentrations measured 

at RCP6. The results indicate that ocean acidification affects H. akashiwo physiology and could 

have profound implications for HAB development in coastal systems under future ocean 

conditions. 
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1) Introduction 

Ocean acidification and marine life 

While anthropogenic fossil fuel combustion, land-use changes and deforestation have 

contributed significant quantities of CO2 to the atmosphere since preindustrial times, the world’s 

oceans have served as vital CO2 sinks by absorbing up to one-third of these emissions (Haugan 

& Drange, 1996; Sabine et al., 2004). However, while absorbing CO2 has enabled the oceans to 

buffer the effects of climate change by reducing greenhouse gasses in the atmosphere, it has also 

altered seawater chemistry (Doney et al., 2009). Hydrolysis of CO2 increases the concentration 

of H+ ions in seawater, decreasing surface pH and causing ocean acidification (OA) (Orr et al., 

2005). Since the nineteenth century, ocean pH has already decreased by 0.1 units (Fabry et al., 

2008), and it is estimated to drop by another 0.3-0.5 units by 2100 (Haugan & Drange, 1996; 

Caldeira & Wickett, 2005). Although atmospheric CO2 and ocean pH have fluctuated naturally 

throughout Earth’s history (Hallegraeff, 2010), ocean pH change as a result of anthropogenic 

emissions is currently occurring at a rate 100 times faster than it has in millions of years 

(Riebesell et al., 2007; Hönisch et al., 2012). Such rapid alteration of seawater chemistry will 

likely have profound effects on marine life (Guinotte & Fabry, 2008).  

Experimental responses to OA vary dramatically across taxa, with acidification triggering 

both positive and negative consequences for organisms (Kroeker et al., 2013). Calcifying 

organisms like corals and coccolithophores have experienced decreased growth and survival 

under OA due to reduced availability of carbonate ions with which to make their calcareous 

skeletons (Hoegh-Guldberg et al., 2007; Iglesias-Rodriguez et al., 2008). Decreased ocean pH 

and shifts in seawater carbonate chemistry also impact the early life stages of calcifying 

organisms, decreasing fertilization rate, speed of embryonic and larval development, recruitment, 
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and juvenile survivorship in mollusks (Green et al., 2004), echinoderms (Kurihara & Shirayama, 

2004), corals (Kurihara, 2008), and crustaceans (Whiteley, 2011). Other organisms may thrive as 

pCO2 rises. For example, many marine primary producers are predicted to experience enhanced 

growth (Dutkiewicz et al., 2015), as concentration of CO2 around the site of carbon fixation is 

energetically expensive and higher CO2 will allow photosynthesizers to rely more on diffusion 

(Hopkinson et al., 2011; Wu et al., 2014). Further research is required to understand how 

individual species and communities will be impacted by OA in the coming century.  

Ocean acidification and phytoplankton 

Among the organisms likely to be impacted by OA are phytoplankton, microscopic 

unicellular algae that are extremely abundant in the world’s oceans. Phytoplankton are 

responsible for the majority of primary production in marine systems, producing approximately 

half of the oxygen on the planet and forming the base of the marine food web (Field et al., 1998; 

Ducklow et al., 2001). Additionally, they play a key role in marine biogeochemical cycles, 

influencing climate by exchanging climate-relevant gasses such as CO2 between the atmosphere 

and the ocean (Hallegraeff, 2010). Marine algae convert atmospheric CO2 into particulate 

organic matter, some of which is lost to the deep ocean when organisms sink or die through the 

so-called “biological pump” (Hallegraeff, 2010).  

Because CO2 plays a significant role in photosynthesis and other key biological 

processes, even subtle changes in seawater pH could affect phytoplankton growth, abundance, 

and distribution in coastal communities (Guinotte & Fabry, 2008). Previous research has 

primarily reported increases in phytoplankton growth rates and metabolism under high pCO2 

(Schippers et al., 2004; Hendriks et al., 2010), with the exception of some calcifying species that 

show reduced growth with increased pCO2 (Iglesias-Rodriguez et al., 2008). Although some 
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phytoplankton species can tolerate a wide range of pH levels, others show significant variation in 

growth rates when exposed to a 0.5 – 1.0 pH-unit change (Guinotte & Fabry, 2008). As such, 

studies will need to investigate how a variety of phytoplankton taxa respond to elevated pCO2 to 

predict the future of primary producers in the ocean. 

Harmful algal blooms 

While they are vital for ocean ecology and nutrient cycling (Ducklow et al., 2001), 

phytoplankton can also cause significant damage to marine ecosystems in the form of harmful 

algal blooms (HABs). Some blooms are harmful because they produce toxins that accumulate in 

filter feeders (Backer & McGillicuddy, 2006), causing illness or death as they are transmitted up 

the food chain to predatory animals including humans (Moore et al., 2008). In addition to 

threatening public health, toxic HABs can cost millions of dollars in damage to fisheries and 

aquaculture operations (Black et al., 1991). Farmed fish such as salmon are particularly 

vulnerable to mortality during HABs because they are trapped in cages, unable to swim away 

from toxic or hypoxic conditions like their wild relatives (Khan et al., 1997; Hallegraeff, 2010). 

Other nontoxic blooms cause harm by achieving high biomass of a single species, decreasing 

phytoplankton biodiversity and light that reaches the benthos (Moore et al., 2008). Additionally, 

these large blooms create anoxic conditions as they die and decompose, suffocating fish and 

other organisms (Smayda, 1997).  

Although HABs have occurred naturally throughout history due to environmental 

variability, scientists generally accept that HABs have increased in frequency, intensity, and 

duration across the globe throughout the past several decades (Hallegraeff, 1993; Moore et al., 

2008). This increase seems to be anthropogenically driven, related to climate change and nutrient 

runoff (Vitousek et al., 1997). With the devastating ecological and economic consequences of 
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HABs, it is important to understand how OA might affect bloom formation and dynamics 

throughout the coming century. 

