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Abstract 1 

Climate change pressures will influence marine planktonic systems globally, and it is 2 

conceivable that harmful algal blooms may increase in frequency and severity. These pressures 3 

will be manifest as alterations in temperature, stratification, light, ocean acidification, 4 

precipitation-induced nutrient inputs, and grazing, but absence of fundamental knowledge of the 5 

mechanisms driving harmful algal blooms frustrates most hope of forecasting their future 6 

prevalence. Summarized here is the consensus of a recent workshop held to address what 7 

currently is known and not known about the environmental conditions that favor initiation and 8 

maintenance of harmful algal blooms.  There is expectation that harmful algal bloom (HAB) 9 

geographical domains should expand in some cases, as will seasonal windows of opportunity for 10 

harmful algal blooms at higher latitudes. Nonetheless there is only basic information to speculate 11 

upon which regions or habitats HAB species may be the most resilient or susceptible. Moreover, 12 

current research strategies are not well suited to inform these fundamental linkages. There is a 13 

critical absence of tenable hypotheses for how climate pressures mechanistically affect HAB 14 

species, and the lack of uniform experimental protocols limits the quantitative cross-investigation 15 

comparisons essential to advancement. A HAB “best practices” manual would help foster more 16 

uniform research strategies and protocols, and selection of a small target list of model HAB 17 

species or isolates for study would greatly promote the accumulation of knowledge. Despite the 18 

need to focus on keystone species, more studies need to address strain variability within species, 19 

their responses under multifactorial conditions, and the retrospective analyses of long-term 20 

plankton and cyst core data; research topics that are departures from the norm. Examples of some 21 

fundamental unknowns include how larger and more frequent extreme weather events may break 22 

down natural biogeographic barriers, how stratification may enhance or diminish HAB events, 23 
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how trace nutrients (metals, vitamins) influence cell toxicity, and how grazing pressures may 1 

leverage, or mitigate HAB development. There is an absence of high quality time-series data in 2 

most regions currently experiencing HAB outbreaks, and little if any data from regions expected 3 

to develop HAB events in the future. A subset of observer sites is recommended to help develop 4 

stronger linkages among global, national, and regional climate change and HAB observation 5 

programs, providing fundamental datasets for investigating global changes in the prevalence of 6 

harmful algal blooms. Forecasting changes in HAB patterns over the next few decades will 7 

depend critically upon considering harmful algal blooms within the competitive context of 8 

plankton communities, and linking these insights to ecosystem, oceanographic and climate 9 

models.  From a broader perspective, the nexus of HAB science and the social sciences of 10 

harmful algal blooms is inadequate and prevents quantitative assessment of impacts of future 11 

HAB changes on human well-being. These and other fundamental changes in HAB research will 12 

be necessary if HAB science is to obtain compelling evidence that climate change has caused 13 

alterations in HAB distributions, prevalence or character, and to develop the theoretical, 14 

experimental, and empirical evidence explaining the mechanisms underpinning these ecological 15 

shifts. 16 
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1.0 Introduction 20 

The warming of the global system is unequivocal and has resulted in unprecedented changes 21 

in climate, or decadal or longer time scale shifts in overall weather characteristics (Stocker et al., 22 

2013). The proximal changes, manifest primarily in terms of temperature, precipitation, and 23 
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wind, work interactively with surface water acidification stemming from increased CO2 1 

emissions to alter mean surface water conditions, and perhaps more importantly their extremes. 2 

There is increasing concern that this shifting milieu will cause changes in phytoplankton 3 

community structure and composition, including a greater prevalence and geographical spread of 4 

harmful algal blooms. But the anticipated linkages between climate change and harmful algal 5 

blooms are founded on limited and often conflicting experimental and observational data. 6 

Scientists are left mostly to “informed” speculation about whether future climate may enhance or 7 

diminish the frequency, intensity, and distribution of HAB outbreaks. A fundamental challenge 8 

to HAB scientists is to identify key indicators and demonstrated relationships that reveal solid 9 

evidence of climate-induced changes in harmful algal blooms.  10 

The current state of knowledge stems from a rich literature on the taxonomy, growth 11 

characteristics, and ecophysiology of freshwater and marine phytoplankton collectively grouped 12 

as “harmful algae”. This societally defined category includes toxic species that express toxicity 13 

to higher trophic levels, largely fish, shellfish, marine mammals, or humans, and include 14 

members of the cyanobacteria, dinoflagellates, raphidophytes, haptophytes, and diatoms. 15 

Included also under the HAB umbrella are largely human-caused high-biomass events that, while 16 

often comprising non-toxic phytoplankton species, still critically alter ecosystems through 17 

hypoxia/anoxia, altered food web efficiencies, stimulation of pathogenic bacteria, or other 18 

ecological consequences.  19 

Current spatial and temporal ranges of HAB species will most certainly change under future 20 

climate scenarios.  Spatially, one can expect that the geographic domains of species may expand, 21 

contract, or just shift latitudinally.  Temporally, the seasonal windows for growth will also 22 

contract and expand. Successful “invasions” of new HAB species will depend fundamentally on 23 
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the species "getting there", meaning spatial transport, "being there" as indigenous species 1 

(hidden flora) that potentially can grow in abundance within the phytoplankton community, and 2 

"staying there" by persistence through unfavorable conditions (e.g., high temperature, nutrient 3 

depletion, overwintering).  4 

The HAB research community is largely unprepared to address these questions.  The central 5 

challenge is to achieve consensus about the way forward from both research and management 6 

perspectives. This focused community synergy will be critical if the knowledge base is to 7 

advance faster than the influence of climate-related changes on harmful algal blooms, and if 8 

statistically credible evidence of this change can be provided soon enough to contribute to the 9 

societal debate over climate change impacts. These preparations will be particularly critical for 10 

high latitude regions where climate change impacts are liable to be most rapid and substantial 11 

(Stocker et al., 2013).  The foundation of HAB knowledge has accumulated mainly through 12 

isolated investigations, as with most environmental sciences, but this piecemeal process does not 13 

readily foster as powerful a knowledge structure as can by achieved through synergistic, 14 

collective, and collaborative approaches. That is, a collective vision is needed that can identify 15 

the “known knowns” and rank the levels of the “known unknowns” if the community is to 16 

presage climate change-HAB linkages before they develop. 17 

In working to achieve a higher level of cooperation among HAB and climate scientists, there 18 

is some guidance to be gleaned from the ocean acidification field, who used broad collaboration 19 

to create the infrastructure and standard methods needed to generate scientific awareness and 20 

funding streams that critically address the environmental and biological questions of greatest 21 

importance.  Moving the understanding of HAB-climate change interactions beyond informed 22 

speculation will require rigorous, testable hypotheses to guide scientists, managers and the public 23 
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on what changes are happening or are projected, estimation of the confidence limits on those 1 

projected changes, and establishing the infrastructure and studies needed to capture these 2 

necessary data.  3 

As a beginning, there is a strong need to outline clearly what currently is known (and not 4 

known) about the environmental conditions that favor initiation and maintenance of different 5 

types of HAB events, and how sensitive those key parameters are to changes in the climate 6 

system (Fig. 1). As a first step in that process, a four-day workshop was held in Spring 2013 at 7 

Friday Harbor Laboratories, University of Washington, comprised of 11 HAB researchers with 8 

diverse expertise spanning the ecophysiology and nutrient acquisition of HAB species, their 9 

nutritional quality and implications for food web structure and ecosystem health, and 10 

observational platforms, time series analyses and prediction. This paper summarizes the 11 

discussion at that workshop, illustrated by an overview assessment of how environmental change 12 

may affect different HAB types (Fig. 2). This document is not intended to be a comprehensive 13 

description of potential linkages between climate change and harmful algal blooms, but rather to: 14 

1) give a sense of near-term research that may hold the greatest promise for knowledge 15 

advancement and impact, 2) provide funding agencies, managers, and interested stakeholders an 16 

overview assessment of current knowledge and key gaps in this knowledge, 3) assist in 17 

leveraging the use of current ocean observing systems to obtain important, HAB-related 18 

parameters, and 4) perhaps most importantly, attract the interest of non-HAB researchers who 19 

are developing relevant new tools or approaches (molecular, cellular, modeling, sensor) that hold 20 

promise for HAB research. A focus on this broad picture will be necessary if there is to be 21 

improvement in the understanding and tools needed to identify and forecast the links of harmful 22 

algal blooms and climate, and to ascertain the earliest signals of this change. 23 



 8 

 1 

2.0 Anticipated Linkages Between Harmful Algal Blooms and Climate Change 2 

 2.1 Direct Temperature Effects on Harmful Algal Blooms 3 

Temperature is one of the main environmental factors affecting physiological processes in 4 

phytoplankton, acting at many different stages of growth and bloom development.  It not only is 5 

one of the most important environmental drivers expected to change with climate, but also is the 6 

least contentious, since there already has been measurable warming of the surface mixed layer 7 

(Beardall et al., 2009) and the upper several hundred meters of the oceans (Roemmich et al., 8 

2012). But this warming is not globally uniform (Roemmich et al., 2012; Stocker et al., 2013). 9 

Regional assessments and downscaling of global models are needed to understand and predict 10 

temperature changes in specific coastal regions.  Some regions clearly will be affected more by 11 

global warming than others, but high latitudes will experience the greatest absolute and relative 12 

warming (Locarnini et al., 2006; Stocker et al., 2013).   13 

Increases in atmospheric and surface water temperature will be accompanied by altered 14 

seasonal patterns, with longer duration of summertime conditions and corresponding shifts in the 15 

timing of spring and fall transitions. These changes lengthen the “windows of opportunity” for 16 

growth (Moore et al., 2009) and germination (Itakura and Yamaguchi, 2005), affecting both 17 

species selection and phytoplankton population dynamics in temperate and boreal habitats. At 18 

the same time, increased temperatures may narrow “growth windows” of HAB species in sub-19 

tropical/tropical waters if temperature optima are exceeded.  20 

2.1.1 What is known about temperature effects on the relative success of HAB species? 21 

The link between increasing water temperatures and phytoplankton growth rates has long 22 

been recognized (Bissenger et al., 2008; Eppley, 1972), and it is expected that increased potential 23 
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growth rates will accompany warming. Temperature influences motility (Kamykowski and 1 

McCollum, 1986), germination (Montresor and Lewis, 2006; Yamochi and Joh, 1986), nutrient 2 

uptake, photosynthesis, and other physiological processes (Beardall and Raven, 2004; Raven and 3 

Geider, 1988). Optimal and inhibitory threshold temperatures differ among metabolic processes. 4 

The optimal temperature for photosynthesis is generally greater than the optimum for growth (Li, 5 

1980). Indeed, the biogeography of phytoplankton species boundaries is determined in large part 6 

by temperature regimes (Longhurst, 1998; Okolodkov, 1999, 2005), as is almost certainly is true 7 

for HAB species. But phytoplankton, including HAB species, can show strong intraspecific 8 

differences in temperature tolerance and responses (de Boer, 2005).  9 

All species have a temperature niche described by optimal, lethal and tolerable water 10 

temperatures at which cells do not grow well, but can survive (de Boer, 2005; Fehling et al., 11 

2004; Magaña and Villareal, 2006; Rhodes and O’Kelly, 1994). Even so, there usually is a 12 

mismatch between optimal growth rate temperatures for species in culture and those at which 13 

these species occur in natural systems, with many species dropping out of the successional 14 

sequence prior to appearance of their optimum isotherms (Karentz and Smayda, 1984, 1998). 15 

While methodological artifacts explain some of the discrepancy, the mismatch largely reflects 16 

the multifactorial control of in situ populations that is absent in the ungrazed, non-dispersed, 17 

monospecific, and nutritionally optimal culture experiments. Since the optimal temperature and 18 

tolerance of a species are genetically, not environmentally determined, current insights may stem 19 

disproportionately from an inherent selection of the best growers, and often the experimental 20 

focus on non-HAB species.  There also are genetic differences among isolates that may reflect 21 

their adaptive strategies to different regions (Ruiz et al., 2005; Scholin et al., 1995).   22 

Relative to diatoms and raphidophytes, dinoflagellates generally have low growth rates 23 
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(Honjo, 1987; Honjo and Tabata, 1985; Tang, 1996), but species capable of rapid growth in 1 

culture, including HAB species, are known (Smayda, 1996). Some non-toxic species differ from 2 

toxic species within the same genus in their temperature-growth relationship (Rhodes and 3 

O’Kelly, 1994), but in most cases, specific information about differences between HAB and non-4 

HAB species is lacking. Various cyanobacterial species respond differently than other groups to 5 

temperature changes (Fu et al., 2007), but it seems unlikely that there are differences in 6 

temperature tolerance between toxic and non-toxic cyanobacteria within the same species 7 

(Huisman et al., 2005). Gambierdiscus toxicus is known to generally favor warmer conditions, 8 

and increased ciguatera fish poisoning has been observed with elevated sea surface temperatures 9 

related to El Niño Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO) 10 

(Rongo and van Woesik, 2011). But this linkage is correlative, rather than determined, and 11 

temperature optima differ substantially among different Gambierdiscus species or phylotypes 12 

(Yoshimatsu et al., 2014). The cell-size dependent population response to warming also differs 13 

among phytoplankton groups. Specifically, picophytoplankton biomass appears to increase with 14 

temperature, unlike non-cyanobacterial communities which tend to respond in the opposite 15 

(Karlberg and Wulff, 2013; Morán et al., 2010). Despite this, unusual blooms of both may be 16 

linked to climatic events (Gómez and Souissi, 2007). 17 

Temperature, along with light, influences the germination of dinoflagellate cysts (Anderson 18 

et al., 2005; Bravo and Anderson, 1994; although exceptions are known - Perez et al., 1998). 19 

Earlier spring warming trends might result in HAB seed populations appearing sooner in surface 20 

coastal waters, reflecting earlier onset of permissive temperatures for germination (Kremp and 21 

Anderson, 2000; Pfiester and Anderson, 1987) and increased germination rates at higher 22 

temperatures (Anderson et al., 2005). An important caveat is that both low and high temperatures 23 
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can be inhibitory, thereby maintaining cyst quiescence (e.g. Anderson and Rengefors, 2006; 1 

Hallegraeff et al., 1998; Itakura and Yamaguchi, 2005). This temperature “window” for 2 

germination figures prominently in a species’ response to a changing climate. 3 

The chemical composition of a species’ (e.g., lipids, fatty acids, and toxicity) also is a 4 

function of temperature (Guerrini et al., 2007; Jahnke, 1989).  While higher toxicity (i.e., toxin 5 

accumulation) of some species can occur with slowing growth, temperature and toxin production 6 

appear to be directly linked in some species (Ogata et al., 1989) but not others (e.g., Lewis et al., 7 

1993). Much of the basic information needed to generate a preliminary forecast of which regions 8 

or habitats (poles vs. tropics, estuaries vs. coasts) HAB species will be the most resilient or 9 

susceptible to temperature change likely is available. As a start, the temperature niche approach 10 

versus the temperature at which HAB species isolates were collected can be utilized (Boyd et al., 11 

2013). Cells isolated from areas where temperature variations are small likely are not as resilient 12 

to temperature change as those from areas experiencing large seasonal temperature fluctuations. 13 

