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3.1 Introduction
Global environmental change involves shifts in our climate (e.g. temperature and rainfall), climate 
drivers (e.g. atmospheric pCO2 and cloud cover), and associated environmental changes (e.g. nutrient 
concentrations and salinity). These global environmental change drivers are expected to affect the 
frequency, duration and magnitude of harmful algal blooms (HABs) (Wells et al. 2020). Experimen-
tal approaches can give insights in the responses of HAB species and populations, either in isolated 
experiments of single strains and populations, or within natural communities and ecosystems. Here, 
we discuss general experimental conditions and approaches as a step towards a more standardized 
approach, which may facilitate designing and setting up experiments to unravel the potential effect 
of global environmental change drivers on HABs. Our aim is not to provide an exhaustive overview 
on all experimental approaches in HAB research, but rather to touch on what we think are important 
considerations when performing these kinds of experiments. We hope that our chapter helps in finding 
the appropriate experimental conditions, experimental systems and species’ traits to any given global 
environmental change related question, ranging from fundamental cellular processes to competitive 
interactions and community dynamics. A more unified experimental approach should improve inter-
comparison between studies and, ultimately, to draw more consistent trends that support our predic-
tions on the future of HABs.  

We first provide a short overview of the scales covered by different experimental approaches (3.2), fol-
lowed by a general overview on the isolation of HAB species and general practices regarding culturing 
conditions (3.3). We subsequently describe a number of experimental boundary conditions (3.4), and 
provide an overview of the main global environmental change drivers (3.5). Afterwards, we discuss a 
number of general experimental approaches, as well as the assumptions and applications associated 
with these different methods (3.6). Lastly, we discuss key traits that provide basic insights in the 
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responses of HAB species, populations and communities toward global environmental change drivers 
(3.7).  

3.2 Scaling of experiments
Experiments that manipulate and control the environment of HAB species are used to understand 
their responses to environmental change drivers. These experiments can be performed at a range 
of scales, from small-scale bottle experiments in the laboratory to large-scale mesocosms in the 
field. Different experimental approaches may be preferred at different organizational levels, ranging 
from single to multiple strains at the population level, up to multiple species at the community le-
vel. Experiments thus scale along a gradient generating a high degree of understanding but lacking 
natural complexity on the one side, to a high level of natural complexity, but with a lower degree of 
understanding. For instance, small-scale batch experiments may aid our mechanistic understanding at 
the cellular level by revealing responses of certain species or strains to changes in specific environ-
mental factors. However, they lack the natural complexity and therefore cannot be directly applied to 
make projections of how populations will respond to global environmental change drivers. Conversely, 
large-scale outdoor mesocosms incorporate natural complexity, thereby testing more realistic scena-
rios of global environmental change. Yet, such experiments generally reveal little understanding of the 
underlying mechanisms, due to the large number of interactions and confounding factors.

Combining different experimental scales will support our understanding of the impacts of global 
environmental change on HABs. Obviously, it is unrealistic to cover all scales within one experiment 
and capture a mechanistic understanding of a very complex system. By applying a comparable set of 
experimental conditions and analyzing key traits, an experiment at any scale may be coupled to any 
other experiment at an adjacent scale (from cells to populations to communities to ecosystems, and 
vice versa). Moreover, testing the same set of traits following similar methods allows comparison 
across experiments, laboratories, and habitats, thereby improving integration of results, for instance 
by meta-analytic approaches and modelling. Experiments are an essential source of data for the para-
metrization and calibration of mathematical models forecasting and projecting global environmental 
change effects on HABs and translating mechanistic processes at the cellular level to implications for 
population and community dynamics at the ecosystem level (Chapter 6). In addition, components of 
existing models can be more easily transferred from one HAB species to another, or from one region 
to another, with appropriate parameterization and calibration based on intercomparable experimental 
data. 