Ocean acidification and Heterosigma akashiwo 

Physiological responses to elevated pCO2 remain poorly understood for Heterosigma 

akashiwo (fig. 1), an ichthyotoxic raphidophyte capable of forming HABs (Twiner et al., 2005). 

Blooms have been particularly prevalent and damaging along the coasts of New Zealand (Chang 

et al., 1990), Japan (Honjo, 1994), the United States (Horner et al., 1991), and Canada (Taylor 

and Haigh, 1993). This species is frequently found in estuaries, where pCO2 is known to be 

highly variable (Frankignoulle et al., 1998). Heterosigma akashiwo lacks the typical carbon-

concentrating mechanisms (CCMs) to take up HCO3
- for carbon fixation (Nimer et al., 1997). 

Experiments by Nimer et al. (1997) showed that H. akashiwo did not have the potential for direct 

HCO3
- uptake or extracellular CA-catalyzed HCO3

- utilization and had a high rate of beta-

carboxylation, meaning that it likely depends on CO2 diffusion or non-canonical pathways for 

carbon fixation (Descolas-Gros & Oriol, 1992; Ducat & Silver, 2012). CO2 diffusion requires 

less energy than active HCO3
- uptake (Raven, 1990) and models by Schippers et al. (2004) 

predicted a 40% increase in productivity for phytoplankton with a low affinity for HCO3
- such as 

H. akashiwo when atmospheric pCO2 reaches 700 ppm. Furthermore, a study by Fu et al. (2008) 

found that H. akashiwo growth rate increased by 33% under a “high” CO2 condition of 750 

ppmv compared with 375 ppmv. However, it remains uncertain how this species reacts to a 

larger variety of different pCO2 conditions.  

Because H. akashiwo has been responsible for extensive fish kills around the world and 

significant losses in revenue for fisheries and aquaculture over the past several decades (Black et 

al., 1991; Twiner et al., 2001), it is important to predict how this species will respond in future 



	  

	   8	  

ocean conditions to understand the potential for HAB development in coastal systems (Anderson 

et al., 1998; Cochlan et al., 2013). This study monitors H. akashiwo physiology to investigate 

how the species acclimates to changes in seawater carbonate chemistry by culturing them under a 

range of CO2 conditions that represent possible future atmospheric concentrations (IPCC, 2001). 

 

Figure 1: H. akashiwo at 40x magnification (a) with one flagellum visible and (b) with two flagella visible. 

Although scientists have agreed for decades that H. akashiwo causes devastating HABs, 

the mechanism of the toxicity remains unclear (Kim et al., 1999). Some studies have suggested 

the production of reactive oxygen species (ROS) such as H2O2 as a possible mechanism of 

toxicity (Yang et al., 1995). Like many plants, H. akashiwo produces H2O2 as a byproduct of 

various metabolic pathways (Twiner & Trick, 2000), including the reduction of oxygen during 

photosynthesis (Oda et al., 1997). Algae appear to produce these compounds to assist with iron 

uptake or as a chemical defense mechanism (Twiner et al., 2001). Although some studies 

contend that ROS do not cause H. akashiwo’s ichthyotoxicity (Twiner et al., 2001), others have 

observed evidence that ROS production is responsible for toxicity of other marine algae. Kim et 

a	   b	  
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al. (1999) found that Cochlodinium polykrikoides, another HAB species that produces H2O2, 

induced lipid peroxidation of flatfish gill tissue, suggesting that ROS contribute to fish mortality 

during these HABs. The oxidative damage caused by ROS alters the structural and functional 

integrity of gill cells, inhibiting the ability of the gills to transfer oxygen (Kim et al., 1999). Thus, 

the researchers concluded that ROS are at least partially responsible for fish kills in C. 

polykrikoides (Kim et al., 1999). If similar mechanisms are at work in H. akashiwo blooms, it is 

possible that ROS like H2O2 contribute to the damage that these HABs cause as well. This study 

examines the concentration of H2O2 in relation to H. akashiwo growth at a variety of pCO2 levels 

to predict whether ROS creation by this species may further impact future oceans. 

2) Methods 

Acclimation to given pCO2 

The CO2 conditions chosen for this study ranged from ~200 ppmv to ~1000 ppmv and 

have been grouped into four categories that relate to the Representative Concentration Pathways 

(RCPs) outlined in van Vuuren et al. (2011). These RCPs, which describe pathways leading to 

possible radiative forcing values between 2.6 – 8.5 W/m2 for the year 2100, are based primarily 

on greenhouse gas emissions and used to aid short- and long-term climate modeling (van Vuuren 

et al., 2011). For this study, “RCP 4.5” (4.5 W/m2 radiative forcing by 2100) corresponds to 

cultures exposed to 400 ppmv - 600 ppmv pCO2, “RCP 6” (6.0 W/m2 radiative forcing by 2100) 

corresponds to cultures exposed to 600 ppmv – 900 ppmv pCO2, and “RCP 8.5” (8.5 W/m2 

radiative forcing by 2100) corresponds to cultures exposed to >900 ppmv pCO2. Cultures 

exposed to <400 ppmv pCO2 were labeled as “premodern,” because although atmospheric pCO2 

has fallen much lower in past climates, no current projections suggest that concentrations will 

drop below the present-day concentration of ~400 ppmv by 2100. 
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The procedures that follow were conducted twice, yielding two identical experiments 

with a total of 30 biological replicates (6 replicates per pCO2 level). A laminar flow hood and 

sterile transfer techniques were used each time media or live cultures were prepared or sampled 

to prevent contamination. L1 enriched seawater medium (without silicate) was prepared 

according to the protocol given in Guillard and Hargraves (1993). Each of five 2.5-L 

polycarbonate bottles were filled with 1.2L of L1 media and fitted with a cheesecloth stopper 

(fig. 2). The bottles were placed in a 18°C incubator on Orbital Genie orbital shakers at 80 rpm. 