It may be, however, that resilience is less a cellular trait than a population trait wherein the 14 

molecular diversity (strain composition) of the population, not individual cells, provides the 15 

resilience (Burkholder and Glibert, 2009).  16 

2.1.2 What are important “known unknowns” about direct temperature effects on harmful 17 

algal blooms?  18 

At the present time, knowledge of in situ population dynamics of representative HAB species 19 

on appropriate temporal and spatial time scales, and environmental regulation of their selection, 20 

blooms, toxicity and trophic impacts is inadequate. This knowledge gap is a major impediment. 21 

It compromises extrapolation of laboratory-based results to natural populations and identification 22 

of thresholds, and because of imperfect insight into the indirect effects of temperature, it restricts 23 
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understanding of the regulation of population growth and succession.  Another constraint is the 1 

difficulty in downscaling global climate model predictions to forecast the extent and rate of 2 

temperature changes in specific regional habitats. One approach to deal with this uncertainty is to 3 

evaluate a range of possible temperature windows, thereby generating an ensemble of forecasts 4 

that may reveal thresholds for HAB species growth, distribution, and physiology; thresholds that 5 

model output of downscaled regional temperature changes can be compared against. But even 6 

then, not all species will respond equally, and there is little information about how HAB species 7 

may adapt to temperature increases or decreases relative to non-HAB species. For example, does 8 

the net progressive northward migration of warmer temperatures exceed the ability of HAB 9 

species, relative to other phytoplankton, to adapt and optimize their growth? It would be useful 10 

to rank HAB species in terms of the most temperature tolerant to the least tolerant using the large 11 

body of laboratory-based experimental data available, but the degree of genetic heterogeneity 12 

among strains of key HAB species with respect to temperature tolerances needs to be 13 

determined. Understanding strain variability within co-occurring non-HAB species is equally 14 

important, as it will influence their ability to adaptively compete.  15 

Temperature effects will cascade through the ecosystem, affecting bacteria, HAB species, 16 

competing phytoplankton grazers, parasites, and other organisms (Alheit et al., 2005; Edwards 17 

and Richardson, 2004; Hansen, 1991).  How will these indirect temperature effects affect the 18 

success of HAB species? Are there temperature-sensitive processes or stages in the bloom 19 

progression of some HAB species? For example, the effects of temperature on the quiescence, 20 

timing of germination, or survival of HAB resting cysts and spores is not understood (Lewis et 21 

al., 1999; Pfiester and Anderson, 1987), nor is the effect of warming in lengthening the duration 22 

of the seeding process. Will increasing temperatures affect the long-term persistence of a species 23 
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in a given region, and will the establishment of range extensions become easier as temperatures 1 

increase? What temperature changes are expected for benthic environments (e.g. reefs)? These 2 

“known unknowns” all are relevant issues, but there are central stumbling blocks that hamper 3 

understanding temperature:HAB interactions where significant advances in research are feasible 4 

over the next decade. 5 

2.1.3 Pressing questions about direct temperature effects on harmful algal blooms 6 

Most studies of temperature effects on HAB species utilize single strains – how 7 

representative are these responses to that of the more genetically diverse natural populations? 8 

While the available limited evidence suggests that increasing temperatures will lead to expansion 9 

or contraction of a problem species (e.g., Gambierdiscus spp., Heterosigma spp.), the real 10 

situation is almost certainly more complex as a consequence of strain variability. It is critical that 11 

there be quantitative assessment of the strain variability in temperature tolerances and optima of 12 

key HAB species.  This will require studies involving many strains of individual species – a 13 

dramatic departure from current practices (Burkholder and Glibert, 2009; Martinez et al., 2010). 14 

A good place to start are culture collections that contain numerous isolates of the species of 15 

interest, but even these may not be ideally representative of natural population variability.  A 16 

high priority should also then be given to isolating and characterizing strains associated with 17 

different temperature regimes. 18 

What is the potential for multiplicative or additive effects of temperature with other 19 

environmental parameters in affecting the relative success of HAB species? There are good 20 

examples where temperature strongly modulates the effects of other stressors (e.g., elevated CO2 21 

– Feng et al., 2009), which argues for a shift to multifactorial experiments as the norm (e.g., 22 

Kremp et al., 2012). But the resulting large matrices create practical challenges for traditional 23 



 14

laboratory culture studies. One way around this constraint may be to take advantage of natural 1 

weather perturbations to simulate future scenarios with complete ecosystems (e.g., see Moore et 2 

al., 2011), although identifying the driving parameters for HAB species behavior will be 3 

challenging.  Long-term records of temperature are robust, and will make it easier to identify 4 

anomalies for study. 5 

Can range expansions or contractions due to warm temperatures be identified? This is a 6 

fundamental question that is remarkably hard to answer, much the same as for phytoplankton 7 

species introductions via ship’s ballast water. Range extensions and species shifts are being 8 

reported for other phytoplankton, but with few exceptions (e.g., Hajdu et al., 2000) there are no 9 

firm conclusions about HAB species, through either monitoring, cyst distributions, toxicity 10 

events, or retrospective analysis of long-term data sets and time series (e.g., the Continuous 11 

Plankton Recorder). More common are reports of significant temporal and spatial changes in the 12 

abundance of indigenous dinoflagellate species in response to climate change, as in the North 13 

Sea where decreasing dinoflagellate abundance appears to be the collective result of increased 14 

summer temperature combined with stronger and more frequent winds (Hinder et al., 2012).   15 

From an ecological perspective, will any significant shifts in HAB distributions stem more 16 

from temperature-linked physiological effects, such as growth rates, or simply to longer periods 17 

of adequate growth windows, leading to a greater probability that HAB events may occur in a 18 

given year? Answering this question will depend upon acquisition of better mechanistic 19 

understanding of HAB initiation, maintenance, and demise as well as physical characterizations 20 

of ocean temperature effects on circulation, which will affect the spatial redistribution of species. 21 

There also is the challenge to distinguish between blooms of introduced species from those of 22 

indigenous, cryptic species that emerge (i.e., the “hidden flora”) in response to climate-induced 23 
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changes in temperature and anthropogenic disruption, such as eutrophication. An observational 1 

network of sensors and quantitative field studies would facilitate in situ validation of model 2 

simulations or other forecast efforts. Regional or local model simulations 3 

(physical/chemical/biological) based on HAB versus non-HAB species are lacking in the 4 

literature, but would serve as an intellectual foundation for better identifying (with sensitivity 5 

analysis) the direct effects of temperature on these and other HAB climate-change issues.  6 

2.1.4 Summary of direct temperature effects on harmful algal blooms 7 

Temperature is a keystone parameter differentially affecting a range of metabolic processes, 8 

and thus is anticipated to have a strong influence on phytoplankton community compositions and 9 

trajectories. While increasing annual temperatures should broaden the windows of some HAB 10 

activity it will not affect others or even lessen other harmful algal blooms. Ecosystem 11 

interactions, strain variability within HAB and non-HAB species, and concurrent hydrographic 12 

or oceanographic changes all complicate even this seemingly straightforward expectation.  It is 13 

logical that HAB habitats should expand to higher latitudes, but there is little clear evidence that 14 

this has happened and the time series observation systems needed to verify this change currently 15 

are lacking. There is little evidence to date that changing temperatures directly affect toxin 16 

production in HAB species although these findings are by no means comprehensive. It is 17 

unlikely that temperature alone will drive competitive selection of HAB species over non-HAB 18 

species, but it is probable that temperature effects on metabolic rates will magnify or lessen the 19 

influence of other climatic pressures on HAB prevalence. 20 

2.2 Direct Effects of Stratification on Harmful Algal Blooms 21 

The surface ocean is anticipated to become generally more stratified with increasing global 22 

temperature, glacial and snowpack meltwater, and precipitation runoff (Stocker et al., 2013). In 23 
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addition to increasing strength and depth of stratification, variations in its seasonal timing will 1 

alter mid-latitude spring and fall transitional periods with corresponding changes to 2 

phytoplankton phenology and community succession. Based future global biomass and 3 

productivity projections (e.g., Behrenfeld et al., 2006), it is likely that mid- and high-latitude 4 

regions will be most strongly impacted by changes in stratification, while changes low-latitude 5 

tropical systems will be relatively minor. But species respond to local and regional changes, not 6 

global patterns, and the manifested effects will incorporate changes in wind stress (leading to 7 

changes in turbulence), local hydrography, depth and intensity of the pycnocline, relative 8 

contribution of upwelled nutrients versus runoff as well as changes in nutrient ratios, and indirect 9 

changes in subsurface irradiance (e.g., Kahru et al., 2015).  10 

Perhaps the most obvious effect of increased stratification on phytoplankton, and therefore 11 

HAB organisms, will be the changing patterns of nutrient availability (e.g., Marinov et al., 2010). 12 

At a global scale, changes in thermal stratification already have been linked to oligotrophication 13 

at low latitudes (decreased mixing and nutrient inputs) and increases in phytoplankton biomass at 14 

higher latitude transitional zones where greater stratification provides enhanced stability and 15 

shoaling of the mixed layer (Behrenfeld et al., 2006). These altered seasonal patterns may 16 

lengthen the “window of opportunity” for some HAB species (Moore et al., 2009), particularly 17 

chain-forming dinoflagellates that take advantage of strong thermal stratification with higher 18 

nutrient concentrations at relatively shallow depths (Figueras et al., 2006; Smayda and Trainer, 19 

2010).  20 

2.2.1 What is known about stratification effects on the relative success of HAB species? 21 

As a generalization, prolonged stratification favors organisms with a smaller surface area to 22 

volume ratio, such as nano- and picoplankton, which facilitates nutrient uptake (e.g., Hein et al., 23 
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1995) and, where vertical migration distances are reasonable, stratification also favors swimmers 1 

(Peacock and Kudela, 2014). Moderate turbulence can be expected to help chain-forming 2 

swimmers (Acker and Leptoukh, 2007), such as Alexandrium, Cochlodinium, and Gymnodinium 3 

spp., to thrive (Fraga et al., 1989).  4 

Stratification also promotes intensification of the pycnocline, which potentially leads to 5 

formation of thin layers. These can serve as biological “hotspots” accounting for 50-75% of the 6 

total water column biomass, and affect a multitude of biological processes including growth, 7 

reproduction, grazing, and toxin production (c.f. Berdalet et al., 2012). There are numerous 8 

examples of HAB organisms associated with thin layers, defined here as order of a few cm to 9 

several meters (see review by Sullivan et al., 2010). These include Karenia mikimotoi and 10 

Dinophysis spp. (e.g., Farrell et al., 2012; Raine, 2014), Chattonella antiqua and 11 

Pseudochattonella spp. (e.g., Aoki et al., 2014; Pettersson and Pozdnyakov, 2013), and 12 

Heterosigma akashiwo (e.g., Strom et al., 2013). The diatom Pseudo-nitzschia also is commonly 13 

found in layers (McManus et al., 2008; Rines et al., 2002; Ryan et al., 2010), despite the 14 

generalization that diatoms are not favored with increased stratification.  15 

There are several recent dramatic examples of emerging HAB issues associated with changes 16 

in stratification. Decadal changes in temperature and stratification in the California Current 17 

system have led to prolonging periods of increased dinoflagellate dominance (Jester et al., 2009). 18 

This shift is closely related to increasing intensity and decreasing depth of the pycnocline 19 

(Kudela et al., 2010), and is associated with an increased frequency of visual “red tide” events 20 

(Ryan et al., 2014; Ryan et al., 2008; Ryan et al., 2010). Bird mortalities have been associated 21 

with these stratification events through foam production with intense Akashiwo sanguinea events 22 

in Monterey Bay, CA in 2007 (Jessup et al., 2009) and the Pacific Northwest in 2010 (Berdalet et 23 
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al., 2014), as well as elsewhere (e.g., off eastern Africa in 2013 - Wim Mullié, pers. comm.). 1 

Sub-lethal but disruptive effects of harmful algal blooms in stratified conditions on seabird 2 

ecology also may include reduced feeding, lowered fecundity, and loss of motor coordination 3 

(Shumway et al., 2003). The apparent linkage of harmful algal blooms to increased stratification 4 

is the recent emergence of Dinophysis spp. in several regions where it has not historically caused 5 

problems, including several coastal areas of the United States, the west coast of Canada, and 6 

coastal South Africa (Campbell et al., 2010; Hattenrath-Lehmann et al., 2013; Hubbart et al., 7 

2012; Pitcher et al., 1993; Taylor et al., 2013; Trainer et al., 2013). But all the correlative 8 

associations of harmful algal blooms and stratification lack the mechanistic insights to be 9 

considered causative, beyond simply creating conditions where harmful algal blooms might 10 

occur. 11 

2.2.2 What are important “known unknowns” about direct effects of stratification on 12 

harmful algal blooms?  13 

Stratification and associated changes in temperature, salinity, mixed layer depth, subsurface 14 

irradiance, and nutrient concentrations and ratios will affect HAB (and all phytoplankton) 15 

ecophysiology. A key question is do changes in stratification (duration, position, persistence) 16 

alter the frequency or intensity of harmful algal blooms? In particular, climate change likely will 17 

affect large-scale circulation, thermal stratification, runoff (including the dynamics of flow) and 18 

both wind intensity and timing. Increased stratification could initially promote harmful algal 19 

blooms before intensification of this stratification ultimately limits access to nutrients below the 20 

thermocline (e.g., McGillicuddy et al., 2011). The selection of turbulent-tolerant organisms 21 

versus stratification-tolerant organisms will be strongly influenced by the balance between 22 

thermal heating, freshwater inputs, and increased wind stress. Not only are downscaled climate 23 
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and regional ocean predictions needed to address these unknowns, but also fundamental 1 

knowledge about how HAB species (and strains of those species) respond to changes in 2 

temperature, nutrients, irradiance, and turbulence.  3 

An important task will be to identify those areas that are more susceptible to changes in 4 

stratification. For example, it is broadly assumed that low-latitude systems will be relatively 5 

unaffected since they already exhibit strong annual stratification, but this assumption does not 6 

take into account the destabilizing effect of increased storm/typhoon/hurricane activity, or shifts 7 

in the global wind fields (Stocker et al., 2013).  For regions strongly influenced by terrestrial 8 

runoff, how will climate change affect the timing and pulsed magnitudes of freshwater inputs, 9 

and how will these changes influence the frequency and intensity of stratification events driven 10 

by temperature changes? How will these projected changes in either the strength or seasonal 11 

duration of stratification affect the windows of opportunity for HAB species?  12 

Although often considered to enhance harmful algal blooms, stratification is a double-edged 13 

sword because harmful algal blooms also can be restrained under intensely stratified conditions. 14 

For example, the Gulf of Maine is subject to large recurrent annual blooms of Alexandrium 15 

fundyense, with the dramatic exception of 2010 (McGillicuddy et al., 2011). An influx of an 16 

abnormally fresh and warm water mass this year led to more unusually intense stratification, 17 

resulting in an early and large spring diatom bloom that crashed rapidly leaving highly nutrient-18 

deplete surface waters. Alexandrium spp. cyst germination, which is controlled by an internal 19 

clock and thus is annually invariant (Binder and Anderson, 1987), introduced vegetative cells 20 

into those waters, and growth was constrained by the unfavorable conditions. This example 21 

emphasizes the difficulties that some HAB species may have in dealing with stratification 22 

changes that exceed the levels of interannual variability to which they have adapted. 23 
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2.2.3 Pressing questions about direct effects of stratification on harmful algal blooms 1 