3.3 Culture conditions

3.3.1 ISOLATIONS AND ESTABLISHMENT OF STOCK STRAIN CULTURES

Strains of HAB species that have been kept in culture for a long time will adapt to the conditions 
under which they have been maintained and a strong selection towards strains that best survive in 
the laboratory will take place (see Berge et al. 2012, Chapter 4). Therefore, we recommend to work on 
newly acquired cryopreserved strains from culture collections, or freshly isolated strains. New strains 
can generally be isolated using standard procedures for microalgae (senso lato, including cyanobac-
teria; Andersen and Kawachi, 2005). Isolation of cells is usually done using a drawn-out Pasteur glass 
pipette or a microloader pipette tip that does not break as easily as glass pipettes. The best results 
are obtained using sterile filtered water (0.2 µm pore size filter) from the sampling location at tem-
peratures comparable to the in situ temperature at the time of isolation. For this purpose, walk-in 
climate rooms or temperature-controlled incubators are very practical, but not essential. Nutrients 
can be added initially at relatively low concentrations (especially in the case of oligotrophic species), 
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and progressively increase the proportion of the culture media. However, the requirements are very 
species-specific and some newly isolated cells will need rapid transfer into full strength growth me-
dium. Recipes of different culture media can be found in Andersen et al. (2005). Smaller species, such 
as some cyanobacteria, are difficult to select by pipette. In such cases, dilution series of field collected 
water samples can be done, and several automated methods exist such as flow cytometry with cell 
sorting (for details see Andersen, 2005). 

While diatoms and cyanobacteria can be considered “photosynthetic, autotrophic phytoplankton” 
and grown as such, an increasing number of HAB species within the groups of dinoflagellates, hap-
tophytes, chrysophytes, chlorophytes, and raphidophytes are in fact mixotrophs, combining photo-
synthesis and heterotrophy through phagotrophy and/or osmotrophy (Jeong et al. 2010, Mitra et al. 
2016, Stoecker et al. 2017). Some mixotrophs include organisms that have their own chloroplasts, now 
generally referred to as “Constitutive Mixotrophs” (CMs; Mitra et al. 2016). Some of these species can 
easily be grown without prey (facultative mixotrophs), while others (e.g. Karlodinium armiger) are 
dependent on prey for growth using standard nitrate-based media (Berge et al. 2008). Some CMs are 
quite selective in which prey they ingest, while others are quite omnivorous (e.g. Jeong et al. 2010). 
Although most of the CM species can be grown without food in monocultures, they may lose the ability 
to feed in monoculture after some time through acclimation or adaptation (Hansen and Tillmann 2020, 
see also Chapter 4). Other HAB species, like the ciliate Mesodinium rubrum/major complex, and the 
dinoflagellate Dinophysis spp., do not have their own chloroplasts and are currently referred to as 
Non-Constitutive Mixotrophs (NCMs). They are dependent on the supply of chloroplasts from their 
prey for growth, although they have considerable control of the chloroplasts (Hansen et al. 2013, Rus-
terholz et al. 2017). Many of the HAB-NCM species depend on certain prey species; they are specialist 
NCMs. Culturing these species thus also requires isolation and co-culturing of the associated prey 
species, which will have their own optimal growth and culturing conditions as well.  

A particular group of HAB taxa have a predominant benthic phase (e.g. Gambierdiscus spp., Ostreopsis 
spp., Prorocentrum lima). They produce mucilaginous substances by which they attach to surfaces 
such as corals, macroalgae, rocks and sand. In general, they can grow in culture flasks without the 
natural substrate. Many benthic dinoflagellates also seem to be mixotrophic, likely ingesting bacte-
ria or benefiting from organic compounds supplied by the bacterial metabolism. For some research 
purposes it may be necessary to work with axenic cultures (e.g. to elucidate the direct and indirect 
role of bacteria on dinoflagellates growth and toxin production, allelopathy, etc.). However, eliminating 
bacteria from benthic dinoflagellate cultures has proven very difficult or even ineffective (e.g. Tarazo-
na-Janampa et al. 2020).

3.3.2 STOCK CULTURE CONDITIONS 

For laboratory experiments with HAB species (and phytoplankton in general), a number of culturing 
conditions are important to consider for ensuring optimal growth, which usually are the conditions 
used to establish stock cultures. These include the type of growth medium and nutrient concentra-
tions, light intensity and duration of the light:dark (LD) cycle, temperature, provision of sufficient 
inorganic carbon, and the need for mixing. Here, we highlight general aspects regarding the culturing 
of algae and cyanobacteria, and for further details we refer to the excellent overview provided by 
Andersen (2005). 