Each stopper was attached to a gas tank containing ~21% oxygen, ~79% nitrogen and CO2 at 

200, 400, 600, 800 or 1000 ppmv. The headspace of each bottle was purged with the gas from its 

respective tank for 1 or more days while on a shaker while subjected to a light-dark cycle (14 

hours light, 10 hours dark) at light level of approximately 100 microE. After the headspaces had 

purged, each bottle was inoculated with 4-5 mL of stock H. akashiwo culture and acclimated for 

approximately 3 days under the same pCO2 condition it had experienced before the addition of 

cells.   

At approximately the same time each day, each culture was thoroughly mixed and sub-

sampled in the laminar flow hood. 3 mL were pipetted from each bottle, placed into a glass 

cuvette, and measured for Relative Fluorescence Units (RFUs) and Fv/fm using an Aquaflash 

(fig. 3). Heterosigma akashiwo growth rates were calculated for each replicate by taking the 

natural log of RFUs. Next, a 1mL sample was pipetted from each culture into a 1.5-mL snap-cap 

centrifuge tube already containing 20 µL Lugols to fix the sample. These tubes were stored for 

cell counts. An additional 2mL sample was pipetted from each culture into a 1.5-mL snap-cap 

centrifuge tube until the liquid nearly spilled over to avoid air bubbles when the snap-cap was 

closed. The tubes were set on a heating block for 15 minutes. After reaching 25°C on the heating 
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block, samples were measured for absorbance alone and with an added 5 uL of m-Cresol Purple 

indicator at wavelengths of 434, 578 and 730 nm with a Shimadzu UV-1800 Spectrophotometer. 

Calculations according to Dickson et al. (2007) were used to convert these absorbance values to 

pH measurements (fig. 3). 

 

 

Figure 2: Diagram of the experimental design used to acclimate and grow H. akashiwo at a range of pCO2 

conditions. During the acclimation period, five bottles were each connected to a gas tank with either 200, 400, 600, 

800 or 1000 ppmv CO2. During the grow-out period, the tube attached to the regulators were split three ways so that 

three biological replicates were connected to each of the five gas tanks, creating 15 bottles in total.  
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Figure 3: Diagram of the steps to culture H. akashiwo under different CO2 conditions and key data measured or 

monitored to yield results. During the 3-day acclimation phase, 1 bottle for each of 5 CO2 levels (5 total) were used. 

To proceed to the grow-out phase, H. akashiwo from each acclimation bottle were inoculated into triplicates (3 

biological replicates) of each of the 5 CO2 levels, yielding 15 total bottles each for the 5-day grow-out phase. During 

the acclimation and grow-out phases, the following key measurements were taken to produce results: (1) Relative 

Fluorescence Units (RFUs) were measured to calculate growth rates; (2) H2O2 was assayed to determine how much 

was produced per cell under each CO2 condition; (3) cell counts were taken and elemental analysis was performed to 

determine the average C per cell (µg), N per cell (µg), and C:N at each pCO2; (4) total alkalinity and pH were 

measured to calculate the exact pCO2 condition in each bottle. 
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Growth and sampling at given pCO2 

To transition between the acclimation and grow-out phase of the experiment, a sample 

from each acclimation bottle was transferred to three new bottles, yielding three biological 

replicates of each CO2 condition (a total of 15 cultures) to undergo the grow-out. To reach a 

target density of approximately 1 x 104 cells/mL by the end of the grow-out period (so that 

changes to carbonate chemistry as a result of metabolic activity within each culture would be 

minimized), calculations were made from the acclimation period growth rates and cell count data 

to determine the correct amount of inoculum to transfer from each acclimation bottle to new 

grow-out bottles. First, using sterile technique, approximately 180 mL of media from the new 

grow-out bottles were collected for total alkalinity measurements, and poisoned with 20uL of 

saturated mercuric chloride within one hour. Next, the pre-calculated volumes for the cultures of 

each CO2 treatment were each pipetted into 3 new grow-out bottles, shaken well, and returned to 

the 18°C incubator where they continued the orbital shaker and light-dark cycle treatment.  

Heterosigma akashiwo were grown in these conditions for 5 days. At approximately the 

same time each day, each culture was sampled using sterile technique. RFUs, Fv/fm and pH were 

measured using the same methods as the acclimation period. Growth rates were calculated from 

the natural log of RFUs. During the grow-out, an additional 1 mL was fixed each day by 

pipetting it from the cuvette into a 1.5-mL snap-cap centrifuge tube with 20 uL Lugols. These 

samples were set aside for later cell counts. On the final day of the grow-out period, all 15 

cultures were removed from their gas sources and measured for RFUs, Fv/fm, and pH. About 

180 mL of each culture were bottled and poisoned with 20 µL of mercuric chloride for total 

alkalinity measurements. One mL was pipetted into a 1.5-mL snap-cap centrifuge tube for H2O2 

measurements. Next, 2 x 150 mL were filtered on pre-combusted GFF filters, which were then 
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folded in half, wrapped in pre-combusted foil, labeled with the correct sample ID, and flash-

frozen with liquid nitrogen. They were stored at -80°C to be utilized for later elemental analysis. 

Sample analyses  

Total alkalinity was measured with the Metrohm Titrando titrator and Tiamo software 

according to the Dickson et al. “Guide to Best Practices for Ocean CO2 Measurements” (2007). 

The total alkalinity and pH measurements were then used in the CO2 Calc software to calculate 

the exact pCO2 that each biological replicate had been exposed to. Growth rates were calculated 

for each replicate from the slope of the natural log of the RFUs and the day. A similar 

experiment was conducted in March 2012 by members of the Dyhrman Lab at Lamont-Doherty 

Earth Observatory to grow H. akashiwo at 400 and 800 ppmv pCO2 only. Because identical 

methods of culturing H. akashiwo and measuring growth rates were used, growth data from the 

2012 experiment were combined with the growth data from this study and analyzed together. 

pCO2 and growth rates from both experiments were plotted and compared using R. As described 

above, cultures were grouped into four categories (premodern, RCP 4.5, RCP 6, and RCP 8.5) 

based on pCO2, and then the growth rates for each category were plotted and compared using R. 