How will changes in stratification work in conjunction with other environmental parameters 2 

to influence the relative success of HAB species? Given these potentially complex interactions, 3 

there are two clear ways forward. First, there are benefits from recent technological advances, 4 

emergence of new sampling methods, and a better understanding of the complex biological 5 

interactions and life cycles that govern harmful algal blooms in stratified systems. To better 6 

ascertain the effects of stratification on HAB species success, these methods must be consistently 7 

applied to build high-quality time-series of HAB observations in stratified systems. Coupling 8 

these observations with coincident datasets of physical and ecological drivers, including 9 

stratification intensity and depth, wind stress and turbulence, nutrient concentrations and ratios, 10 

runoff, and upwelling intensity will provide the mechanistic underpinning for the pattern of HAB 11 

eruptions. Second, these combined observations should lead to advances in both conceptual and 12 

numerical modeling that already are beginning to improve our understanding of harmful algal 13 

blooms in stratified systems (GEOHAB 2011; Berdalet et al. 2014).  14 

How important will swimming behavior, the response to turbulence, and pycnoclines and 15 

thin layers as biological refugia be in contributing to HAB species success relative to other 16 

phytoplankton? These and the response to turbulence remain key questions that are readily 17 

amenable for direct testing in laboratory, in situ imaging systems, and mesocosm studies (Greer 18 

et al., 2013; Smayda, 2002). There also are some natural experiments, such as the changes in 19 

HAB frequency and intensity associated with climate patterns of ENSO, PDO, and the North 20 

Pacific Gyre Oscillation (NPGO) or changes in coastal communities in response to historically 21 

wet and dry years, that provide opportunities to assess measured changes in stratification relative 22 

to HAB frequency, intensity, and duration.  While these complex systems cannot be used to 23 
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provide clear evidence that increased stratification enhances (or disrupts) HAB events, it should 1 

be possible to ascertain what stratification characteristics (e.g., strength, duration) may correlate 2 

consistently with harmful algal blooms. Regardless of the methods chosen, regions that globally 3 

exhibit a larger signal-to-noise relationship for HAB impacts, including coastal enclosed and 4 

semi-enclosed water bodies, brackish estuaries and fjords, and coastal upwelling systems, offer 5 

good opportunities to specifically investigate stratification effects on HAB development.  6 

2.2.4 Summary of direct effects of stratification on harmful algal blooms 7 

Climate change will expand and intensify vertical stratification, particularly at high latitudes. 8 

It is clear that water column stratification alone does not cause harmful algal blooms; vertical 9 

stability of the water column underpins all global primary production while HAB represent 10 

sporadic shifts in an otherwise “non-harmful” planktonic system. But multiple HAB species can 11 

flourish under well-stratified conditions (Berdalet et al., 2014), and the emergence of new HAB 12 

threats, and expansion of existing HAB organisms, appear to be coincident with global changes 13 

in stratification, suggesting that this physical process is a significant contributor. The challenge 14 

will be to ascertain whether and how these climate-induced changes will affect the prevalence of 15 

harmful algal blooms. 16 

2.3 Altered Light Field Effects on Harmful Algal Blooms 17 

Climate change projections for atmospheric conditions are beginning to be more consistent in 18 

global models. Most show a net global increase in clouds near the tropopause and a general trend 19 

of reduced cloud fraction (i.e., the percentage of each gridbox in a climate model that is covered 20 

with clouds) between 50° N and 50°S, except near the equator (Stocker et al., 2013). Increasing 21 

cloud fractions are projected for higher latitudes (Stocker et al., 2013). The in situ light fields 22 

also are expected to change in association with the introduction of particulate material from 23 
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runoff or ice melting (Häder et al., 2010), and the trends towards “brownification” of coastal 1 

waters due to increased inputs of humic matter (Hansson et al., 2013; Monteith et al., 2007). In 2 

contrast, the expectation of shallower mixed layers due to increased stratification will cause 3 

phytoplankton to be exposed to higher intensities/doses of photosynthetically active radiation 4 

(PAR: 400-700 nm) and ultraviolet radiation (UVR: 315-400 nm). Any effects from UVR, 5 

particularly UVB radiation; 280-315 nm) may be magnified because increased levels of 6 

greenhouse gases are expected to delay recovery of the stratospheric ozone layer (McKenzie et 7 

al., 2010). While there remains considerable uncertainty over these projections (Stocker et al., 8 

2013), there seems little doubt that the light field in surface waters will be shifting. 9 

2.3.1 What currently is known about light effects on harmful algal blooms? 10 

There are no unique PAR requirements or tolerances of HAB species relative to non-HAB 11 

species, but surface irradiance may influence toxin production, particularly at high light 12 

intensities. Phytoplankton species have different strategies to adjust to radiation conditions by 13 

altering their photosynthetic and photoprotective pigments, including the production of UV-14 

absorbing compounds such as mycosporine-like amino acids (MAA) (Jeffrey et al., 1999). Many 15 

of the MAA-containing species are toxic and form dense surface blooms, so enhanced UVR 16 

might facilitate some harmful algal blooms. For example, surface-dwelling harmful 17 

cyanobacteria contain photoprotective carotenoids and UV-absorbing compounds (e.g. MAA), 18 

enabling high growth rates under intense radiation conditions (Carreto and Carignan, 2011; 19 

García-Pichel and Castenholz, 1993; Mohlin et al., 2012; Mohlin and Wulff, 2009). Several 20 

cyanobacteria also produce the sheath pigment scytonemin with maximum absorbance around 21 

380 nm (Castenholz and Garcia-Pichel, 2005), complementing the UVR absorption of MAA 22 

(310-360 nm). Like carotenoids and other photoprotective pigments, some MAA also are 23 
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proposed to act as antioxidants providing protection against photodamage at high PAR 1 

(Castenholz and Garcia-Pichel, 2005).  2 

High amounts of MAA have been found in the raphidophyte Chattonella spp. (Jeffrey et al., 3 

1999) responsible for fish-killing blooms in Asian and European waters. Raphidophytes, such as 4 

Heterosigma akashiwo and Chattonella subsalsa, show no sign of photoinhibition at PAR 5 

intensities >600 μmol photons m−2 s−1 (Zhang et al., 2006). Some toxic dinoflagellates also have 6 

been reported to tolerate high radiation intensities, including Alexandrium catenella (Carignan et 7 

al., 2002; Laabir et al., 2011; Smayda and Borkman, 2008), Ceratium furca and C. fusus (Baek et 8 

al., 2008), Karenia brevis (Evens et al., 2001), among others. The polar water HAB species, 9 

Phaeocystis pouchetii, also produces high concentrations of MAA (Marchant et al., 1991). But 10 

not all HAB species tolerate high radiation intensities, with Aureococcus spp. and Karenia brevis 11 

preferring low radiation conditions (MacIntyre et al., 2004; Magaña and Villareal, 2006).  12 

The significance of the high-light tolerance of some HAB species has less to do with their 13 

survival than with their ability to thrive throughout a wider portion of the photic zone to 14 

maximize photosynthetic potential.  Some HAB species can limit photodamage through vertical 15 

migration or regulation of buoyancy through gas vesicles (Huisman et al., 2005; Walsby et al., 16 

1995), but non-HAB species also have this capability so it does not necessary give HAB species 17 

a competitive advantage.  18 

There is evidence that high penetrating radiation intensities (including UVR) may influence 19 

toxin production in some HAB species, but the findings remain equivocal. The toxic filamentous 20 

cyanobacterium Nodularia spumigena shows the highest intra- and extracellular nodularin 21 

concentrations under the combined conditions of high ambient radiation and low nitrogen 22 

availability, when shielded from UVR (Pattanaik et al., 2010). The toxicity of two isolates of 23 
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Alexandrium fundyense generally increased with increasing PAR intensities up to 425 µmol 1 

photons m-2 s-1 (Etheridge and Roesler, 2005); however, there is no apparent overall trend in 2 

light dependent toxicity for Alexandrium spp. (Fu et al., 2012). In Microcystis aeruginosa, 3 

microcystin synthesis increased with increasing radiation (Kaebernik et al., 2000) and van de 4 

Vaal et al. (2011) concluded that growth of the toxic Microcystis aeruginosa strain was greater 5 

than the non-toxic variety at high light. Light intensity also positively correlated with the 6 

ichthyotoxicity of Chattonella marina (Ishimatsu et al., 1996; Marshall et al., 2001). Based on in 7 

situ observations, Mengelt and Prezelin (2005) concluded that the toxic diatom Pseudo-nitzschia 8 

sp. was well adapted to utilizing UVA (320-400 nm) to enhance carbon fixation, contributing to 9 

its capacity to produce large surface blooms. Field observations by MacIntyre et al. (2011) 10 

support the findings that toxin concentration and abundance of Pseudo-nitzschia are strongly 11 

correlated with high radiation. Interestingly, a toxic variety of Pseudo-nitzschia 12 

pungens/multiseries was shown to be more tolerant to UVB than its non-toxic variety (Hargraves 13 

et al., 1993). While none of these relationships are characterized well enough to generalize, there 14 

clearly is significant reason to expect major changes in the global light field of surface waters has 15 

the potential influence the competitive success and toxicity of HAB species. 16 

2.3.2 What are important “known unknowns” about altered light field effects on harmful 17 

algal blooms?   18 

The projected changes in insolation at both lower and higher latitudes are likely to affect 19 

phytoplankton community compositions, but without comparative studies among HAB and non-20 

HAB species there is little basis to conclude that HAB species will be better adapted. Similarly, 21 

there are few data to assess the light-induced production of UV-absorbing compounds and toxins 22 

in HAB species. Although some toxins absorb UVR, it is yet to be determined whether these 23 
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compounds serve a physiological role as UV-absorbing compounds (i.e., are less toxic strains 1 

more susceptible to UVR damage). Nevertheless the frequent co-occurrence of MAA and toxins 2 

in cyanobacteria, dinoflagellates, and at least a few diatom species (see Klisch and Hader, 2008), 3 

argues for the need of more studies.  4 

Increased light intensity with depth in tropical and sub-tropical regions may benefit benthic 5 

HAB communities and their macrophytic hosts, with implications for more widespread ciguatera 6 

effects. This would be particularly important if ciguatoxin-producing species were more UVR 7 

tolerant than non-toxic benthic microalgae. Ecosystems where cysts are vital life stages that 8 

experience increased benthic radiant flux may also experience selective effects, though light is 9 

rapidly attenuated in sediments, so the effects could only be important at the thin veneer of the 10 

sediment surface (Stock et al., 2005). Turbulent systems may also experience increased light 11 

penetration with deeper mixing and potentially increased production at depth. In contrast, climate 12 

projections for increased runoff and prevalence of low, dense clouds at high latitudes will reduce 13 

light availability. These changes will increase the selective pressures for low-light adapted 14 

species, and changes in UVR may diminish metal (e.g., Fe) availability (e.g., Roy and Wells, 15 

2011), potentially decreasing the toxicity of Pseudo-nitzschia spp. (Maldonado et al., 2002; 16 

Wells et al., 2005). 17 

2.3.3 What are the pressing questions regarding altered light field effects on harmful algal 18 

blooms? 19 

Do HAB species possess unique light harvesting and protection capabilities that increase 20 

their competitiveness, and do changes in the spectrum and intensity of surface irradiance 21 

contribute to altered toxin production? In the first, it will be important to determine whether 22 

HAB species are better adapted than non-HAB species to respond to increased, or decreased 23 



 26

PAR and UVR; essential knowledge to enable first order assessment of the likelihood of 1 

irradiance-derived changes in HAB outbreaks. Second, one of our key unknowns is the extent to 2 

which UVR influences the putative relationship between MAA and other toxin synthesis. A 3 

better understanding of the postulated role of some toxins as photoprotective compounds (Ha et 4 

al., 2014), and the competitive advantages provided, would help to forecast the community 5 

responses to elevated UVR.  While these fundamentals can be tested mechanistically with well-6 

controlled laboratory studies, investigation under ambient radiation conditions will be needed to 7 

tease out the community-scale responses. 8 

Will increasing PAR and UV light fields have particular relevance to benthic HAB species in 9 

lower latitude regions? Ciguatera Fish Poisoning arguably is the single greatest global HAB-10 

human health problem today. Determining the light factors that may exacerbate the toxicity or 11 

niche dominance of these HAB species in reef environments should be of high priority. 12 

2.3.4 Summary of altered light field effects on harmful algal blooms 13 

The modeled trends in cloud feedback mechanisms suggest that climate-driven changes in 14 

the light fields will occur at both low and high latitudes, and these changes will impact 15 

phytoplankton metabolism and community composition. While currently there are no compelling 16 

insights that changing light fields will cause competitive selection of HAB species, there are 17 

reasons that they might. Increased light penetration could magnify high biomass harmful algal 18 

blooms, and some toxins may enhance UVR protection. If climate driven changes in light fields 19 

do contribute to increased harmful algal blooms, these effects would manifest at the extremes, 20 

either at high (inhibiting) irradiance or by extending (or diminishing) the depth of the light field.  21 

2.4. Ocean Acidification Effects on Harmful Algal Blooms 22 
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Increasing atmospheric CO2 is being modulated partly by its dissolution into surface 1 

seawater, leading to ocean acidification (OA) (Stocker et al., 2013). Although OA is a 2 

consequence rather than proximal effect of climate change, its influence is distributed across all 3 

ocean surface waters and so its potential effects on harmful algal blooms are considered here. 4 

While uncertain, projections suggest that surface water pH may decrease by 0.3-0.4 units by the 5 

end of the century (Feely et al., 2004), with upwelling regions being sites of extreme 6 

acidification (Feely et al., 2008). Although the majority of early concern about ocean 7 

acidification has focused on calcium carbonate precipitating marine organisms (e.g., Bednarsek 8 

et al., 2014; Orr et al., 2005), the pH dependent changes in the marine carbonate system also 9 

have broad implications for carbon acquisition for both marine phytoplankton (e.g., Beardall et 10 

al., 2009; Hansen, 2002; Hinga, 2002) and microbes (e.g., Hutchins et al., 2009). The opposite 11 

trend of surface water basification, where biological production drives increased pH during high 12 

biomass blooms, is not considered here.  13 

2.4.1 What is known about the effects of ocean acidification on harmful algal blooms? 14 

The complexity of the myriad effects stemming from decreased pH and increased pCO2 on 15 

phytoplankton community composition is daunting. Although marine phytoplankton appear to be 16 

well adapted to grow at low pH levels (by oceanic standards, Berge et al., 2010) understanding 17 

the subtleties of individual species responses is far more difficult. CO2 enrichment is expected to 18 

relieve the energy requirements of carbon concentrating mechanisms (CCM) and particularly 19 

benefit those species having Form II Rubisco (ribulose-1,5-bis- phosphate carboxylase-20 

oxygenase), which has a low affinity for CO2 (Beardall et al., 2009; Giordano et al., 2005; Raven 21 

and Beardall, 2014; Rost et al., 2003; Tortell, 2000). Many bloom-forming dinoflagellates fall 22 

into this category, and in particular some toxic dinoflagellates are known to have very limited 23 
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CCM abilities (Dason and Colman, 2004) while some raphidophytes appear not to have CCM 1 

systems at all (Nimer et al., 1997). Even so, the effects of increasing CO2 on dinoflagellates are 2 

not uniform. Kremp et al. (2012) found that increasing CO2 stimulated only two of eight 3 