For marine autotrophic HAB species, the most commonly used growth media are nutrient enriched 
natural seawater F/2 (Guillard 1975, Guillard and Ryther 1962) and K (Keller et al. 1987). For freshwa-
ter and brackish water HAB species (notably cyanobacteria) the typical growth media are WC (Guillard 
and Lorenzen 1972), BG-11 (Allen 1968) and Z8 (Kotai 1972). The freshwater growth media are typical-
ly artificial and prepared using deionized water, enriched with macronutrients, salts, trace elements 
and vitamins, and are usually sterilized by autoclave (>20 mins at 121°C), but can also be filter-steri-
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lized (0.2 µm pore size). The pH often needs to be adjusted, which is done prior to sterilization. When 
the medium is autoclaved, vitamins are added aseptically afterwards (filtered through 0.2 µm pore 
size). When investigating isolates from a specific lake, it is recommended to use water from this lake 
as a base for culture media, with modified nutrient concentrations according to a media recipe, and 
subsequent filter-sterilization.

Marine growth media often use natural seawater enriched with macronutrients, such as nitrate (NO3
-), 

phosphate (PO4
3-) and silicate (for diatoms), trace elements and vitamins using the same sterilization 

procedures as for freshwater media. The culture media composition can also be adjusted to represent 
more natural conditions with often relatively lower nutrient concentrations and adjusted salinities. 
Usually, marine growth medium may be diluted to e.g. K/10 (i.e. 10 times dilution of K medium). 
Moreover, marine growth media may be diluted with sterilized deionized water, whereas salts may 
be added to freshwater growth media to adjust salinities, for instance when growing brackish water 
species. Seawater sourced from the location where HAB species were isolated is ideally used, though 
this is not always feasible (e.g. as may be the case of isolates from culture collections, or from conta-
minated areas).

As an alternative to filtered natural seawater, there are various recipes for artificial seawater. These 
may be used for instance when seawater is not readily available, or when the exact chemical com-
position needs to be controlled. Examples of artificial seawater growth media are ASW (Goldman and 
McCarthy 1978), ESAW (Berges et al. 2001, Harrison et al. 1980), and AQUIL (Morel et al. 1979). In 
addition, YBCII (Chen et al. 1996) has been developed for N2 fixing cyanobacteria and lacks dissolved 
inorganic nitrogen. However, not all HAB species grow well on artificial media. For better success, 
species can be stepwise acclimated, with incremental increases of artificial medium mixed with na-
tural seawater. To test whether the medium is suitable, growth rates achieved with artificial medium 
should be comparable with the growth rates obtained when grown in enriched natural seawater me-
dia, and species should show similar morphological and functional characteristics.

Light conditions that typically are used in culture experiments aim to represent the saturating part of 
the light response curves, and generally range from 50 to 250 µmol photons m-2 s-1 (Brandenburg et al.  
2018a, 2019b). However, it is advisable to start with lower light intensities, with subsequent step wise 
acclimatization to higher light levels if required to reach light saturation. The LD cycle that is selected 
will depend on the latitude and growing season of the HAB species used for the experiment, generally 
being 12:12 for species isolated in tropical waters and 16:8 or 14:10 for species isolated in tempe-
rate latitudes. Similar to the LD cycles, the temperature used will strongly depend on the latitude of 
isolation, and may be in the range of 20-28°C for species isolated in the tropics, and 15-25°C for spe-
cies isolated in temperate regions (Brandenburg et al. 2018a, 2019b). Lastly, aeration is sometimes 
applied to allow both mixing and a continuous supply of CO2. Yet, various HAB species, particularly 
dinoflagellates, are known to be fragile to small-scale turbulence (e.g. Berdalet et al. 2007), and po-
tential adverse effects of aeration should be tested by microscopy for morphological aberration, and 
by comparing overall growth rates. When aeration is not an option, experiments are ideally kept dilute 
to prevent a drift in carbonate chemistry toward lower CO2 concentrations and higher pH values (for 
further discussion see section 3.6.2). For heterotrophic and some mixotrophic HAB species, culture 
medium should include a prey source, such as bacteria, phytoplankton, and/or other protists (Mitra et 
al. 2016, see also section 3.3.1).

3.4 Experimental conditions

3.4.1 EXPERIMENTAL CONDITIONS AND ACCLIMATIZATION

Before starting an experiment, one has to determine the experimental conditions, which is not trivial. 
Using the experimental conditions resembling the location from which the cells were isolated may 
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 allow better extrapolation to the local field conditions, yet it complicates comparison across studies 
and may add confounding factors. Conversely, while growing HAB species from different locations 
under the same conditions may allow direct comparison among studies, such an experimental design 
would test for adaptation (i.e., strain variability), and responses would depend on the differences 
between experimental and local conditions. Both ways of choosing experimental conditions have their 
advantages and pitfalls, which are important to consider prior to setting up experiments and, impor-
tantly, when interpreting the experimental results. 