ANOVA was used to assess differences in growth rates between categories.  

After 2 GFF filters had been collected and flash-frozen from each culture on the final day 

of the grow-out, they were removed from the freezer, thawed, and dried in a 60°C oven for 12-18 

hours. Each dried filter was then weighed to the nearest 0.0001 g on an analytical balance. Once 

the weight was recorded, each filter was sliced into quarters with a razor blade, which had been 

methanol-cleaned to remove any organic carbon. One of the four subsamples was weighed on the 

analytical balance, then folded with sterile tweezers, packed into a 7mm-diameter tin capsule, 

and sealed for elemental analysis. These steps were repeated with another subsample (quarter) of 
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the filter, yielding two replicates for each culture. Two blanks were also prepared by repeating 

this process with a clean GFF filter (without H. akashiwo filtered through it) to correct for any 

carbon or nitrogen present in the filters themselves. All tin capsules with prepared samples were 

stored in desiccators until analysis. 

Stable isotope δ13C and δ15N of organic samples were quality analyzed by combustion 

method on Costech elemental analyzer (EA) (ECS4010) interfaced with ConFlo IV and Thermo 

Delta V plus mass spectrometer. Helium was used as a carrier gas (as a flow rate 100 ml/min). 

The samples were combusted at 980 °C over a Chromium (III) oxide catalyst in the presence of 

excess oxygen (25 ml/min). Silvered cobaltous/cobaltic oxide, positioned lower in the quartz 

combustion tube, ensured complete conversion of sample carbon into CO2 and removal of 

residual halogens or Sulfur. Any nitrogen oxides were reduced by passage over copper wire 

(650°C) to nitrogen gas, and traces of water were removed through a magnesium perchlorate 

trap. The N2 and CO2 peaks for each sample were separated through a gas chromatography (GC) 

column (55°C), before analysis by IRMS. Sample carbon and nitrogen contents were calibrated 

by Acetanilide, with precision 0.6% for C% (R2 = 0.9999) and 0.1% for N% (R2 = 1).  

Data analysis 

To correct for the carbon content of the clean GFF filters, 7.35 µg (the mean C content of 

the two blanks) was subtracted from the C value of each sample. Cell counts from the final day 

of the grow-out were performed for each biological replicate, yielding average cells per mL. To 

determine the number of cells in each elemental analysis subsample, the weight of the quarter-

filter was divided by the weight of the whole filter and the resulting fraction was multiplied by 

average cells per mL that had been determined through cell counts for that sample. Next, to 

calculate C per cell, the subsample’s corrected C content was divided by the number of cells in 
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the subsample. Because two replicates for each culture had undergone elemental analysis, the 

two C per cell values for each culture were averaged. Cultures were again grouped into four 

categories (premodern, RCP 4.5, RCP 6.0, and RCP 8.5) based on pCO2, and then the average C 

per cell for each category were plotted and compared using R. ANOVA was used to assess 

differences in C per cell between categories. Average C per cell was also plotted against growth 

rate using R. This process was repeated for N per cell measurements, although it was not 

necessary to correct for N on the clean GFF filters because the blanks revealed 0 µg N present. 

Finally, average C:N for each culture was calculated from the two replicated subsamples’ C:N 

values, and average C:N was plotted versus the four RCP categories using R and assessed with 

ANOVA. 

After samples from each culture were collected on the final day of the grow-out, their 

H2O2 per L content was measured using the Amplex Red Hydrogen Peroxide/Peroxidase Assay 

Kit, then converted to H2O2 per mL. Cell counts were then combined with the H2O2 per mL data 

to calculate average H2O2 per cell for each replicate culture. Growth rates and H2O2 per cell were 

plotted and compared using R.  

3) Results 

Results reflect a combination of two identical experiments for a total of 30 biological 

replicates (6 replicates per pCO2 level). Heterosigma akashiwo growth rates experienced some 

change as pCO2 was altered (fig. 4). Some replicates experienced greater variability in growth 

rate and pCO2 condition throughout the grow-out than others. Replicates that experienced pCO2 

variance of >90 ppmv were omitted from analysis. For the data included in analysis, growth rates 

stayed mostly constant between ~200 and ~500 ppmv, hovering at an average of approximately 

0.50 day-1. As pCO2 continued to increase and exceeded 500 ppmv, the average growth rate 



	  

	   17	  

continued increasing slightly until reaching a peak of about 0.56 day-1 between ~700 and ~850 

ppmv. Growth rates steadily decreased after pCO2 exceeded ~900 ppmv, reaching an average of 

approximately 0.45 day-1 at ~1000 ppmv.  

Data from the 2012 experiment yielded a significant difference in growth rate for cultures 

under 400 and 800 ppmv pCO2 (p = 0.042) (fig. 4). Cultures at elevated pCO2 (800 ppmv) grew 

faster than cultures at ambient (400 ppmv) pCO2. No measure of variability and error in pCO2 or 

growth rate is available for these data.  

 

Figure 4: pCO2 and mean H. akashiwo growth rates from two identical experiments. Points were eliminated with 

variance of >90 ppmv CO2. Triangles indicate values obtained in 2012 from experiments with only 400 ppmv and 

800 ppmv pCO2. The dashed line represents an assumed relationship between pCO2 and growth rate as pCO2 

approaches 0 ppmv, inhibiting carbon fixation needed for photosynthesis. These changes in growth rate with pCO2 

highlight the potentially nuanced responses of H. akashiwo to varying degrees of ocean acidification. Error bars 

indicate ± 1 standard deviation. 
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Growth rates were then grouped into four categories based on the Representative 

Concentration Pathways (RCPs), and ANOVA was used to compare the differences. RCP 6, 

which represents pCO2 conditions between 600 ppmv and 900 ppmv, was shown to experience 

significantly higher H. akashiwo growth than Premodern, RCP 4.5 and RCP 8.5 conditions (p = 

0.0035); (fig. 5). The median growth rate of RCP 8.5 appeared to be much lower than the 

medians of Premodern and RCP 4.5, but there was no statistically significant difference between 

these categories (fig. 5).  