Alexandrium ostenfeldii clones, while increasing temperatures universally stimulated growth. 4 

Similarly, elevated pCO2 in culture has been observed to increase (Sun et al., 2011; Tatters et al., 5 

2012), decrease (Lundholm et al., 2004), or have no effect on growth of Pseudo-nitzschia (Cho et 6 

al., 2001), depending on the species and experimental conditions. So while there is concern that 7 

blooms may reach high biomass faster, and that these blooms may have increasing abundances 8 

of harmful species, the jury remains out on the likely effects of OA on harmful algal blooms. 9 

The study of OA effects on phytoplankton has focused mainly on carbon acquisition, but 10 

decreasing pH also will directly affect cellular membrane potential, enzyme activity, and energy 11 

partitioning (Beardall and Raven, 2004; Giordano et al., 2005), all of which influence cell 12 

metabolism. Altered transmembrane potential affects a wide range of cellular processes that 13 

depend upon proton pumps, such as nutrient uptake. Lowered pH also may affect nutrient 14 

acquisition by altering the chemical speciation of dissolved nutrients, particularly trace metals, 15 

which can affect interspecies competition (Shi et al., 2010) and HAB toxicity (Maldonado et al., 16 

2002; Wells et al., 2005). Transmembrane proton gradients also are essential for flagellar motion 17 

(Manson et al., 1977), so changes in extracellular pH can affect cell mobility and thus perhaps 18 

behaviors that enhance nutrient uptake (Hallegraeff et al., 2012). For example exposure of the 19 

harmful algal bloom species Heterosigma akashiwo to lower pH increased its photosynthetic 20 

growth rates (Fu et al., 2008; Nimer et al., 1997) and substantially increased its swimming speed 21 

(30%) and downward velocities (46%), implying that changing pCO2 is a signaling factor for this 22 

organism to alter its behavior (Kim et al., 2013). In contrast, increasing pCO2 diminished the 23 
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presence of toxic haptophyte Chrysochromulina spp. in a mesocosm study (Hama et al., 2012). 1 

On the other hand, the filamentous toxic cyanobacteria Nodularia spumigena and 2 

Aphanizomenon sp. were not affected by increased levels of pCO2 (Karlberg and Wulff, 2013). It 3 

is no exaggeration to say that current knowledge of the growth or competitive responses of 4 

phytoplankton to OA, let alone those of HAB species, is extraordinarily limited. 5 

There also is very little information regarding the potential impact of OA on the cellular 6 

toxicity of HAB species, and findings that do appear in the literature are conflicting. Kremp et al 7 

(2012) found an overall trend of increasing cell toxicity with increasing pCO2 (and temperature) 8 

for eight strains of Alexandrium ostenfeldii. In culture experiments, strains of A. fundyense 9 

isolated from Northport Bay, New York, and the Bay of Fundy, Canada, grew significantly faster 10 

when exposed to elevated levels of pCO2 compared to lower levels (Hattenrath-Lehmann et al., 11 

2015). Exposure of these strains to higher levels of pCO2 significantly increased cellular toxicity 12 

in the Northport Bay strain, while no changes in toxicity were detected in the Bay of Fundy 13 

strain.  In another study, acidification led to a doubling of saxitoxin concentrations in nutrient 14 

replete A. catenella, but toxicity increased by an order of magnitude under P limitation (Tatters 15 

et al., 2013a), indicating the OA effect was minor relative to nutrient status. Even then, the 16 

toxicity increases with OA were strongly suppressed by elevated temperatures, illustrating how 17 

difficult it is to interpret and compare OA effects even in simple laboratory experiments without 18 

fully considering all factors that contribute to the response (see Boyd and Hutchins, 2012). 19 

Similarly, Van de Waal et al. (2011) found using different culturing methods that elevated pCO2 20 

led to decreasing cellular toxicity in A. tamarense.  21 

Current certainty about the effects of pH on toxicity of the diatom genus Pseudo-nitzschia is 22 

not much better. Some experiments show 2-3 fold increases in cellular domoic acid 23 



 30

concentrations under elevated pCO2 conditions (reduced pH) when either P- (Sun et al., 2011) or 1 

Si-limited (Tatters et al., 2012), and these authors suggest that increased availability of inorganic 2 

carbon may be mechanistically responsible. But other studies, using different techniques and 3 

Pseudo-nitzschia species, found that cellular toxicity increased up to 70-fold at elevated pH 4 

rather than more acidic conditions (Lundholm et al., 2004; Trimborn et al., 2008). Although 5 

these differences are not yet explained, the implication is that ocean acidification may impact 6 

diatom toxicity even if the sign and magnitude of this change so far is unpredictable. 7 

On perhaps a brighter note, early evidence suggests that “medium” term (1-2 yr) evolutionary 8 

shifts in phytoplankton adaptation to decreased pH are not sufficient to substantially alter 9 

interspecific competitive success. Tatters et al. (2013c) found that the recombination of cell lines 10 

acclimated for one year to different pCO2 conditions yielded the same general competitive 11 

responses observed in the two-week natural diatom community experiment from which they 12 

were isolated. Similar “artificial" communities comprising clonal isolates of dinoflagellates 13 

conditioned to altered pCO2 conditions for one year generally matched the outcome of the short-14 

term (2 week) experiment with the natural dinoflagellate community (Tatters et al., 2013b). Even 15 

so, it may be that the successful evolutionary adaptations of non-HAB species (e.g., Collins et 16 

al., 2014) will be more important in determining the frequency of future harmful algal blooms. 17 

2.4.2 What are important “known unknowns” about ocean acidification effects on harmful 18 

algal blooms?  19 

The key issues surrounding high biomass HAB events and OA (vs. other aspects of climate 20 

change) are still not well defined.  On the one hand, there is ample evidence that the potential 21 

growth rates of phytoplankton could increase as the need for CCM diminish, and so increased 22 

CO2 availability may intensify blooms and their impacts, particularly where impact zones are 23 
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confined (e.g., embayments, restricted coastlines). There currently is little understanding about 1 

how decreased pH affects the rates of zooplankton grazing (Caron and Hutchins, 2013) or 2 

mixotrophy (e.g., Kim et al., 2013) (see below). Changes in grazing pressure in high biomass 3 

harmful algal blooms may exacerbate (feeding on less harmful species) or help modulate bloom 4 

intensity and disperse carbon export over larger spatial zones, thereby potentially diminishing the 5 

potential for hypoxia.  To date there is no evidence as to the balance of these drivers will be in 6 

response to OA. 7 

On the other hand, there is evidence that increasing CO2 concentrations will affect 8 

competition among major phytoplankton groups (Feng et al., 2009; Fu et al., 2007; Hare et al., 9 

2007; Tortell et al., 2002), and toxic algal groups (Fu et al., 2008; Ratti et al., 2007; Rost et al., 10 

2006), although very few species have been studied. It is, however, unclear whether these 11 

changes in carbon acquisition potential will affect harmful species disproportionately, 12 

contributing to either increases or decreases in the frequency of harmful algal blooms. That is, 13 

the important issue is not whether ocean acidification will increase the predominance of 14 

dinoflagellates, as anticipated, but whether it will select for more frequent flourishing of toxic or 15 

harmful dinoflagellate species. More comparative studies along the lines of Eberlein et al. (2014) 16 

are needed. In this vein, multiple stressor effects very likely will alter how OA influences HAB 17 

species.  18 

The question of whether OA increases the toxicity of HAB species remains open, with 19 

conflicting findings in the literature sowing more confusion than consensus.  Phytoplankton 20 

toxins account for a very small proportion of total cellular carbon (e.g., Fu et al., 2010) and there 21 

is no evidence to suggest that they are directly related to intra- or extracellular pH. Even subtle 22 

shifts in metabolic processes could affect toxin production or retention by the cell.  So slight 23 
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differences in culture conditions, even those independent of pCO2, might affect the trends in 1 

toxin production. Identifying the indirect drivers of ocean acidification on cell toxicity will be 2 

challenging. 3 

The effects of OA on the grazing pressure may significantly alter top-down controls of HAB 4 

prevalence. Decreasing calcite saturation levels projected for future oceans lower the recruitment 5 

success of benthic grazers (Waldbusser et al., 2015), as already observed in upwelling regions 6 

(Ekstrom et al., 2015), potentially leading to higher toxin loadings in surviving bivalves. Effects 7 

of OA on mesozooplankton are less well understood, but there are indications that it may be 8 

more important than previously recognized (Cripps et al., 2014). 9 

2.4.3 What are the pressing questions regarding ocean acidification effects on harmful algal 10 

blooms? 11 

What effect does increased CO2 availability have on the competitive success of HAB species, 12 

and does it alter bloom dynamics sufficiently to intensify their impacts? There is a rich literature 13 

describing the physiology, growth characteristics, and toxicity of HAB species in laboratory and 14 

field conditions but there is very little quantitative insight to how competitive these organisms 15 

are relative to their “non-HAB” counterparts, let alone how OA may alter their competitive 16 

success. In the case of high biomass blooms, if rates or magnitude of bloom formation increase 17 

significantly there is a potential to spatially compress the zones of impact, leading to greater 18 

hypoxia or other environmental consequences.  19 

Are our current methods adequate for gaining consensus about how OA may affect HAB 20 

toxicity? First, there is little definitive knowledge of the role toxins have in cell physiology or 21 

ecological interactions, so there are no clear, testable hypotheses for why OA might affect cell 22 

toxicity. Second, culture conditions vary among studies (light, temperature, nutrient addition, the 23 
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basal seawater used for media amendments). Given current uncertainty over the metabolic 1 

controls of toxin production, it will be critical to seek uniformity in experimental methods among 2 

studies, and this is particularly true in the methodology of pH alteration and maintenance 3 

(bubbling, acid/base additions).  A best practices manual for ocean acidification studies exists 4 

(Riebesell et al., 2010) and this should be expanded to serve as a benchmark for HAB 5 

investigations. Without unifying methods, confusion will persist over whether disparate results 6 

among studies stem from true variability among organisms, or from methodological quirks. The 7 

third, and perhaps main challenge ahead is defining how best to go about isolating and evaluating 8 

the integrative effects of environmental and biochemical processes altered by OA on HAB 9 

species success and toxicity.  10 

2.4.4 Summary of ocean acidification effects on harmful algal blooms 11 

Progressively increasing OA has the potential to alter many aspects of phytoplankton 12 

physiology. The two proximal effects of OA on cell physiology will result from increased pCO2 13 

(reducing the value and costs for CCM) and potentially altered transmembrane proton gradients 14 

(with impacts on ion transport and ion-channel activities). More distal effects include altered 15 

micronutrient chemistries with likely impacts on their bioavailability. Both will exert selective 16 

pressure on phytoplankton community composition, but how these might alter the competitive 17 

success of HAB species is unknown. More than any other climate-associated stress factor 18 

discussed here, small methodological differences among OA studies have the potential to alter 19 

experimental findings dramatically, so it is critical that well-defined and uniform methods be 20 

adopted. 21 

2.5 Nutrients and Harmful Algal Blooms 22 
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Species causing HAB events are primarily photoautrotrophs with generally simple 1 

macronutrient needs. The majority of high-biomass harmful algal blooms, in many cases 2 

resulting in hypoxia, are linked unequivocally to cultural eutrophication (Paerl et al., 2014; 3 

Rabalais et al., 2010), but as for “natural” blooms, there is little understanding of the proximate 4 

reasons for species selection within phytoplankton blooms.  The most common approach to study 5 

this core ecological principle is to quantify the presence or flux of dissolved forms of nitrogen, 6 

phosphorus, and silicon, or trace nutrients such as iron and vitamins, and to then seek 7 

correlations with the competitive outcomes among species (e.g., nutrient preferences, nutrient 8 

affinities).  The most common metrics for measuring HAB species success are biomass 9 

accumulation (i.e., assimilation of a larger portion of the nutrient pool), or changes in the levels 10 

of ecologically- or socially-important toxins (e.g., allelochemicals, food chain toxins). The 11 

challenge is to stretch this thin knowledge across the projected alterations in nutrient fluxes to 12 

the photic zone through warming-induced decreases in vertical mixing, changes in upwelling 13 

intensities, and through substantial change in the spatial and temporal patterns of freshwater 14 

inputs. 15 

2.5.1 What is known about nutrient effects on HAB species? 16 

There is little experimental or theoretical information to indicate that changes in 17 

macronutrient supply and form will lead directly to a switch towards HAB species and bloom 18 

events in most marine environments, in contrast to the impact of increased phosphorus and 19 

nitrogen inputs to freshwater environments (e.g., Thornton et al., 2013). Futurist visions of 20 

climate-driven increases in harmful algal blooms often emphasize  “Global Change” issues, 21 

which include population-driven anthropogenic alterations of the earth system, and there is little 22 

dispute that future population increases are likely to alter regional nitrogen or phosphorus cycles 23 
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(e.g., Glibert et al., 2006). Here the emphasis instead is to describe how climate change pressures 1 

may affect the prevalence of harmful algal blooms by alteration of surface water nutrient fields 2 

through physical or precipitation-related processes, without assuming added changes due to 3 

localized human pressures. 4 

While there remain significant uncertainties in global climate models, projections for the 5 

climate system suggest that there will be net increases in rainfall over the next century but that 6 

these changes will not be uniform among regions, with southern Europe, the Middle East, and 7 

southwestern USA experiencing decreases in precipitation while increases are projected for 8 

Southeast Asia, tropical East Africa and high northern latitudes (Boberg et al., 2010; Gutowski et 9 

al., 2007; Sun et al., 2007). Moreover, there are expectations for a shift to more intense 10 

precipitation events (Seneviratne et al., 2012), increasing the episodic flux of macro- and micro-11 

nutrients into coastal waters.   12 

These “great floods” may serve to supply coastal plankton communities in a massive, and 13 

temporally restricted manner – as a horizontal “upwelling” event.  When presented to possibly 14 

warmer, predictably more stable surface waters, the runoff provides a nutrient source to increase 15 

existing biomass or to possibly modify community structure through enhanced competitiveness 16 

of certain species. The end result of a more nutrient-rich, warm, stable regime could be the 17 

selection of certain HAB species (Smayda, 1998). This type of precipitation pulse, when 18 

combined with possibly increased rates of in situ nutrient recycling (Doney et al., 2012), may 19 

result in the elevated growth of HAB species that are not held ‘in check’ by grazing and do not 20 

rely on recycled nutrients (Sunda and Shertzer, 2012).  Thus, there would be a tendency for 21 

“late-bloom species”, such as ecosystem destructive algal blooms (EDAB), to dominate more 22 

frequently providing that the stable temperature/salinity environment is maintained.  23 
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With increased frequency of climate-change precipitation events, higher runoff and unused 1 