Once the experimental conditions have been established, cells need to be acclimated to these condi-
tions. Acclimatization reduces potential carryover effects from stock culturing conditions, which may 
differ between laboratories, and acclimation of cells thus allow better comparison across studies. 
Moreover, species or strains may differ in their ability to adjust their physiology to new conditions. The 
periods for acclimatization vary (see also Andersen 2005), but we recommend at least ten generations, 
as this allows a near complete replacement (>99%) of the population by cells grown under the experi-
mental conditions. Please note that when allowing much longer acclimatization periods, i.e. beyond 50, 
it is important to consider the potential for genetic adaptation (see Chapter 4), which will be species 
dependent and differ between environmental and climate change drivers (Collins et al. 2020, Reusch 
and Boyd 2013).

3.4.2 CHOOSING CLIMATE AND ENVIRONMENTAL DRIVERS

Experiments addressing the impacts of global environmental change drivers and HABs should ob-
viously target key climate change drivers, such as elevated CO2 levels, as well as the shifts in climate 
by itself, such as warmer temperatures. Moreover, they can target indirect environmental changes as 
a consequence of shifts in the climate and its drivers, including, but not limited to, increased upper 
mixed layer stratification, and increases and decreases in pH, salinity, nutrient availability, and expo-
sure to PAR and UV radiation (e.g. by shifts in stratification or cloud cover; Boyce et al. 2010, Hutchins 
and Fu 2017, Moore et al. 2018). To accommodate the increasing complexity of changing conditions, 
experiments can be scaled from single factor manipulations in single strain batch cultures, to multiple 
drivers on natural communities in microcosm or mesocosm experiments. These extremes represent 
a gradient between a reductionist approach, providing information on mechanisms and processes of 
climate change responses, and a holistic approach targeting the broad impacts of multi-driver sce-
narios in natural communities (Boyd et al. 2018, Wells 2019). Generally, the projections of the IPCC 
assessment reports (IPCC 2014 or newer versions) should be considered when testing for impacts of 
projected environmental and climatic changes. We note that changes do not occur instantaneously, 
and the response of a species to the expected change might involve long-term evolutionary processes, 
which may or may not differ from observed plasticity responses (Boyd et al. 2018, Collins et al. 2020, 
see also Chapter 4).

Responses of HAB species to global environmental change drivers should ideally be tested using 
environmental gradients. These gradients are most informative when they fall within the range of the 
observed variability in the natural habitat of the respective species, but also within the range of future 
projections for these variables in the region of origin of the tested HAB species. Gradients may also 
extend to more extreme conditions as this may be required to establish the shape of the response 
curve. Gradients are tested using so-called response curves, which theoretically follow a typical shape 
based on fundamental physiological or metabolic principles affected by the investigated driver (Fig. 
3.1). Between and within species, the response curves may shift in slope and location of the optima, 
reflecting specific differences in plasticity, and the potential for adaptation (Fig. 3.1, Brandenburg 
et al. 2018, Litchman et al. 2007). Testing response curves is essential to determine optimal growth 
conditions for a given species and its maximum (or minimum) tolerable limits. Furthermore, response 
curves provide fundamental insights in the sensitivity of species’ response variable to any climate 
driver. For example, at certain ranges growth or toxin content may strongly increase, while at other 
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ranges, these traits may not change or even decline (Fig. 3.1). Revealing the tolerable limits and the 
fundamental responses along environmental gradients will help understanding the potential effects of 
natural variability and global environmental change drivers.

Natural variation in temperature and salinity affects HAB species’ growth and physiology, with growth 
responses to temperature gradients often following a unimodal, left-skewed function (thermal reac-
tion norm, Fig. 3.1.A), and response curves to salinity gradients often following a bell-shaped curve 
(Fig. 3.1.C). For each response curve, its shape determines how strongly a species or strain is affected 
by a relative change in the environmental driver (see also section 3.5). Natural variations in nutrient 
concentrations can affect a number of species traits (see also section 3.7), including the toxicity of 
HABs, and change in growth rates and carrying capacities (i.e. potential bloom magnitude). Growth 
response curves to nutrient concentrations, as well as nutrient uptake kinetics, reflect a saturation 
function from nutrient limitation to saturation (Fig. 3.1.B). Growth response curves to nutrient gra-
dients are not only used to assess optimal growth conditions, but are also important to evaluate the 
competitive ability of a species (for details see section 3.6.2.2). The assessment of response curves by 
single-driver experiments is also an important prerequisite for the design of multiple-driver experi-
ments by identifying environmental parameters with a strong and potentially superior influence on the 
overall performance of a species (for details see section 3.5.5, Boyd et al. 2018, Brennan and Collins 
2015).