Figure 5: H. akashiwo growth rates for pCO2 conditions between ~200 ppmv and ~1000 ppmv, grouped based on 4 

Representative Concentration Pathways (RCPs); (van Vuuren et al., 2011). “Premodern” refers to cultures grown 

under <400 ppmv pCO2 (n=8), “RCP 4.5” refers to 400 ppmv – 600 ppmv (n=8), “RCP 6.0” refers to 600 ppmv – 

900 ppmv (n=7), and “RCP 8.5” refers to >900 ppmv (n=3). Boxes represent the 25th percentile (Q1), the median, 

and the 75th percentile (Q3), and whiskers represent the minimum and maximum growth rates observed for each 

RCP category. Cultures grown at RCP6 exhibited significantly faster growth than those at all other RCP scenarios. 
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There were significant positive correlations between H. akashiwo growth rate and C per 

cell (p = <0.001, R2 = 0.58; fig. 6a), N per cell (p = 0.0039, R2 = 0.46; fig. 6b), and H2O2 

concentration per cell (p = 0.0017, R2 = 0.43; fig. 6c). Across all pCO2 treatments, C per cell, N 

per cell, and H2O2 per cell increased as growth rates increased. 

Figure 6: H. akashiwo growth rate exhibits significant positive correlations with a) C per cell (p = <0.001, R2 = 

0.58); b) N per cell (p = 0.0039, R2 = 0.46); and c) H2O2 concentration per cell increases (p = 0.0017, R2 = 0.43). 

Data points represent the means, and error bars show ± 1 standard deviation. 
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ANOVA revealed no significant changes in C:N among any of the four RCP categories 

(p = 0.118), even though Premodern had much lower C:N than RCP4.5, RCP6, and RCP8.5, 

with a median of ~5.1 and most values under 5.15 (with the exception of one outlier >5.5; fig. 7). 

In contrast, RCP4.5, RCP6.0, and RCP.5 showed greater variability in C:N, with a wider range 

of values mostly falling between 5.3 and 5.7 (fig. 7).  

 

Figure 7: H. akashiwo C:N versus pCO2, grouped into 4 categories based on the Representative Concentration 

Pathways (RCPs) (van Vuuren et al., 2011). “Premodern” refers to cultures grown under <400 ppmv pCO2, “RCP 

4.5” refers to cultures grown under 400 ppmv – 600 ppmv, “RCP 6.0” refers to cultures grown under 600 ppmv – 

900 ppmv, and “RCP 8.5” refers to cultures grown under >900 ppmv. The boxes represent the 25th percentile (Q1), 

the median, and the 75th percentile (Q3). Whiskers represent the minimum and maximum C:N observed for each 

RCP category, and circles represent outliers. C:N varies with pCO2 and is lowest at Premodern pCO2 conditions, but 

no significant changes were observed. 
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4) Discussion 

Growth rate responses 

The results of this study suggest that H. akashiwo will grow faster under elevated pCO2 

relative to present-day concentrations, reaching an optimum for preferred growth at RCP6 

(between 600 and 900 ppmv) with growth rates of ~0.60 day-1. These findings are consistent 

with the Fu et al. study (2008), which found that H. akashiwo growth rate increased by 33% 

under 750 ppmv (RCP6.0) compared with 375 ppmv (Premodern). My results also agree with the 

conclusion by Nimer et al. (1997) that H. akashiwo likely depends on CO2 diffusion only for 

carbon fixation, meaning that it would fare better under future high CO2 conditions. Similarly, 

my findings support the prediction by Schippers et al. (2004) that phytoplankton with a low 

affinity for bicarbonate such as H. akashiwo will increase productivity by 40% when 

atmospheric pCO2 reaches 700 ppmv (equivalent to RCP6). As such, in the marine ecosystem, it 

is likely that H. akashiwo could experience increased fitness and form more frequent blooms as 

atmospheric pCO2 rises to RCP6 and ocean pH decreases throughout the coming century. 

However, by expanding the range of pCO2 conditions tested to include RCP8.5, our 

experiments also showed that growth rates decreased significantly after pCO2 exceeded ~900 

ppmv compared to RCP6. Reduced growth at pCO2 > 900 ppmv suggests that H. akashiwo may 

decrease in fitness and in frequency of blooms if atmospheric pCO2 rises beyond this level. 

Although previous studies of H. akashiwo observed increased productivity under the RCP6 range 

of elevated pCO2 (Schippers et al., 2004; Fu et al., 2008), diffusion of too much CO2 (>900 

ppmv) into the cell appears to hinder growth, becoming harmful rather than helpful. Other plants 

have shown reduced photosynthetic rates at high CO2 levels (Delucia et al., 1985; Mott, 1990; 

Makino & Mae, 1999). Delucia et al. (1985) found a correlation between decreased rates of 
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photosynthesis under high pCO2 (1000 ppmv) and increased starch levels in terrestrial plants, 

leading them to propose that carbohydrate accumulation reduces photosynthesis by feedback 

inhibition or damage to chloroplasts. Mott (1990) also suggested that decreased plant growth 

may occur because high CO2 directly inhibits photosynthesis, although the mechanism for this 

process remains unknown. Regardless of the cause, H. akashiwo’s reduced growth at RCP8.5 

suggests that HABs of this species would become somewhat less destructive for fish and 

fisheries if atmospheric pCO2 exceeds 900 ppmv.  