(excess) fertilizer inputs can be anticipated, leading to the overall enhancement of phytoplankton 2 

growth and biomass accumulation.  Depending on the fertilizer type and method of application, 3 

this input can be highly concentrated in ammonium, urea, or nitrate, and each may have 4 

differential effects on phytoplankton and HAB community composition. Much attention has been 5 

directed to the increased use of urea fertilizers and the correlation with regions of increased 6 

cyanobacteria and dinoflagellate HAB events of the last few decades (Glibert et al., 2006).  But 7 

urea has been shown to support the growth of both HAB and non-HAB species, and it has not 8 

been proven whether urea selects for HAB species, although one might expect dinoflagellates to 9 

dominate given their higher rates of urease activity per cell compared to other phytoplankton 10 

classes grown in culture (Glibert et al., 2008). A review of HAB species associated with 11 

upwelling regions by Kudela et al. (2010) summarizes the inexact relationship between the 12 

ecophysiology of cells, their toxin content, and the comparative nutrient supply. Under present 13 

nutrient regimes and ratios, cellular toxin levels are genus specific, and thus no global statement 14 

is applicable. The effect of N substrate (oxidized vs. reduced forms) on the toxicity of HAB 15 

species is complex, illustrated by the many laboratory studies of dinoflagellates. Here, 16 

exponential growth on nitrate generates greater overall cellular toxin content (= cell toxin quota) 17 

compared to growth on ammonium or urea for Alexandrium fundyense, whereas during N-18 

depleted stationary growth, nitrate-grown cells are slightly less toxic than ammonium-grown 19 

cells, but more toxic than cells grown on urea (Dyhrman and Anderson, 2003). Another strain of 20 

A. fundyense, however, showed increased cellular toxicity on ammonium-grown cells compared 21 

to nitrate-grown cells during exponential phase, but similar or less during stationary phase 22 

depending on the degree of phosphorus stress (John and Flynn, 2000). Similarly enhanced 23 
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toxicity for ammonium-grown cells compared to nitrate-grown cells has been reported during 1 

exponential growth for A. excavatum (Levasseur et al., 1995), during batch growth of 2 

Gymnodinium catenatum (Flynn et al., 1996), and for A. tamarense where ammonium induced 3 

the highest cellular toxin concentrations, followed by urea, and then nitrate (Leong et al., 2004). 4 

Increased intracellular toxin in ammonium-grown stationary cells compared to nitrate-grown 5 

cells of Japanese strains of A. tamarense is also suggested by Hamasaki et al. (2001), but direct 6 

experimental comparisons using the two N substrates were not conducted. The opposite result 7 

was found for A. catenella where growth on nitrate resulted in 5-6 fold increases in cellular toxin 8 

concentration compared to growth on urea during both the N-replete exponential and N-depleted 9 

stationary phases of growth (Dyhrman and Anderson, 2003), and for nitrate-grown cells of 10 

Karenia brevis (formerly G. breve), toxin content per cell was only marginally influenced by 11 

urea enrichment (Shimizu et al., 1995). 12 

The influence of N substrate on cellular toxicity of diatoms of the genus Pseudo-nitzschia is 13 

also highly variable but unlike most dinoflagellates, the cellular toxin (domoic acid) 14 

concentration is generally much greater during the stationary phase of growth, rather than the 15 

nutrient-replete exponential growth phase. This generalization is based primarily on culture 16 

studies of P. multiseries and P. australis, where stationary growth is induced by P or Si depletion 17 

(cf. reviews by Bates and Trainer, 2006; Lelong et al., 2012; Trainer et al., 2012), rather than N 18 

limitation where enhancement of cellular toxicity is not observed during stationary growth (Auro 19 

and Cochlan, 2013). Absolute N concentrations, light availability, and cellular growth phase 20 

have all been shown to affect the differential toxicity of Pseudo-nitzschia species as a function of 21 

N substrate (Auro and Cochlan, 2013, and references therein); these and other abiotic factors 22 

associated with changing climate need to be considered when evaluating the influence of N 23 



 38

substrate on the cellular toxicity of toxigenic diatoms. Based on current evidence, neither 1 

specific growth rate nor cellular domoic acid concentration can be predicted based on the N 2 

substrate supporting growth as both vary among species and strains of Pseudo-nitzschia (Auro 3 

and Cochlan, 2013; Thessen et al., 2009, and references therein). Arguments to suggest that a 4 

specific N source will result in greater growth or toxicity of HAB species in general (or even just 5 

toxic diatom blooms), and thus more frequent, or more toxic HAB events, are not supported by 6 

empirical data from culture studies. 7 

The projected increase in the flux of dissolved organic matter (DOM), or brownification of 8 

coastal waters (Hansson et al., 2013; Monteith et al., 2007) could affect the nutrition of marine 9 

plankton communities. The role of elevated DOM containing dissolved organic nitrogen and 10 

phosphorus is not well studied, and the trace (nutrient) metal loading and complexation capacity 11 

of DOM (Laglera and Berg, 2009) also may facilitate the growth or toxicity of HAB species (see 12 

in Loureiro et al., 2011).  13 

Climate-related changes in the intensity of storm events, the frequency of hurricanes, or great 14 

floods may break down the natural biogeographical barriers that restrict the expansion of HAB 15 

species.  Any new, higher frequency exchange of waters due to storms may enhance the transport 16 

of invasive harmful algal blooms to areas presently outside their range.  Even without the 17 

elevated flux of new nutrients, variations in storm events increase the likelihood of invasive, 18 

exploitive HAB species. As documented a decade ago by Anderson et al. (Anderson et al., 2002), 19 

there is more advanced understanding regarding the extent of climate-induced supply of nutrients 20 

than on the selective pressures that these changes have on the HAB community structure.  The 21 

importance of nutrient supply-changes is, without question, critically important in community 22 
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development, yet the complexity of response of individual species and their subsequent 1 

competitive or adversarial activities (allelopathy, mixotrophy) remains elusive.  2 

A well-stratified surface water provides a common environment of enhanced nutrient 3 

regeneration, and comparative studies generally show that these conditions favor flagellate 4 

dominance (Smayda, 1998).  Flagellates can flourish under long periods of low nutrient 5 

concentrations where reduced forms of nitrogen (e.g., ammonium) comprise a large proportion 6 

of the available N pool [e.g., Alexandrium spp. (Maguer et al., 2007); Prorocentrum minimum 7 

(Fan et al., 2003)]. This does not mean that all flagellates prefer reduced nitrogen forms – only 8 

that reduced forms tend to dominate when ambient N concentrations are low (Bonachela et al., 9 

2011).  Indeed some HAB species appear to favor greater ambient (i.e., non-reduced) nutrient 10 

conditions, due perhaps to higher physiological quota requirements; e.g., Alexandrium spp. 11 

(Collos et al., 2006), Heterosigma akashiwo (Herndon and Cochlan, 2007), Noctiluca spp. 12 

(Harrison et al., 2011), Prorocentrum spp. (Anderson et al., 2012); or perhaps it is a consequence 13 

of the higher nutrients establishing more robust cyst seed beds. For example, the dramatic 14 

drawdown of nutrients that occurs during high-density blooms leads to nutrient-depletion, 15 

followed by encystment of Alexandrium spp., creating a seedbed density sufficient for the 16 

reintroduction of the HAB population in subsequent years (Anderson et al., 2014). 17 

The relative supply rates of nitrogen and phosphorus to surface waters can significantly 18 

impact the physiology and dynamics of the phytoplankton community, as well as the community 19 

composition (Geider and La Roche, 2002; Sterner et al., 2008). But this ratio is of most use in 20 

interpreting succession and resultant community composition only when either the ambient 21 

nitrogen or phosphorus concentrations are low.  When there is an abundance of both, or when 22 

nutrients are not limiting phytoplankton growth, there is no compelling evidence that N:P ratios 23 
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provide a  predictive value for the floristic composition of the phytoplankton community and the 1 

likelihood of HAB development (Davidson et al., 2012, and references therein).  2 

2.5.2 What are important “known unknowns” about nutrients and harmful algal blooms?  3 

As a driving force, nutrients control the production and influence the composition of 4 

phytoplankton communities. Nutrient concentrations, ratios, and speciation are known to directly 5 

affect the community and metabolites produced, such as toxins and allelopathic compounds, 6 

even though the specifics of these interactions remain elusive. Perhaps the biggest unknowns 7 

though are the extent and scale of change in nutrient influx via runoff or altered upwelling 8 

intensities that these communities will experience, balanced against other global factors such as 9 

eutrophication, demophoric (population X energy consumption) growth and land use. Ecological 10 

shifts due to climate-induced changes in nutrient fluxes or nutrient use might already be 11 

emerging, but they may not be evident or significant in the milieu of other coastal ocean 12 

processes.   13 

There are large knowledge gaps in how nutrient quality and quantity effect changes in 14 

phytoplankton community physiology and ecology to select for HAB species. For example, how 15 

do the nutrient-use efficiencies of HAB species change relative to non-HAB species when 16 

presented with lower pH, increased temperature or salinity. This baseline understanding, related 17 

primarily through nutrient uptake kinetic studies, is essential to provide a theoretical and 18 

quantitative foundation to evaluate the potential role of nutrients under future climate conditions.  19 

While N tends to be the primary nutrient of interest (in its oxidized and reduced forms), equal 20 

efforts will have to be devoted to assessing under what conditions will shifting nutrient ratios 21 

contribute to shaping phytoplankton communities in the future ocean.  22 
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Paramount to forecasting potential nutrient effects in the future ocean is the need for clear 1 

insight to the range of conditions that will be faced.  What changes in regional supply patterns of 2 

reduced or oxidized forms of N and other nutrients are anticipated (e.g., Hutchins et al., 2009) 3 

and will they vary in concert or disproportionately, resulting in altered nutrient ratios? It is 4 

ambitious to obtain these quantitative insights from current models, but consideration of the 5 

possible ranges would help to set the boundaries for experimental studies that then could be used 6 

to inform improved model development.  7 

In almost all cases, “nutrient effects” on harmful algal blooms pertains to macronutrients 8 

such as N, P, or Si, yet there is almost no understanding of micronutrient effects on harmful algal 9 

blooms: i.e., trace elements and vitamins.  Micronutrients have strong potential effects on 10 

phytoplankton community composition (Brand et al., 1983; Sunda, 1989), given their role in 11 

photosynthesis, enzymatic and other functions throughout cell metabolism.  But little is known 12 

about micronutrient requirements (and tolerances in the case of metals) of HAB species 13 

compared to non-HAB species, or whether these differences are likely to shape phytoplankton 14 

communities. Given that experimental cultures traditionally have metal conditions radically 15 

different than natural conditions, most current data are inadequate to address this question. 16 

Moreover, the chemistry of trace metals and the HAB specific availabilities and quotients remain 17 

poorly understood, and thus it will be difficult to predict climate-driven changes in micronutrient 18 

supply may affect the prevalence of harmful algal blooms without concerted research in this 19 

direction. 20 

2.5.3 Pressing questions about nutrients and harmful algal blooms? 21 

How do nutrient uptake kinetics and preferences of HAB species compare quantitatively to 22 

non-HAB species? These critical data are missing for many HAB species, and in particular their 23 
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relation to non-HAB species, and thus models lack appropriate parameterization. It is essential to 1 

know if HAB species in general, or certain specific HAB species, will thrive by outcompeting 2 

other species in the future ocean chemical matrix. Current foundation knowledge regarding the 3 

role of nutrients in establishing the competitive selection of HAB species needs to be challenged.  4 

Nutrient kinetic and nutrient use efficiency studies have been generated under controlled 5 

laboratory conditions using cells in seawater with a relative stable chemical matrix. Given the 6 

anticipated changes in P, iron, and other micronutrient inputs to surface waters, these nutrient 7 

competition studies must be revisited. Embedded within this research must be efforts to 8 

normalize experimental methods enough to enable better assessment of nutrient effects on cell 9 

toxicity. Similarly, HAB responses in hypereutrophic environments, where nutrients are 10 

available in considerable excess, need to be revisited because existing models employing 11 

rectangular hyperbolic (e.g., Michaelis-Menten) approaches to parameterize phytoplankton 12 

growth or uptake relative to external nutrient concentration are inadequate for assessing 13 

competitive success. New theoretical and experimental approaches need to be considered.    14 

How can linkages be improved between observed nutrient fields, nutrient acquisition kinetics 15 

by HAB and non-HAB species, and physical, ecological, and climate change models to increase 16 

competence in forecasting harmful algal blooms in present day and future oceans? More 17 

stabilized surface waters, extended seasons, and intense storms all are predicted for the future 18 

ocean –factors that will influence the extent and timing of nutrient inputs into the photic zone. 19 

There are few biological models of individual HAB species that couple alterations in seasonal 20 

and pulsed nutrient supply to physical models for HAB forecasts under present day or future 21 

ocean scenarios. Moving forward it will be important that these modeling activities develop 22 
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along with modified understanding of changes in cell physiology, cell competition, and the 1 

physical environment of the HAB and non-HAB species.  2 

How do changes in micronutrient and vitamin supply to phytoplankton communities affect 3 

success of HAB species relative to the broader phytoplankton community, and what effect may 4 

fluctuations in this supply affect cell toxicity? While it is known from culture studies that trace 5 

elements and vitamins (micronutrients) are critical in harmful algal blooms, there is uncertainty 6 

with regards to the natural supply levels of these trace nutrients.  The chemistry and availability 7 

of trace metals remain poorly understood and characterized for HAB species and habitats, and 8 

thus it will be difficult to predict their effects on specific harmful algal blooms as a function of 9 

climate change.  10 

2.5.4 Summary of nutrients and harmful algal blooms 11 

Current understanding is insufficient to determine how absolute concentrations and 12 

speciation of nutrients challenge the metabolic “skills” of phytoplankton, so there is limited 13 

ability to predict how changing nutrient fields result in “winners” and “losers” within natural 14 

phytoplankton assemblages.  Reduced N species, particularly from anthropogenic sources, often 15 

appear associated with some HAB and HAB species, yet non-HAB species also flourish in 16 

culture with these N sources, so the issues are more complicated.  Climate change will affect 17 

nutrient flux to surface waters, through alteration in vertical mixing and runoff, and the challenge 18 

will be to incorporate quantitative measures of nutrient acquisition among HAB and non-HAB 19 

species, along with the effects of strain variability, to forecast likely outcomes. It will be 20 

particularly difficult to differentiate between climate change pressures and those stemming from 21 

societal changes (population/social/economic) in many regions.  22 

2.6 Grazing Effects on Harmful Algal Blooms 23 
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Most efforts to understand and forecast harmful algal blooms have focused on bottom up 1 

controls of species success and biomass development.  The ecological consequences of grazing 2 

pressures on bloom characteristics either are not effective, in the case of high-biomass blooms, or 3 

are not well understood in the case of toxic blooms. Indeed among the factors that govern 4 

harmful algal blooms, grazing arguably is the most difficult because it adds not only the 5 

complexity of top down effects upon the bottom-up controls introduced by temperature, 6 

stratification, acidification, nutrients, and other environmental stressors, but also these effects 7 

upon the grazer activity. 8 

2.6.1 What is knowns about grazing effects on harmful algal blooms? 9 

Five different tiers of grazers predate on HAB species, each characterized by unique modes 10 

of predation, prey preference, toxin effects, and ecologies. Arrayed along a template of 11 

increasing size, the primary grazers on HAB species are: microbial pathogens, micro-12 

zooplankton, copepods and other mesozooplankton components, benthic invertebrates, and fish. 13 

Microbial pathogens include algicidal bacteria, infectious viruses, and parasites (Coats and Park, 14 

2002; Salomon and Umai, 2006). The microzooplankton, known also as the protozooplankton 15 