Fig. 3.1. Response curves along gradients of A) temperature, B) nutrient concentrations and C) salinity, where the different 
lines for the same species represent intraspecific variation of the response. 

3.5 Global environmental change related drivers

3.5.1 CARBONATE CHEMISTRY

Increasing CO2 emissions have led to enhanced atmospheric pCO2, from 280 µatm before the industrial 
revolution to approximately 410 µatm in 2018 (IPCC 2014, Tans and Keeling 2021). Atmospheric pCO2 
is expected to reach >500 µatm by the end of the century (Rogelj et al. 2016). Roughly 30% of the an-
thropogenically emitted CO2 is absorbed by the oceans (Gruber et al. 2019), which leads to substantial 
changes in the marine carbonate chemistry, most notably a rapid decline in seawater pH (i.e. Ocean 
Acidification, OA). In more productive coastal and freshwater systems, the impact of elevated atmos-
pheric CO2 levels on the dissolved CO2 concentrations remains elusive, as this will depend on nume-
rous factors, such as trophic state, organic carbon loads from the catchment, and microorganisms' 
respiration in the water (e.g. see Hasler et al. 2016, Sobek et al. 2005). 

For testing the effects of changes in dissolved CO2 concentrations on HABs, earlier guidelines have 
suggested the use of fixed carbonate chemistry treatment values based on future atmospheric pCO2 

projections for 2100 ranging between 430 and 1,000 µatm (Barry et al. 2011). However, adopting these 
atmospheric target levels neglects the high variability of carbonate chemistry in the water compared 
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to the atmosphere. For example, HABs often form in highly productive waters where photosynthetic 
and respiratory processes can drive dissolved pCO2 far out of the range found in the atmosphere from 
supersaturating to limiting conditions (Hansen 2002, Verspagen et al. 2014). Given the potential for 
CO2 limitation, and also because responses are often non-linear, we recommend that the impact of 
shifts in pCO2 is examined by exposing a HAB species of interest to a gradient of CO2 concentrations, 
ranging from limiting concentrations (e.g. <100 µatm) to a number of projected future concentrations, 
and possibly beyond, in standard growth experiments (see also section 3.4.2.).

Manipulations of CO2 levels can be achieved in various ways and there are pros and cons to each 
approach (for details see Gattuso et al. 2011). The most intuitive approach is to aerate the growth 
medium with premixed gases that contain the target pCO2 levels. Such an air-CO2 mixture can be ob-
tained commercially or by mixing pressurized air with CO2. When experiments are aerated, the water 
is directly enriched during growth of the investigated HAB species but this bears the risk that cells get 
damaged by the bubble stream and may cause profound experimental artefacts (Rost et al. 2008, Van 
de Waal et al. 2014a). Alternatively, pCO2 can be adjusted with the additions of dissolved sodium car-
bonate (or sodium bicarbonate) solutions in combination with acid or base (Gattuso et al. 2011). Ma-
nipulations restricted to the time before inoculation have the disadvantage that carbonate chemistry 
conditions may change profoundly (and even unrealistically) during growth and photosynthetic CO2 
acquisition of the HAB species, which could constitute another type of experimental artefact. A third, 
less common, approach is to aerate a small amount of seawater with pure CO2 gas and then use small 
amounts of this highly CO2-oversaturated water to establish the treatments (Riebesell et al. 2013). 
Especially for dinoflagellates, which are often sensitive to aeration-induced mixing, this approach is a 
good alternative for maintaining stable pH conditions during experiments.