Factors affecting HAB potential 

With faster H. akashiwo growth under RCP6, it is tempting to predict more frequent 

HABs for the species in the near future due to ocean acidification. Indeed, HABs have generally 

increased in frequency, intensity, and duration across the globe throughout the past several 

decades (Hallegraeff, 1993; Moore et al., 2008). Additionally, Riebesell et al. (1993) suggested 

that the biomass during a phytoplankton bloom is directly proportional to growth rate, suggesting 

that increased H. akashiwo growth rates under RCP6.0 will trigger larger HABs of this species. 

There are, however, a variety of biotic and abiotic factors in addition to pCO2 that might affect 

H. akashiwo’s fitness and thus its potential for bloom development. Other factors can influence 

the formation of HABs, such as temperature, pollution, nutrients, wind, upwelling, freshwater 

input, and competition between species (Moore et al., 2008; Dutkiewicz et al., 2015). 

Importantly, in future oceans, OA will also be combined with ocean warming, as greenhouse 

gasses like CO2 prevent solar radiation from escaping back into space and cause Earth’s 

temperature to rise (Mitchell, 1989). Previous studies by Fu et al. (2008) showed that H. 

akashiwo grew approximately 33% faster when grown in cultures under high CO2, high 

temperature (24°C), or both. As such, increases in both ocean acidity and ocean temperature 
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throughout the coming century are likely to stimulate faster H. akashiwo growth (Fu et al., 

2008). 

The combination of ocean warming and acidification may increase the potential for range 

expansions of HAB species (Hallegraeff, 2010). Based on their study of pre-industrial age cyst 

records of red tide histories, Mudie et al. (2001) concluded that ocean warming as a result of 

climate change has historically been responsible for promoting bloom formation. For example, 

they found evidence of frequent toxic and nontoxic blooms during the early Holocene, when the 

sea surface temperature was up to 5°C warmer than average. Given that ocean warming may 

compound any increase in raphidophyte growth caused by OA, scientists should consider a 

“multiple stressors” approach when predicting how climate change will influence HAB potential 

in the coming century (Bopp et al., 2013).  

Next, interactions and competition with other species of phytoplankton may influence H. 

akashiwo’s success and ability to form HABs (Tortell et al., 2002) The growth of certain 

phytoplankton taxa will likely be inhibited in lower ocean pH conditions. For instance, some 

coccolithophorids, which form calcareous skeletons from calcium carbonate, experience reduced 

growth and calcification in high CO2 conditions (Riebesell et al., 2000). As calcifying algae 

decrease in fitness as ocean pH continues to decrease, non-calcifying species including H. 

akashiwo are likely to be favored (Moore et al., 2008). Furthermore, interspecific differences in 

carbon uptake and CO2 affinity may decide which species will thrive and outcompete others in 

future oceans (Tortell et al., 2002; Dutkiewicz et al., 2015). After conducting field incubation 

experiments, Tortell et al. (2002) found significant shifts in Equatorial Pacific phytoplankton 

community composition and changes in nutrient consumption under low and high CO2 

conditions, suggesting that CO2 concentrations can impact competition among marine 
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phytoplankton taxa and alter ocean nutrient cycling. In addition, Fu et al. (2008) found that 

elevated pCO2 stimulated the growth of H. akashiwo more than that of the dinoflagellate 

Prorocentrum minimum. This competition likely reflects H. akashiwo’s inability to utilize 

carbonic anhydrases to directly take up HCO3
-, and high rate of beta-carboxylation (Descolas-

Gros & Oriol, 1992), meaning it primarily relies on CO2 diffusion for carbon fixation (Nimer et 

al., 1997). Many other HAB species rely on CCMs to preferentially take up HCO3
-, which allows 

them to maintain high growth rates even while CO2 is being rapidly consumed during blooms 

(Rost et al., 2003). Rubisco, the primary carbon-fixation enzyme in phytoplankton, generally 

prefers CO2 as a carbon substrate (Fu et al., 2008), and CO2 uptake tends to require less energy 

than HCO3
- uptake (Raven, 1990). Given the diversity of carbon uptake mechanisms in types of 

phytoplankton, marine algae that can efficiently process CO2 as opposed to bicarbonate such as 

raphidophytes may grow faster, become more productive, and ultimately be favored in scenarios 

of future interspecific competition under elevated pCO2 (Schippers et al., 2004; Fu et al., 2008). 

Competition experiments between multiple species, therefore, should be conducted to study how 

pCO2 changes will influence phytoplankton species succession (Tortell et al., 2002). 

Changes in CO2 utilization and growth rates of various phytoplankton species could also 

impact the biogeochemistry of the environment around them (Hallegraeff, 2010). Phytoplankton 

fuel the biological pump in the ocean by converting atmospheric CO2 into particulate organic 

matter, which is sequestered to the deep ocean as organisms die and decompose (Hallegraeff, 

2010). Under OA, the increased output of the biological pump due to higher phytoplankton 

productivity increases the transfer of nutrients from the surface to the deep ocean, altering the 

vertical distribution of nutrients and enhancing the ocean’s capacity to sequester carbon 

(Riebesell, Wolf-Gladrow, & Smetacek, 1993). In this way, the biological pump could exert a 
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negative feedback on atmospheric CO2. Future ocean warming may also affect phytoplankton’s 

role in the biological pump in conflict with OA. Warmer sea surface temperatures are likely to 

affect ocean circulation, potentially disrupting upwelling, diminishing nutrient availability, and 

decreasing primary production (Hallegraeff, 2010). This would weaken the biological pump, 

causing less carbon to be sequestered to the deep ocean and instead allowing atmospheric CO2 to 

increase further (Hallegraeff, 2010). Due to these competing influences, it will be important to 

consider the many ways in which OA, ocean warming, and phytoplankton productivity interact 

to influence biogeochemical cycling in the coming century.  