(Smetacek, 1981), include heterotrophic dinoflagellates and ciliates < 200 µm in size, tintinnids 16 

and aloricate ciliates (Stoecker and Evans, 1985; Turner, 2006). Copepods and cladocerans are 17 

the major mesozooplankton (> 200 µm) grazers (Turner, 2006), with copepods being particularly 18 

voracious, having prey clearance rates that exceed filter-feeding rates of cladocerans and 19 

meroplankton larvae by 10-fold (Hansen et al., 1997). Commercially important shellfish are 20 

prominent filter feeders on HAB species among the diverse benthic invertebrate grazers, and are 21 

important vectors of shellfish borne toxins that impact human health (Shumway, 1990). The 22 

larval and adult stages of many other invertebrate species are also copious feeders on 23 
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phytoplankton. Farmed fish stocks, particularly salmonid species, are vulnerable to ichthyotoxic 1 

blooms (see Rensel et al., 2010), and the larval and adult stages of many species are sensitive to 2 

dinoflagellate toxins ingested directly or in other prey-vectoring toxins acquired through food 3 

web transfer (Bruslé, 1995; Smayda, 1992; White et al., 1989). But the first-feeding or adult 4 

stages of many naturally-occurring and commercially important fish species selectively graze 5 

dinoflagellate species (Lasker and Zweifel, 1978; Last, 1980; Samson et al., 2008), whose caloric 6 

value generally is twice that of diatoms of equivalent biovolume (Hitchcock, 1981). Some fish 7 

species have evolved spawning migrations to coincide with blooms on which their first-feeding 8 

stages consume (Gosselin et al., 1989). There is spawn cueing behavior, i.e., synchrony between 9 

invertebrate spawning and increases in phytoplankton biomass on which larvae graze (Fernandez 10 

et al., 2012; Himmelman, 1975; Starr et al., 1990). Trophic linkages between harmful algal 11 

blooms and predatory food web components are reviewed in Smayda (1992). All life cycle stages 12 

and bloom phases of HAB species are subject to multiple and changing grazer attacks. For 13 

example, Jeong et al. (2013) listed 33 species of heterotrophic dinoflagellates, microzooplankton, 14 

mesozooplankton and invertebrate larvae that graze on ichthyotoxic Heterosigma akashiwo, a 15 

predator-prey association they termed a “grazing hub”; a concept that also can be applied to 16 

some dinoflagellates (Jeong et al., 2010). 17 

The prevailing conceptual view is that HAB species are grazed, their blooms develop when 18 

the population growth rate exceeds grazing rate, and phycotoxins allelochemically protect 19 

against grazers. But the ultimate predator-prey interactions occur at the organismal level, and the 20 

experimental results, primarily with mesozooplankton (copepod) species, indicate that those 21 

concepts are conditional. The physiological and ecological effects on copepods that graze on 22 

toxic species, and their growth and bloom responses vary greatly. Copepod species generally 23 
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feed on a variety of HAB species, selecting prey based on their cell size and toxicity, with the 1 

latter selection mode indicative of highly sensitive and specific chemoreceptive abilities 2 

(Teegarden and Cembella, 1996). Ingestion of toxic prey can adversely affect predator grazing 3 

rate, fecundity, egg hatching success, growth, survival, and incapacitate or cause death of the 4 

grazer (Fiedler, 1982; Huntley et al., 1986; Koski et al., 1999; Koski et al., 2002; Schultz and 5 

Kjørboe, 2009; Smayda, 1992; Teegarden, 1999). Adverse effects can be reversed when the 6 

grazer is exposed to different diets, or the HAB species to different grazers (Koski et al., 2002; 7 

Lincoln et al., 2001; Teegarden et al., 2001). Some copepod species actively graze, grow and 8 

reproduce on HAB prey without deleterious effects; conversely, they also reject non-toxic 9 

species, and a species toxic or avoided by one species is grazed by another species (Smayda, 10 

1992; Turner, 2006; Uye and Takamatsu, 1990). The availability of alternative prey influences 11 

grazing rates on HAB species, with the intensity of grazing a function of the inherent toxicity of 12 

each prey species, its strain, and the magnitude of toxicity induced by nutrient-limitation. The 13 

presence of a toxic species can reduce feeding rates on all species (Schultz and Kjørboe, 2009). 14 

There is the potential that all of these interactions may shift if climate change pressures lead to 15 

changes in the toxicity or nutritional quality of the HAB prey (e.g., Fu et al., 2010; Leu et al., 16 

2013). 17 

The impacts of zooplankton community grazing on a HAB likewise vary. Grazing may retard 18 

initial development, terminate harmful algal blooms, or be too sluggish to prevent a bloom from 19 

developing (Schultz and Kjørboe, 2009). Trophic breakdowns in community grazing may sustain 20 

a bloom for years, as in a Texas brown tide (Buskey et al., 2001). The impact of grazing on HAB 21 

species phenology and their blooms is likely a function of the historical exposure of the predator-22 

prey pairings, with both predator and prey species capable of counter-measure capture and 23 
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avoidance adaptations, respectively. Some copepods routinely exposed to a toxic species and its 1 

specific toxin become less vulnerable physiologically to that toxin/HAB species than other meta-2 

populations of the same copepod species not naturally exposed to that species/toxin (Colin and 3 

Dam, 2002). There is experimental evidence that waterborne cues emanating from copepods 4 

induce prey to develop morphological defense protectants (Jiang et al., 2010), or to synthesize 5 

chemical grazing deterrents, re-directing grazing pressure towards competing non-toxic species 6 

(Bergkvist et al., 2008; Guissande et al., 2002). While lethal effects of prey on grazers can be 7 

dramatic, this vulnerability is not equally distributed among grazer groups. Microzooplankton 8 

are considered the dominant grazers on HAB species, consuming 60 to 70% of the biomass 9 

(Turner, 2006), but most toxic prey within the microzooplankton are not known to kill their 10 

protistan grazers, relying, instead, on sub-lethal chemical defenses that impair grazer activity, or 11 

chemically signal noxiousness (Strom, 2002). Lethal effects of HAB species against 12 

mesozooplankton, invertebrate larvae, and larval fish appear to be more common.   13 

2.6.2 What are important “known unknowns” about grazing effects on harmful algal 14 

blooms?   15 

Extrapolation of experimental grazing data to in situ behavior is problematic.  For many 16 

studies, it is difficult to determine whether the responses are ecologically representative because 17 

of the methodological use of high prey population densities, un-natural predator-prey pairings, 18 

strain differences, and experimental presentation of a single prey species rather than a mixed-19 

diet. Trainer et al. (2002) found domoic acid concentrations were higher during natural blooms 20 

than expected from cellular production rates in laboratory experiments. Extrapolation of bivalve 21 

data to assess potential climate change effects on shellfish-borne phycotoxin uptake and 22 

transmission is likewise problematic.  23 
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Detailed understanding of saxitoxin kinetics in bivalves is largely restricted to a few 1 

commercially important species that are relatively resistant to toxins, e.g. the mussel Mytilus 2 

edulis and Atlantic surf clam Spisula solidissima (Bricelj and Shumway, 1998). Under-study of 3 

PSP and other shellfish-borne toxin kinetics greatly hampers the current understanding because 4 

bivalves show up to 100-fold interspecific differences in their accumulation of PSP toxins. In 5 

general, bivalves are avid suspension feeders (Jørgensen, 1966). Species with nerves less 6 

sensitive to saxitoxins (e.g. Mytilus edulis, Bricelj et al., 2005;  sea scallop Placopecten 7 

magellanicus, Cembella et al., 1994) readily feed on toxic cells and accumulate high toxin levels, 8 

whereas bivalves more sensitive to PSP toxins (e.g. oyster Crassostrea virginica) attain 9 

relatively low toxicities, although factors other than toxin sensitivity also influence bivalve 10 

toxicity (Bricelj and Shumway, 1998).  11 

The HAB-grazing relationship and outcomes are not fixed, linear or invariant in any given 12 

predator-prey coupling. A more important impediment in forecasting climate-induced predator-13 

prey alterations is that grazing reciprocally affects both prey and predator. That is, each element 14 

of the predator:prey interaction is both an ecological driver and a responder, unlike the uni-15 

directional, non-reciprocal affects that changing temperature or pH have on HAB species growth 16 

rate, range extension and bloom phenology. The altered distribution, abundance and phenology 17 

of both grazers and their prey in response to climate change may intensify or diminish the prior 18 

predator-prey association, with the response dependent on biogeographical location, trophic 19 

structure and strength of benthic (i.e., filter feeding bivalve) – pelagic coupling. Adding further 20 

complexity, the influence of climate change likely also will influence the temporal convergence 21 

of “bottom-up” (i.e., nutrient regulated growth) and “top-down” grazing control during bloom 22 

and succession cycles.  23 
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Similarly, mixotrophy is a critical feature of many HAB species, particularly those that 1 

inhabit an ecological niche near the end of a bloom sequence.  While generally relegated to 2 

secondary processes in productive waters, alteration in the balance of carbon fixation and growth 3 

in the future ocean may elevate the role of mixotrophy in ocean surface waters.  Thus, 4 

mixotrophic HAB species may have a significant ecological space opened for their activities 5 

depending on whether future ocean conditions alter present patterns of balanced/unbalanced cell 6 

growth. 7 

2.6.3 What are the pressing questions regarding grazing effects on harmful algal blooms? 8 

What is the best approach to study grazing effects on the success or demise of harmful algal 9 

blooms? Forecasting climate-induced changes in the coupled grazing-HAB relationship differs 10 

fundamentally, and is considerably less tractable, than for other climate-linked impacts. Grazing 11 

is a process of transient seasonal, regional, and trophic predator-prey interactions, each governed 12 

by its own range of tolerance and vulnerability to the operative climate change variable, further 13 

modified by the particular prey and predator species pairings. Altered grazing pressures will 14 

affect both HAB and non-HAB species, so it is unlikely that climate-altered grazing effects will 15 

be singular, or easily tractable. Temperature effects will act as a community and trophic 16 

pacemaker, regulating grazer and prey metabolic rates, life history transitions, and community 17 

development. Acidification will pose major physiological threats in some species, e.g. through 18 

decreased skeletal calcification of larvae that cause secondary impacts on grazing potential 19 

(Byrne, 2011). The challenge will be to disentangle these intricate couplings, perhaps starting 20 

with prominent grazer-prey couplings, to ascertain net effects on HAB species from these 21 

climate-altered balances in predator-prey interactions. 22 

Will the effects of climate change in some cases decouple existing grazer and prey life 23 
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histories sufficiently to fundamentally alter their predator:prey relationships, or to create 1 

opportunities for new grazer coupling? There exist primary unknowns about the optimal ranges 2 

of environmental conditions for grazer life histories. For example, will range extension of grazer 3 

populations depend more upon their environmental requirements or that of their prey, so that 4 

potential ranges extensions of current predator-prey interactions will become decoupled. If so, 5 

conditions may be moving into novel and unpredictable future states in some coastal regions. 6 

Will metabolic shifts in prey species disproportionately affect their food “quality”, changing 7 

grazing selective pressures on either HAB or non-HAB species and the resultant trajectories of 8 

planktonic communities? In shallow coastal regions, how will the temperature dependency of 9 

collective benthic feeding rates affect seasonal feeding windows differently than HAB growth in 10 

overlying waters, and what effect will this have on HAB and non-HAB abundance? Longer 11 

warm seasonal windows will increase the relative impacts of gelatinous zooplankton with 12 

possible changes in the relative grazing pressure on HAB vs. non-HAB species. 13 

How will grazer behavior and sensing capabilities be affected by OA, and will this alter 14 

grazing pressure? Given that chemical cues can enhance or diminish grazer:prey interactions, it 15 

is important to recognize the potentially unique effect of pH on grazing pressures. Recent 16 

evidence shows that OA depresses the sensory detection of chemical cues in fish (e.g., Lonnstedt 17 

et al., 2013), so there may be precedent for similar effects in planktonic and benthic grazers. The 18 

potential effects of OA on grazing of HAB and non-HAB species, as well as the relative degree 19 

of toxin accumulation in bivalves, remains unknown. 20 

2.6.4 Summary of grazing effects on harmful algal blooms 21 

Projecting how climate change may affect HAB prevalence by altering grazing pressure, and 22 

carrying out the requisite ecological experiments to test these hypotheses, will be extraordinarily 23 
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difficult. These experiments and field investigations must deal with the enormous functional and 1 

ecological diversity of the grazers (mixotrophy through pelagic and benthic heterotrophs), the 2 

diversity of phycotoxins, and their differing inimical effects. No single predator-prey relationship 3 

describes the great diversity of prey ecology and predator feeding strategies found, so it is 4 

unlikely that any uniform, generally applicable predator-prey interaction model can be expected. 5 

Instead the focus will need to be on the interactions of specific grazer-prey couples — e.g., how 6 

prey characteristics influence grazing efficiencies, and how these in turn affect net growth — 7 

with hope that some general patterns of response emerge so that more adequate representation of 8 

grazing pressure can be incorporated into ecological and climate change models.  9 

3.0 Multiple Stressor Effects on Harmful Algal Blooms 10 

An overwhelming proportion of laboratory studies on environmental effects on HAB 11 

organisms are single stressor or single factor experiments, yet it can be expected that parameter 12 

interactions will yield unpredicted outcomes and mechanisms driving harmful algal blooms 13 

(“unknown unknowns”).  There is a very short list of known interactions, and in some cases they 14 

generate unexpected results. For example, unlike the diatoms tested, nutrient stress does not 15 

increase the sensitivity of the Baltic HAB cyanobacteria N. spumigena to high ambient UVR 16 

(Mohlin et al., 2012; Mohlin and Wulff, 2009; Pattanaik et al., 2010), meaning the multistressor 17 

conditions do not necessarily lead to increasingly negative effects. Another example is the 18 

combined effects of stratification and nutrient limitation that intuitively should enhance the 19 

potential for toxic HAB formation (Raine, 2014) but may also prevent HAB formation 20 

(McGillicuddy et al., 2011). On the other hand, the interaction between stratification and grazing 21 

may lead to more concentrated blooms of Heterosigma akashiwo (Strom et al., 2013). In the 22 

broader context, the multiple stressor effects on non-HAB species may be highly relevant as well 23 
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in that they affect the relative competitiveness and opportunities for HAB species to flourish or 1 

perhaps just survive better, which is all that is needed for increased HAB impacts of some toxic 2 

species. Far greater efforts are needed to assess interactive parameter outcomes using laboratory, 3 

mesocosm and field studies. Although quantitative predictive models for harmful algal blooms 4 

are in their infancy (Anderson et al., 2013), there is much that can be learned from these 5 

multifactorial data by using quantitative models and sensitivity analysis to evaluate our 6 

understanding of multiple stressor effects.  Findings from multifactorial experiments at all scales 7 

should be incorporated step-wise into global models to evaluate whether ecologically realistic 8 

outcomes are generated, and to guide experimentalists to better refine their studies, evaluate 9 

other HAB strains, or to help identify key observer sites for validation of apparent knowledge 10 

advancement.  11 

4.0 Local Human-Introduced Pressures and Global Change 12 

Climate related changes in the intensity of storm events, the frequency of hurricanes, or great 13 

floods may break down the natural biogeographical barriers that restrict the expansion of HAB 14 

species, but it is important to also consider societal-derived transport of invasive harmful algal 15 

blooms to areas presently outside their range. The human transfer of HAB and grazer species to 16 

new regions via ballast water, fouling of vessels, and aquaculture is well documented (e.g., 17 