Ocean acidification experiments require close control of the carbonate chemistry conditions in expe-
rimental systems. This can be achieved in closed systems with no or only a small headspace volume 
and an airtight seal to minimize changes in carbonate chemistry through air-sea CO2 exchange. Fur-
thermore, carbonate chemistry can change substantially during biomass build-up due to CO2 fixation, 
which may be prevented by running dilute batch approaches (see also section 3.6.2.1). Alternatively, 
when interested in the impacts on population biomass and system carrying capacity, carbonate 
chemistry can be allowed to drift towards low (and even limiting) CO2 concentrations (e.g. Berge et 
al. 2010, Hansen et al. 2007). Manipulation of CO2 concentrations  in water by aeration with different 
levels of pCO2 will lead to changes in not only CO2, but also pH, total DIC, as well as inorganic carbon 
speciation in the water. Thus, studies in which the pCO2 has been manipulated without correcting for 
changes in pH and DIC cannot differentiate the effects of changes in CO2 concentrations from the direct 
pH effects, nor changes in DIC. Many, if not all marine phytoplankton, as well as many freshwater 
species, can utilize bicarbonate (HCO3

-); in fact, they are often predominantly HCO3
- users (e.g. Eberlein 

et al. 2014, Ji et al. 2020, Price et al. 2008, Rost et al. 2006, Trimborn et al. 2008). Thus, increases in 
HCO3

- concentrations, for example through an increase in pH or DIC, may enhance inorganic carbon 
acquisition. Changes in pH may also directly affect growth of phytoplankton, where an increase or a 
decrease in pH can even become growth limiting (Berge et al. 2010, Hansen et al. 2007). Studies of two 
harmful dinoflagellates (Amphidinium carterae and Heterocapsa oceanica) have demonstrated that a 
reduction in external pH from 8 to 7 was associated with a lowering of intracellular pH, and may have 
been the cause of a decreased growth rate (Dason and Colman 2004, Giraldez‐Ruiz et al. 1997, see also 
Kallas and Castenholz 1982). Thus, carbonate chemistry should be monitored in order to account for 
the sensitivities of the carbonate system and exposed species. 

Carbonate chemistry conditions in water can be assessed by measuring two different parameters 
of the carbonate system and calculating the other parameters with open access software such as 
CO2SYS (Pierrot et al. 2006) or seacarb (Gattuso et al. 2020). Measurable carbonate chemistry para-
meters are pH, total alkalinity, dissolved inorganic carbon (DIC = CO2 + HCO3

- + CO3
2-), pCO2, and CO3

2- 
concentration. The analytical methods to determine these parameters differ widely and each method 

Guidelines for the study of climate change effects on HAB - Chapter 342



has distinct advantages and disadvantages. Open access “Best practices guides” are available to help 
scientists entering this research field with setting up and using the best analytical techniques  (Dick-
son et al. 2007), and designing meaningful ocean acidification experiments (Riebesell et al. 2011). We 
highly recommend making use of these guides to navigate around the numerous pitfalls associated 
with the diverse range of carbonate chemistry analyses and manipulations. 

3.5.2. TEMPERATURE

Mean global air temperatures will continue to rise over the 21st century if CO2 emissions are not 
reduced. In current scenarios, the projected temperature increase at the sea surface for the next 
century is 1 to 10°C, depending on the region. The most dramatic increases in sea surface tempera-
tures are expected for high latitudes (Hutchins and Fu 2017, IPCC 2014). Temperature manipulations 
can be achieved by incubating experimental units (cultured isolates, experimental communities) in 
temperature-controlled incubators, water baths, and incubation chambers. It is important to consider 
that temperature responses are unimodal (Fig 3.1.A), and experiments with temperature are ideally 
performed with multiple (≥3) temperature treatments to include the full reaction norm (see also sec-
tion 3.4.2). Another way to account for this is to expose cultures to a gradient of temperatures, e.g. in 
a temperature gradient bar (or a temperature table; Hinners et al. 2017, Watras et al. 1982). These are 
typically metal devices cooling on one end of the table/bar and heating on the other end. Such devi-
ces, allowing the simultaneous testing of multiple temperatures, are particularly suited to generate 
temperature response curves (i.e. reaction norms) of response variables, which describe temperature 
adaptations of an organism and respective trait responses.