Changes in elemental composition 

There were significant changes in H. akashiwo’s elemental composition with changing 

pCO2. First, C per cell and N per cell were positively correlated with H. akashiwo growth rates, 

with the highest values measured at RCP6 as the cultures grew fastest. With each cell at RCP6 

accumulating more carbon and nitrogen than cells under other CO2 scenarios, average cell size 

should be largest at RCP6. The faster growth rates observed at RCP6 indicate that higher 

reproduction rates are rapidly increasing the population size, a trend under which one might 

expect smaller average cell sizes due to accelerated cell division (Hemmingsen, 1960). However, 

elemental analysis reveals the opposite trend; in addition to more cell division, cells are also 

growing larger than they are under other conditions. This observed change in elemental 

composition, and thus cell size, will likely influence the rate at which H. akashiwo acquires and 

processes energy and resources from their surroundings (Munk & Riley, 1952). In particular, 

larger cells may increase the biological pump due to faster sedimentation of particulate matter 

and faster sinking rates, shifting nutrient cycling away from the surface ocean and increasing 

export of carbon to the deep sea (Azam et al., 1983; Finkel et al., 2010). 
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Changes in the relative amounts of carbon and nitrogen, or C:N, in H. akashiwo also 

carry potentially profound implications for coastal systems. Such parameters refer to the 

Redfield ratio, a central principle of biogeochemistry that relates organisms’ elemental 

compositions to the chemistry of the environment (Geider & La Roche, 2002). According to 

Wilson et al. (2005), phytoplankton tend to exhibit C:N values ranging from 5 to 7, making them 

more nitrogen-rich than C3 vascular land plants that tend to have ratios of 12 or more. My results 

agreed with this predicted range for phytoplankton, yielding H. akashiwo C:N values between 

~5.0 and ~5.8.  

Although this study found no significant C:N changes with pCO2 in H. akashiwo, several 

trends may be worth noting. In particular, C:N under “Premodern” pCO2 appeared to be much 

lower than the other three RCP categories representing pCO2 > 400 ppm, a trend that has been 

suggested in previous studies. Riebesell et al. observed increased C:N in mesocosms exposed to 

700 and 1,050 ppm pCO2 (equivalent to our RCP6.0 and RCP8.5) compared with 350 ppm 

(equivalent to our Premodern condition) (2007). Furthermore, Fu et al. (2008) found slightly 

increased C:N in H. akashiwo at 750 ppm (RCP6.0) as compared with 375 ppm (Premodern). If 

the findings from the Fu et al. experiments (2008) hold true and pCO2 does affect H. akashiwo 

C:N, it is possible that average C:N will increase throughout the twenty-first century as pCO2 

moves closer to RCP6.0, increasing carbon fixation relative to nitrogen utilization. As such, 

CO2-driven elemental ratios could be a possible factor determining Redfield ratio variability in 

future oceans (Burkhardt & Riebesell, 1997).  

C:N calculations are important for understanding the productivity of an ecosystem. For 

instance, an increase in C:N as a result of pCO2 changes may influence food web dynamics 

(Leonardos & Geider, 2005). Higher C:N has been associated with larger cells that have 
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accumulated more carbon storage compounds (Loehle, 1995). While cells grow larger, changes 

in the Redfield ratio induced by elevated pCO2 may decrease algal nutritional quality (Urabe, 

Togari, & Elser, 2003). More carbon relative to nitrogen generally indicates accumulation of 

more carbohydrates and lipids relative to amino acids (Talmy et al., 2014), potentially decreasing 

the nutritional value of H. akashiwo in the marine food web by reducing energy and mass 

transfer efficiency to herbivores (Urabe, Togari, & Elser, 2003), ultimately altering their role in 

the trophic system.  

Bloom virulence in future oceans 

Finally, there was a significant positive correlation between H. akashiwo growth rate and 

H2O2 concentration per cell, meaning that each cell was producing more ROS as it grew faster. 

At RCP6, with atmospheric pCO2 between 600 and 900 ppmv, H. akashiwo may form blooms 

that are both more frequent and more toxic due to their faster growth. If ROS are even partially 

responsible for H. akashiwo’s toxicity during HABs, as has been suggested by Kim et al. (1999) 

for Cochlodinium polykrikoides HABs, the increased H2O2 concentration per cell observed with 

faster growth rates could increase the virulence of future blooms. If these findings apply in the 

ocean as well as in laboratory cultures, it is likely that increased H. akashiwo growth and H2O2 

production at RCP6 could lead to larger, more destructive HABs, causing extensive fish 

mortality and triggering economic devastation for fisheries and aquaculture operations in the 

near future (Cochlan et al., 2013).  

If the observed growth rate responses hold true as atmospheric pCO2 exceeds 900 ppmv 

(RCP8.5), H. akashiwo would decrease in growth rate, meaning that their H2O2 concentration per 

cell would decrease once more. With lower ROS production, H. akashiwo HABs would kill 

fewer fish and exert less severe impacts on aquaculture operations (Cochlan et al., 2013). As 
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such, although the RCP8.5 scenario would carry substantial negative consequences for marine 

and terrestrial ecosystems (IPCC, 2001), it would potentially mean fewer, less virulent blooms of 

H. akashiwo.  

It should be reiterated that ROS have not been confirmed as the source of H. akashiwo’s 

toxicity and that the mechanism driving fish kills during blooms of this species remains a topic 

of debate (Kim et al., 1999; Twiner et al., 2001). Therefore, although the results of this study 

may serve as a warning that more ROS are likely to enter the seawater under RCP6 during HAB 

blooms, it is possible that these compounds will not necessarily lead to fish mortality. Future 

research should focus not only on how elevated pCO2 will influence HAB dynamics, but also on 

determining the exact mechanism of H. akashiwo toxicity to better predict the future of this 

species’ HABs.  