Hallegraeff, 2007; Ruiz et al., 1997). This often cryptic seeding and spreading mechanism may 18 

lead to false positive signals of climate change effects on phytoplankton community 19 

composition, and the changing prevalence of harmful algal blooms.  Similarly, global change 20 

effects stemming from increased future populations will lead to greater cultural eutrophication 21 

pressures in some coastal regions, a factor well recognized to affect HAB conditions (GEOHAB, 22 

2006) as well as certain HAB species and predators (Smayda, 2007, 2008).  These human-23 
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introduced “point source” effects will vary greatly among coastal regions according to local 1 

social and economic conditions, and may obscure underlying shifts in harmful algal blooms 2 

driven by climate change. The challenge will be to develop suitable metrics for disentangling the 3 

ecological outcomes from climate and global change pressures in those regions. 4 

5.0 The Critical Need for HAB Observer Sites 5 

Although culture and mesocosm studies can serve as foundations for hypothesis testing of 6 

mechanistic linkages between climate change stressors and the competitive success of HAB 7 

organisms, structured field observations will be essential not only to inform on shifting HAB 8 

responses within natural ecosystems, but also to reveal unexpected patterns that transcend our 9 

knowledge. Currently, very few time series of HAB data describing annual phytoplankton cycles 10 

are available in the literature.  This trend needs to change if researchers are to have the 11 

information needed to proactively assess the potential changes in HAB impacts, rather than 12 

simply hindcasting the mechanisms underlying emerged patterns of new HAB eruptions. 13 

National HAB monitoring data are a useful starting point, but these datasets most often lack the 14 

requisite physical, chemical and biological data needed to critically test hypotheses explaining 15 

the observed changes in seafood safety. Automation of HAB sensing is an emerging science 16 

(Campbell et al., 2010; Preston et al., 2011) and the continuing development towards user 17 

friendly systems will greatly accelerate this critical data acquisition. Trend detection of harmful 18 

algal blooms in marine and freshwater systems could be greatly assisted by development of 19 

simplified tools for societal-based sampling [e.g., microscope ranking of relative abundance and 20 

simplified optical measurements of chlorophyll (Hydrocolor, iTunes Store)]. As was the case for 21 

climate change, greater accumulation of data across broad regions and environments will be 22 

critical for establishing long-term HAB trends.  23 
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Moving forward it is important that existing datasets on HAB occurrence and absence be 1 

integrated to the extent possible with environmental data, and this base then needs to be 2 

expanded to create a global-scale program of observations to facilitate investigations of HAB-3 

climate interactions. To this end, it is proposed that a suite of Long Term Observer sites be 4 

chosen that combine climate, oceanography and HAB-specific observations to provide the 5 

essential test beds for these evaluations.  Suggestions of potential sites for consideration are 6 

shown in Table 1, which is not intended to be comprehensive. This list of reference sites 7 

encompass key ecosystem types, and includes biogeographical transition zones (e.g. ~40-50oN), 8 

high latitude (Greenland, Russia, Canada, USA), and polar environments (Palmer LTR). These 9 

sites all represent existing or near-existing monitoring programs, so facilitating their use as HAB 10 

sentinels could be accomplished by only expanding their currently monitored parameters. 11 

Grouping data from these sentinel sites would enable for the first time a comprehensive review 12 

of the region-to-region patterns that necessarily underlie any critical assessment of global 13 

changes in harmful algal blooms. 14 

It is to be expected that not all of these sites will be equally rich in data acquisition, and 15 

indeed even sites that regularly monitor a minor subset of parameters will be of high value. The 16 

observing network should comprise a combination of reference (climate sensitive) sites and a 17 

small subset of HAB Super Observer Sites (HAB SOS). In this case, reference sites would focus 18 

on collecting basic time series data while the HAB SOS sites instead would be geared toward the 19 

more intense data acquisition needed to facilitate process studies (Table 2). These Long Term 20 

Observer sites should correspond to satellite ground-truthing sites for the Global Coastal Ocean 21 

Observing System, thereby facilitating the future development of algorithms for remotely 22 

monitoring the HAB initiation and progression. All of these data should be made available over 23 
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appropriate time frames through publicly accessible data centers. Together, these collective 1 

datasets should be coupled to downscaled physical ecosystem models to evaluate the drivers of 2 

HAB distributions. 3 

6.0 Linkage to Other Programs and the Social Sciences 4 

There are many global, regional and national programs and initiatives that can provide 5 

substantial capabilities to better understand the linkages between climate change and HAB 6 

dynamics, distribution and the underlying causative mechanisms. These range from components 7 

of global observational systems to national resource monitoring programs. They provide a wide 8 

scope of capabilities that need to be assessed with regard to quantitative applicability, and fully 9 

capitalized upon through engagement and even optimization with regard to HAB observation and 10 

characterization. 11 

Global Observation Systems: GEOSS and GOOS: The Global Earth Observation System of 12 

Systems (GEOSS) is the primary vehicle of the Group on Earth Observations (GEO), an 13 

international initiative promoting the use of integrated earth observations for sustainable 14 

development. The Global Ocean Observing System (GOOS) is considered to be the ocean 15 

implementation of GEOSS. The GEO Task SB-01 Oceans and Society: Blue Planet (Djavidnia et 16 

al., 2014) is the single largest initiative of relevance here and consists of components addressing 17 

global ocean information systems, forecasting networks, ecosystem monitoring, and 18 

fisheries/aquaculture management.  HAB specific applications are a recognized task component 19 

(Bernard et al., 2014), namely “Integrated Earth observation-based systems can play a 20 

significant role in the detection, monitoring and analysis of harmful algal blooms in marine and 21 

freshwater ecosystems. The GEO Blue Planet HAB initiative seeks to consolidate and expand on 22 

existing capabilities, building a global community to develop and maximise the use and societal 23 
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benefits of an integrated HAB observation and prediction system”. Freshwater and 1 

cyanobacterial blooms are considered in another GEO Task; WA-01-C4 Global Water Quality 2 

Products and Services. The GEO Work Plan also is seen as an implementation plan for 3 

programmatic funding in Europe and other countries, and so linkages with GEO also provide a 4 

means of policy integration and impact. The International Ocean Colour Co-ordinating Group 5 

(IOCCG) is of particular relevance to ongoing earth observation HAB capabilities, with outputs 6 

focusing on methods for phytoplankton functional type, HAB and water quality from space. In 7 

addition the IOCCG provides a mechanism to provide space agencies with recommendations 8 

from the HAB community for optimising HAB applications for current and future sensors.  9 

Regional and National Programs: Regional or national initiatives can contribute to elucidating 10 

the link between climate and HAB phenomena in a number of ways. Operational programs such 11 

as NOAA CoastWatch, or the MyOcean-linked ASIMUTH, MarCoast and AquaMar projects 12 

can provide considerable regionally-optimized earth observation and historical in situ data. In 13 

addition, national water quality programs and monitoring frameworks provide policy impact 14 

vehicles and can potentially serve as sources of data for long time series of in situ data relevant 15 

to HAB geographical distribution. Examples of such programs include the European Water 16 

Framework Directive; the EPA and other agencies monitoring under the Clean Water Act in the 17 

USA; the Canadian Water Act; the South African National Eutrophication Monitoring 18 

Programme; and the Australian National Water Quality Management Strategy, among others. 19 

Linkages to Social Science: “Harmful” algal blooms is a societal-based moniker that 20 

traditionally stems from the consequence of either their direct or indirect human health impacts, 21 

but these blooms also have socio-economic and cultural implications (e.g., Smayda, 1997; 22 

Trainer and Yoshida, 2014).  There is emerging recognition of the complexities and synergies 23 
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that exist among the fields of marine science, social science and economics (e.g., Moore et al., 1 

2013), and that human well-being, the state characterized by health, happiness, and prosperity, 2 

should be the currency by which environmental perturbations are measured. Yet research on this 3 

broader perspective progresses largely independent of traditional HAB science, which focuses 4 

more on the ecological (e.g., species characterization, presence/absence), toxicity, or direct 5 

economic consequences of harmful algal blooms. The insular nature of HAB research needs to 6 

diminish if the field is to adequately respond to the shifting perspectives of human well-being 7 

overlain upon changes in the natural environment over the next century.   8 

7.0 Summary and Next Steps 9 

As a field of research, harmful algal science has progressed to the stage where numerous 10 

avenues by which climate change might alter HAB prevalence, distribution, and character can be 11 

anticipated. For example, there can be high confidence that, barring improved societal practices 12 

in agriculture and other land use policies, climate-driven increases in riverine inflows from 13 

human-modified watersheds will increase the prevalence of HAB-induced hypoxia/anoxia. The 14 

case for other types of harmful algal blooms, however, remains equivocal because compelling 15 

evidence that climate change will enhance the growth of HAB species over the far larger pool of 16 

competing non-HAB species is lacking. This shortcoming is partly due to the complexity and 17 

multiplicity of phytoplankton community processes (e.g., interspecies competition, grazing) but 18 

it also stems in part from the “insular” nature of most HAB research, where a species is studied 19 

in far more detail than the community of organisms in which it occurs.  Studies of the physiology 20 

of HAB species often occur within the limited perspective of clonal cultures, and the benefits of 21 

this simplicity falter when efforts are made to use these experimental insights to forecast a 22 

species’ potential success in complex communities. Additionally, HAB scientists generally focus 23 



 58

their research either on localized regions or locally important HAB species, and rarely conform 1 

to common experimental designs and methods. While there clearly are exceptions, this 2 

“boutique” style of science is poorly suited for acquiring the datasets needed to globally assess 3 

the current distributions of HAB frequency and character, let alone for estimating how climate 4 

change pressures may alter those patterns. Global datasets on HAB observations, such as IOC-5 

ICES-PICES Harmful Algae Event Database (HAEDAT), are a good beginning but some 6 

“change” also is needed regarding how HAB science is done.  Suggestions are offered on steps 7 

to advance more rapidly the understanding of the effects of climate change on harmful algal 8 

blooms. 9 

 10 

1. A Best Practices Manual for HAB and Climate Change Research: There is a strong need to 11 

develop some consensus with regard to the “best” practices for studying the effect of climate 12 

change pressures on harmful algal blooms. By example, the guide to best practices for ocean 13 

acidification research (Riebesell et al., 2010) provides a unifying methodological framework 14 

that enables direct intercomparison among independent studies from different global regions. 15 

To accomplish this within the HAB community, a small working group should be 16 

established, perhaps through the Intergovernmental Oceanographic Commission (IOC) 17 

Intergovernmental Panel on Harmful Algal Blooms (IPHAB) that would formulate draft 18 

guidelines. After review and revision by the broader community, the resultant manual should 19 

adopted by IPHAB and kept current with advancing knowledge.  20 

2. Select representative model organisms of HAB types for intensified study: Biomedical 21 

research has been greatly accelerated by utilizing a small subset of model organisms (e.g., the 22 

thale cress Arabidopsis thaliana, the common fruit fly Drosophila melanogaster, the water 23 
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flea Daphnia, and the zebrafish Danio rerio).  Rather than directly representing the species of 1 

interest (Homo sapien), these model systems are effective investigative platforms of the 2 

linkages among genomic, molecular, and metabolic processes. Selecting a small subset of 3 

HAB species/isolates for similar intensive study would generate greater advances than the 4 

equivalent investigative effort spread across many species/isolates. The quantitative genomic 5 

knowledge that emerged from these “model” systems would offer critical insight for 6 

deciphering the genetic and molecular architecture that regulates the growth and toxicity of 7 

these and other HAB species. This subset of model organisms also would serve as valuable 8 

reference species for inter-lab comparisons and for inclusion into experiments testing other 9 

experimental strains or organisms. A draft listing of proposed HAB genera or species for this 10 

purpose is shown in Table 3. This list is not meant to be inclusive or exhaustive, but rather a 11 

start for discussion among the HAB community on what species or genera should be 12 

included, and indeed, the relative values of such a prioritization process. 13 

3. Inclusion of Co-Occurring Non-HAB Species in Longer Term HAB Laboratory Studies: 14 

Culture studies investigating the responses of HAB species to climate change stressors or 15 

factors should as a rule include at least one non-HAB phytoplankton species common to the 16 

coastal waters of interest. Better still, simulated or “artificial” community studies should 17 

become more prevalent, where simplified “communities” comprising HAB clonal isolates and 18 

a few to several commonly co-occurring non-HAB isolates are subjected to climate change 19 

pressures.  A step beyond parallel clonal culture studies, artificial communities allow for 20 

direct interactions among phytoplankton and so provide a better integrative assessment of the 21 

relative success of HAB species.  These laboratory culture experiments should range from 22 

short (days/weeks) to long (months) duration so as to better evaluate HAB (and non-HAB) 23 
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physiological plasticity to the climate stress conditions. Long-term acclimation to 1 

experimental conditions should be part of many studies, as responses to applied stresses may 2 

vary significantly depending on the extent of prior pre-conditioning.  In the case of artificial 3 

communities, a combination of cultures acclimated for extended periods provides an 4 

opportunity to test the stability of competitive responses (see Tatters et al., 2013c). 5 

4. A Greater Emphasis on Multifactorial Laboratory Experiments: There currently is 6 

insufficient understanding about the responses of HAB and non-HAB species under more 7 

realistic climate change scenarios, where simultaneous variation of multiple factors (e.g., 8 

temperature, salinity, OA) will regulate competitive outcomes.  These data then can be fed 9 

into coupled HAB-IPCC climate models to generate ecologically realistic results that, in turn, 10 

can be used to design new multifactorial experiments and highlight key observer sites for 11 

exploring these ecological transitions. 12 

5. Better Global Assessment of HAB Species Responses Through “Common Garden” 13 

Experiments: Greater emphasis should be placed on conducting the same investigations 14 

across multiple laboratories with identical experimental designs (temperature, light, nutrients, 15 

etc.) using widely distributed HAB and non-HAB species. An example would be determining 16 

the response of several HAB species, or multiple clones of a single species, from different 17 

geographical locations or habitats to the same environmental perturbations. These studies 18 

would provide critical insight into interspecies and interclonal phenotypic variability. 19 

6. Retrospective Analyses of Long-Term Plankton and Cyst Core Data Sets: Looking to the 20 

past may help inform our forecasts for the future. Re-examination, and continued collection, 21 

of long-term plankton and core data sets in the context of climate change data likely will 22 
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provide the first “canary in the mine” evidence of climate-driven changes in ecological 1 

conditions. 2 

7. Rapid Response Strategies to Investigate Harmful Algal Blooms During Major Weather or 3 

Other Environmental Fluctuations: One of the best ways to study climate change effects on 4 

harmful algal blooms may be to utilize major weather shifts that mimic projected future 5 

climate scenarios. These shifts for example, might be a major warming event, increased runoff 6 

(or drought), water mass intrusion, or other perturbations such has occurred recently in areas 7 

subject to harmful algal blooms (see McGillicuddy et al., 2011, the emerging 8 

warming/Pseudo-nitzschia bloom conditions in the western USA in summer 2015). Taking 9 

advantage of these situations to study entire eco- and hydrographic systems under a common 10 

forcing would help develop a more complete understanding.  11 

8. A Stronger Linkage Among Global, National, and Regional Climate Change and HAB 12 

Observation Programs: A greater focus on unifying global HAB observations is essential if 13 

the changes in HAB distribution, character, and intensity are to be understood, and in 14 

particular to support needed annual or bi-annual global assessments of the environmental and 15 

human impacts from harmful algal blooms. As suggested here, a network of sentinel ocean-16 

observing reference sites should be established that includes both “basic” and HAB SOS 17 