Sources of error 

It is important to consider possible sources of error that may have impacted the results of 

this study. First, several cultures experienced significant variability in pCO2 throughout the 

grow-out period. This variability was mostly due to logistical complications such as incorrect gas 

tank contents and tanks running low on CO2 in the middle of the experiments without immediate 

replacement tanks. Major inconsistencies in CO2 exposure likely impacted physiological 

responses of the algae in those cultures. As such, replicates that experienced pCO2 variance of 

>90 ppmv were omitted from analysis. Although this variability was initially seen as detrimental 

to the study’s results, it is possible that data from cultures exposed to fluctuating CO2 could be 

useful in examining the physiological cost of unstable environmental conditions. H. akashiwo 

often grows in estuaries, which characteristically experience frequent shifts in CO2 

(Frankignoulle et al., 1998). As such, growth data from H. akashiwo cultures under constant CO2 
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could be compared to cultures under highly variable CO2 to evaluate the energetic expense of 

irregular ocean conditions. Ultimately, this type of data could make a valuable addition to 

ecological models.  

In addition, this study failed to take into account the possible algal-bacterial interactions 

taking place in the cultures. Bell and Mitchell (1972) proposed the concept of a “phycosphere”, 

the region surrounding marine algae cells or colonies in which bacteria grow by utilizing the 

algae’s extracellular products as nutrients. In nature, most phytoplankton, including HAB 

species, are accompanied by these assemblages of bacteria (Doucette, 1995). A study by Schäfer 

et al. (2002) revealed distinct bacterial assemblages with stable compositions for each of six 

diatom cultures. Although cultures are artificially prepared to simulate marine environments, the 

bacterial diversity present in the diatom cultures represented a range of taxa typically found in 

the ocean. Therefore, if bacterial assemblages in the phycosphere surrounding marine algae are 

so unique among cultures, the specific composition of the bacterial community present in my H. 

akashiwo cultures might influence the reproducibility of my experiments (Schäfer et al., 2002). 

Furthermore, investigating the identity and role of any bacteria in my cultures might elucidate 

whether microbial interactions occurring throughout the experiments affect biochemical 

conditions inside the bottles, which could impact the observed responses of H. akashiwo to 

changing pCO2 (Amin et al., 2012). 

5) Conclusions 

Future ocean pH conditions may cause changes in harmful algal growth, toxin 

production, and elemental composition, driving larger-scale shifts in estuary community 

structure (Fu et al., 2008). Although more research is necessary to expand on our findings, this 

study begins to depict a more comprehensive view of H. akashiwo’s physiological responses to 
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OA than previous research has suggested. Future studies should also utilize a wide range of 

pCO2, rather than comparing one “high” CO2 level to a “control”, to better account for natural 

variability in the environment as well as the nuanced responses of the organisms in question. 

Climate stressors drive changes in phytoplankton species composition, but the details and 

outcomes of such changes remain difficult to predict (Hallegraeff, 2010). Alterations in H. 

akashiwo growth and H2O2 production as a result of OA may not only change the species’ 

relative fitness and potential HAB toxicity, but may also set off a cascade of changes across 

trophic levels that would significantly shift dynamics in marine food webs (Guinotte & Fabry, 

2008).  As a result, understanding the physiological responses of phytoplankton to increased CO2 

may become essential to predicting the future of marine ecosystems. It may become important 

for scientists, policy-makers and fishermen to collaborate to devise mitigation or adaptation 

strategies as we face OA in the coming centuries.   

Finally, studying physiological changes and competitive interactions across various 

species of phytoplankton under OA would allow scientists to compare the relative fitness of 

different taxa to predict community composition and species succession as ocean pH drops. 

Ultimately, a comparison between species’ responses would inform the potential for intraspecific 

competition and shifts in dominant primary producers in future high-CO2 oceans. Furthermore, 

changing elemental ratios could have substantial implications for biogeochemical cycling and 

food web dynamics in coastal systems (Gao et al., 2012). 

6) Recommendations  

Molecular techniques and analysis of gene expression data could provide additional 

evidence for physiological changes that occur with variable pCO2 (Gao et al., 2012). Examining 
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shifts in gene expression for cultures under each pCO2 condition may offer insight into the 

potential for phenotypic plasticity in individuals exposed to elevated pCO2. In response to 

environmental shifts like higher pCO2, phytoplankton and other marine organisms will need to 

acclimatize, experiencing physiological alterations by generating a range of phenotypes from a 

single genotype (Foo & Byrne, 2016). Perhaps molecular data could help to elucidate 

mechanisms by which elevated pCO2 causes changes in growth rates, explaining why H. 

akashiwo reaches a growth optimum around RCP6.0 before decreasing growth at RCP8.5. 

Next, future studies should consider that pCO2 may influence H. akashiwo’s physiology 

in additional ways. Experiments by Kim, Spivack, and Menden-Deuer (2013) found that H. 

akashiwo responded to decreased pH with increased downward motility and that the magnitude 

and rate of pH changes were important in determining H. akashiwo swimming behaviors (2013). 

These results suggest that pH can impact the vertical migration of H. akashiwo, affecting its 

acquisition of resource, distribution, and growth (Kim, Spivack, & Menden-Deuer, 2013). 

Furthermore, to accurately predict future HAB development and dynamics, subsequent 

research should investigate how numerous variables including temperature, pH, light, nutrients, 

stratification, and top-down controls interact to affect the physiology of HAB species (Fu et al., 

2008; Gao et al., 2012). Researchers should pursue community-level studies, assessing the 

relative competitive abilities of an assemblage of phytoplankton species and investigating the 

mechanisms responsible for determining ‘winners’ under future warmer, lower pH conditions 

(Gao et al., 2012). Studies must also take natural variability into account when assessing the 

impacts of anthropogenic climate change on phytoplankton assemblages (Edwards et al., 2006). 

Finally, there is a clear need for long-term adaptation studies to understand the role of 

acclimatization and evolution in phytoplankton populations as conditions change. Phytoplankton 



	  

	   32	  

should be grown for hundreds to thousands of generations so that their physiology, genetics, and 

epigenetics can be monitored and assessed over time (Gao et al., 2012). 
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