(Table 2). This network should encompass existing regional and national monitoring 18 

programs and expand observations to regions of concern in the future (e.g., high latitude 19 

environments). Stronger linkages need be fostered with the Global Ocean Observing System 20 

(GOOS) to improve algorithms for the detection and monitoring of HAB outbreaks.  On a 21 

practical level, HAB investigators need to: a) utilize data from state or federal monitoring 22 

programs that provide continuity through time and broad spatial coverage, as well as 23 
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information on the onset, termination, and intensity of outbreaks; b) identify key locations 1 

within individual countries or regions where sufficient data can be collected to provide the 2 

necessary perspectives; c) add HAB species (and techniques to identify them) to existing 3 

plankton monitoring programs; and d) develop and utilize new sensors and instruments that 4 

can obtain long-term data in an automated and relatively inexpensive fashion. Installing HAB 5 

sensors on existing ocean observing moorings and linking HAB researchers to established 6 

Long Term Ecological Research (LTER) sites, which already are measuring and archiving 7 

ecologically relevant data, would greatly facilitate collection of the needed time-series data.  8 

9. A Greater Emphasis on Development of HAB Modeling and Forecasting Platforms: As 9 

with other complex systems, there is a need to develop virtual assessments of the factors 10 

initiating, maintaining, and dispersing HAB outbreaks. There are few numerical 11 

oceanographic models currently optimized for HAB forecasting, but advances have made 12 

these tools important learning platforms for investigating interspecies competition and HAB 13 

impacts. Models are essential for any quantitative forecasting of climate change effects on 14 

harmful algal blooms in the future oceans, so a high priority should be given to the 15 

development of such capabilities for multiple harmful algal blooms in multiple regions.  Many 16 

elements of the existing models can be transferred from one HAB to another or one region to 17 

another with appropriate guidance and precautions, so progress can be accelerated through a 18 

concerted community effort to share model formulations and to collaborate.  19 

10. Explicit Coupling of HAB Modeling and Forecasting Platforms to Complex Ecosystem 20 

Models: Regional physical-biological HAB models need to be better coupled to larger, 21 

ecosystem-level models. That is, creating model products that incorporate growth and success 22 

of HAB species within the context of complex ecosystem changes under different climate 23 
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scenarios. Developing the modeling infrastructure needed for these efforts would provide 1 

tools for stepwise assessment of our understanding about the likely prevalence of harmful 2 

algal blooms under future conditions.  3 

11. A Stronger Connection Among HAB and Climate Change Researchers: The research 4 

network investigating the physical science basis of climate change (e.g. temperature, 5 

precipitation, sea level change) has developed a strong foundation for forecasting the 6 

magnitude and character of change. Determining how these changes will differentially affect 7 

phytoplankton functional groups is more complex (e.g., Marinov et al., 2010), and extending 8 

this approach to studying intra-functional group changes (i.e., harmful algal blooms) is far 9 

more challenging. Success along this path will depend upon greater levels of organization and 10 

cooperation between HAB scientists and their counterparts in the broader climate change 11 

research community.  12 

12. Expand Studies on the Social Science of Harmful Algal Blooms: Incorporation of social 13 

science into HAB climate change research should be a firm goal, enabling more 14 

comprehensive assessment of HAB impacts on human well-being (e.g., cultural, economic, 15 

human health). “HAB” is a societal-defined term, so better understanding of how societal 16 

effects will change with climate stress is essential to attaining a comprehensive assessment of 17 

projected changes in future harmful algal blooms. 18 

13. Retain a Strong Focus on the Fundamental Core Research on HAB Species and Events: 19 

Although this paper focuses on questions related to climate change and the current inadequate 20 

understanding of how harmful algal bloom may be affected, it must be recognized that many 21 

important research questions persist in HAB ecology, physiology, genetics, and other aspects 22 

of HAB science. The current understanding of harmful algal blooms stems from this basic 23 
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foundation, and it would be counterproductive if an overemphasis on climate change studies 1 

led to a decrease in these “core” research efforts.  2 

 3 

The response of harmful algal blooms to the multifaceted forcing of projected climate change 4 

is largely unknown and highly speculative.  Worse, it appears unlikely that this understanding 5 

will improve quickly without broad changes in the general strategies of HAB research, which 6 

largely fail to address the complex ecological and multi-environmental stresses that shape 7 

phytoplankton communities. There are two central goals moving forward. First, obtain 8 

compelling evidence that climate change has caused alterations in HAB distribution, prevalence 9 

or character.  This fundamental foundation currently is lacking. Second, develop the theoretical, 10 

experimental, and empirical evidence for how changes in environmental and ecological factors 11 

may influence the geospatial distribution, range expansion or contraction, and emergence of new 12 

patterns for harmful algal blooms.  Fundamental changes in HAB research strategies will be 13 

necessary to meet these critical challenges.  14 
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Table 1.  Ecosystem types for climate and HAB studies: example reference sites and 

selected publications describing analyses of long-term data sets.  

 

Ecosystem 

Types 

Example study 

areas  

Example HAB 

genus 

Selected References 

Open Coast East China Sea 

East China Sea and 

Yellow Sea 

Arabian Sea 

French coast of the 

English channel 

Southern North Sea 

Australian east coast 

Cochlodinium 

Trichodesmium 

Prorocentrum 

Dinophysis 

Pseudo-nitzschia 

 

 

Pseudo-nitzschia 

(Matsuoka et al., 2010) 

(Tang et al., 2006) 

 

(Singh et al., 2014) 

(Hernandez-Farinas et al., 

2013; Singh et al., 2014) 

 

(Ajani et al., 2014) 

Coastal 

marine 

systems 

(semi-

enclosed) 

Gulf of Maine 

Monterey Bay 

 

 

Todos Santos Bay 

Paracas Bay 

Peter the Great Bay 

 

 

Kattegat-Skagerrak 

 

 

 

 

Bohai Sea  

 

 

 

Seto Inland Sea 

 

 

 

Buzzards Bay 

 

 

Florida coast 

Korean coast  

Bay of Fundy 

 

W. Scottish waters 

Alexandrium 

Pseudo-nitzschia 

Cochlodinium 

Akashiwo 

sanguinea 

Pseudo-nitzschia 

Akashiwo 

sanguinea 

Amphidinium 

Ostreopsis 

Prorocentrum 

Dinophysis 

Prymnesium 

Chrysochromulina 

Pseudochattonella 

Karenia 

Ceratium, 

Heterosigma, 

Mesodinium, 

Prorocentrum 

Alexandrium, 

Chattonella 

Heterosigma, 

Eucampia 

Cochlodinium, 

Alexandrium 

Pseudo-nitzschia 

Karenia 

Cochlodinium 

Alexandrium 

Pseudo-nitzschia 

(McGillicuddy et al., 2005) 

(Jessup et al., 2009; Jester et 

al., 2009; Kudela et al., 2008) 

 

(García-Mendoza et al., 2009) 

(Kahru et al., 2004) 

(Selina et al., 2014) 

 

 

(Håkansson, 2002) 

 

 

 

 

(Wu et al., 2013) 

 

 

 

(Itakura et al., 2002; 

Nishikawa et al., 2011; 

Nishikawa et al., 2014; 

Nishikawa et al., 2009) 

 

(Turner et al., 2009) 

 

 

(Brand and Compton, 2007) 

(Lee et al., 2013) 

(Kaczmarska et al., 2007; 

Martin et al., 2009) 

(Fehling et al., 2006) 
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Pseudo-nitzschia 

Coastal 

Marine 

System 

(enclosed) 

Narragansett Bay 

 

 

 

 

 

 

 

Salish Sea 

 

 

Manila Bay  

 

 

Arabian Gulf  

 

 

 

Heterosigma 

Alexandrium 

Cochlodinium 

Fibrocapsa 

Karlodinium 

Pfiesteria 

Prorocentrum 

Pseudo-nitzschia 

Alexandrium 

Dinophysis 

Pseudo-nitzschia 

Pyrodinium 

bahamense var. 

compressum 

Chaetoceros, 

Karenia 

Dinophysis, 

Gymnodinium, 

Gonyaulax, 

Noctiluca, 

Prorocentrum 

Cochlodinium  

(Borkman et al., 2014; 

Borkman et al., 2012; Li and 

Smayda, 2000; Smayda, 

1998; Smayda and Borkman, 

2008; Smayda et al., 2004) 

 

 

 

(Moore et al., 2010; Trainer et 

al., 2007; Trainer et al., 2003; 

Trainer et al., 2013) 

(Azanza and Taylor, 2001) 

 

 

(Al-Azri et al., 2012) 

Coastal 

Brackish 

System 

(enclosed) 

Baltic Sea 

 

 

 

Chesapeake Bay 

 

Black Sea 

 

cyanobacteria 

Alexandrium 

Prymnesium 

Chrysochromulina 

Pseudo-nitzschia  

P. minimum 

Pseudo-nitzschia 

Gymnodinium 

Prorocentrum  

(Suikkanen et al., 2007) 

 

 

 

(Anderson et al., 2010; 

Brownlee et al., 2005; 

Moncheva et al., 2001) 

(Moncheva et al., 2001) 

Fjords  Norwegian coastline 

Gullmar fjord 

Dinophysis 

Dinophysis 

(Naustvoll et al., 2012) 

(Belgrano et al., 1999) 

Coastal 

upwelling 

system 

Washington State  

 

Benguela  

 

Iberian coast 

Pseudo-nitzschia 

 

Alexandrium 

Dinophysis 

Pseudo-nitzschia 

(Trainer et al., 2009; Trainer 

and Suddleson, 2005) 

(Pitcher and Calder, 2000) 

 

(Pérez et al., 2010) 

Shallow 

estuarine 

systems 

Thau Lagoon  

 

Nauset Estuary  

 

Northport Harbor 

Alexandrium 

 

Alexandrium, 

Dinophysis 

Alexandrium 

(Collos et al., 2009; Collos et 

al., 2014) 

(Ralston et al., 2014) 

 

(Hattenrath et al., 2010) 

Freshwater 

systems 

Great Lakes, 

reservoirs, lakes,  

Anabaena, 

Lyngbya 

(Lopez et al., 2008) 
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Lake Taihu 

Aphanizomenon 

Nodularia, Nostoc 

Oscillatoria 

Microcystis 

cyanobacteria 

Microcystis 

 

 

 

(Chen et al., 2003) 

Benthic 

Tropical 

Reef systems, 

Mediterranean Sea, 

St. Thomas, Virgin 

Islands 

Caribbean Sea, West 

Indies 

Ostreopsis, 

Gambierdiscus  

 

 

 

(GEOHAB, 2012) 

(Tester et al., 2010) 

Open 

Ocean  

E1 Plymouth; 

Station Papa 

 

Northeast Atlantic 

Pseudo-nitzschia 

Trichodesmium 

 

Dinophysis 

(Edwards et al., 2013; 

Edwards and Johns, 2006; 

Kraberg et al., 2012; 

Widdicombe et al., 2010) 

(Edwards and Johns, 2006) 

Polar Palmer Site Pseudo-nitzschia (Grigorov et al., 2014) 

 

See also GEOHAB references on HABs in upwelling systems (GEOHAB, 2005), fjords 

and embayments (GEOHAB, 2010), eutrophic systems (GEOHAB, 2006), stratified 

systems (GEOHAB, 2013) and benthic systems (GEOHAB, 2012). 
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Table 2. A suggested list of parameters for routine measurement at HAB Reference 

Observer Sites and Super Observer Sites.  

 

Reference Observer Sites Super Observer Sites 

Single depth sampling in the photic zone Full vertical resolution 

1. Physical parameters (T, S, chlorophyll, 

pH, light field (Secchi) 

1. Physical parameters (T, S, chlorophyll a 

fluorescence, chlorophyll a, CO2, O2, pH, 

light field (Secchi) 

2. Qualitative phytoplankton identification 

and enumeration (microscope) of HAB 

species (whole water bottle samples) 

2. Phytoplankton speciation - whole water, 

total abundance and biomass (e.g., light 

microscopy, Flow-CAM, electron 

microscopy, imaging flow cytometry, in-

situ autonomous sensors, or molecular 

methods including metagenomic analyses 

for HAB and non-HAB species) 

3. Macronutrients (N, P, Si) concentrations 3. Macronutrients concentrations of NO3, 

NH4, urea, P, Si 

4. HAB toxin concentrations or shellfish 

toxicity 

4. Zooplankton biomass and community 

composition (macro and 

microzooplankton) 

 5. Toxin identification and quantification 

(shellfish if appropriate or whole water 

and solid phase adsorption toxin tracking 

bags) 

 6. Bio-optics for ocean color validation 

  

The goal for HAB Reference sites is the routine monitoring of HAB presence, character, 

and intensity in conjunction with time series data on a few or several oceanographic 

parameters. Even sites that can provide a consistent subset of these data will be highly 

valued. These combined long-term datasets should reveal any regional and intraregional 

correlations between environmental parameters and the spatial and temporal distribution 

of HABs.  In contrast, a much more limited number of Super Observer Sites in the global 

HAB monitoring program would be targeted for more extensive measurements that 
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would enable process-style assessments of the mechanisms underlying the patterns of 

change observed. 
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Table 3. Marine HAB species suggested as model organisms for deep study towards 

quantitative genomic capabilities to determine their physiological, genetic and 

molecular architecture regulating their responses to climate change factors. The 

quantitative insight on this subset of organisms would elevate the foundation for 

study of all other HAB organisms. 

  

HAB Types Species Justification 

1. Paralytic Shellfish 

Poisoning 

Alexandrium fundyense 

 

Long subject to field and 

laboratory studies, northern 

expansion is expected 

2. Diatom (Domoic 

Acid Poisoning) 

Pseudo-nitzschia multiseries Wide distribution, toxic, and 

the genome has been mapped, 

quantitative genomic studies 

are underway 

3. Fish Killing  Heterosigma akashiwo 

(toxic Pacific strain) 

 

Historical harmful impact, 

growth-temperature 

relationships known, northern 

expansion is expected 

 Cochlodinium polykrikoides 

(toxic Pacific strain) 

Widespread impacts in Asian 

waters, long subject of field 

and laboratory studies 

 Karenia brevis 

(Atlantic strain) 

Large spatial scale blooms, 

broad field studies, human 

health impacts 

4. Diarrhetic Shellfish 

poisoning 

Dinophysis spp. Limited data makes a species 

selection difficult, but this 

genus serves a useful role as 

both toxic and mixotrophic 

model organism 

5. High biomass Aureococcus anophageffens 

(Long Island, NY) 

Large scale blooms with long 

lasting ecological and aesthetic 

consequences. Already subject 

to increasing genomic study 
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6. Cyanobacteria  Nodularia spumigena 

(Baltic strain) 

Persistent high biomass over 

large salinity ranges, 

stimulated by eutrophication 

7.  Ciguatera fish 

poisoning 

Gambierdiscus spp.   Large species complex with 

highly variable toxicity and 

temperature tolerances 

 

 