3.5.3 SALINITY

Climate change will cause shifts in salinities of marine and freshwater systems. In some regions of the 
world, sea surface salinities will rise due to enhanced evaporation, while in other regions, particularly 
cold-temperate and arctic waters, more precipitation, river runoff and melting ice will cause freshe-
ning of coastal waters (Durack et al. 2012) where HABs predominantly occur. Determining salinity 
reaction norms will provide information on the capacity of species to deal with shifts in salinity condi-
tions. Marine species with narrow salinity range preferences are expected to be affected to a greater 
degree than coastal and estuarine species that often have wide tolerance spans to salinity. The aim of 
salinity experiments can be to determine the range of salinities supporting growth and maintenance. 
For this purpose, cultures may be grown at different salinities, starting from prevailing salinities, then 
doing successive stepwise transfers into lower and higher salinities, after acclimatization periods of 
several generations at each new condition (e.g. Suikkanen et al. 2013).

Similar to temperature, salinity responses are unimodal (Fig. 3.1.C), and responses to salinity should 
be tested across a gradient of salinities in order to determine the full reaction norm. A salinity gradi-
ent can be created by diluting artificial seawater using deionized water. Dilution of natural seawater 
may risk reducing concentrations of distinct chemical compounds to which species might be adapted. 
This, in turn, may compromise the interpretation of such experiments as actual salinity responses 
might be affected by micro-nutrient concentration and composition. Note that prior to using artificial 
seawater, some acclimatization and testing is required (see also section 3.3). In freshwater salinity 
experiments, salinity should be increased with a representative combination of minerals. Otherwise, 
sodium chloride can be added to achieve a salinity gradient, with stepwise acclimatization to the in-
creasing salinities (Tonk et al. 2007). When using water from natural freshwater environments, it is 
important to consider hardness and conductivity of the water as determined by presence and relative 
concentration of minerals and salts. When designing culture experiments, e.g. with toxic cyanobacte-
ria, these conditions need to be examined prior to experiments, as they can substantially affect growth 
and toxin production (Carneiro et al. 2013).
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3.5.4 NUTRIENTS

Climate change will also affect the availability of nutrients in open oceans, coastal areas and inland 
waters. Surface ocean warming leads to enhanced stratification, which can limit inorganic nutrient 
supply (from upwelling mechanisms) and affect its chemical speciation in coastal and open ocean 
regions. In contrast, human activities such as discharge of organic and inorganic nutrient-rich water 
from agriculture and sewage can lead to eutrophication of coastal zones and inland waters (Berman 
and Bronk 2003, Heisler et al. 2008, Smith et al. 1999) and alter nutrient ratios (N:P). N and/or P often 
limit phytoplankton growth in most coastal regions while large parts of the open ocean, and some 
coastal regions, can be limited by iron (e.g. the Southern Ocean or North Pacific, Moore et al. 2013; the 
Californian upwelling regions, Hutchins and Bruland 1998). Changes in the supply of nutrient concen-
trations and forms can strongly impact HAB development. 

With phytoplankton growth, nutrient levels decrease and may shift from non-limiting, to limiting and 
ultimately causing starvation (see also Figs. 3.1.B and 3.4.A). Thus, it is difficult to control nutrients 
as a treatment, particularly in batch experiments (for further details see section 3.6.2.). This is due to 
the nature of the growth response to nutrient concentrations, which reflects a saturating function (as 
shown in Fig. 3.1.B). Such a saturation function is characterized by the maximum uptake or growth 
rate (Vmax or µmax), the half saturation constant (K1/2), and the uptake or growth affinity (Van de Waal 
and Litchman 2020, see also section 3.7.3). 

When assessing the effect of nutrient limitation, other factors should be kept under optimal conditions. 
Also, when testing nutrient limitation, high biomass build-up should be prevented (e.g. by providing 
the limiting nutrient at sufficiently low concentrations), as that may lead to marked shifts in pH, CO2, 
DIC, and light. When using batch cultures, sampling at least during the mid-exponential, late expo-
nential and early stationary phase is recommended in order to allow the assessment of responses at 
different growth phases from non-limiting (µ = max) and limitation (0 < µ < max), to starvation (µ = 0). 
Nutrient concentrations at the time of sampling should be reported. 

We note that many HAB species, particularly dinoflagellates, are able to utilize organic nutrient 
sources (e.g. Berg et al. 1997, Collos et al. 2014, Hattenrath‐Lehmann and Gobler 2015. see also 
section 3.3). This will allow them to persist even when they have low growth rates and affinities for 
inorganic nutrients, provided that the cultures are not axenic (which is often the case). 

3.5.5 MULTIPLE DRIVERS

Global environmental change in marine and freshwater environments involves a combination of 
changes, including elevated pCO2 and temperatures, as well as shifts in light availability, UV irra-
diance, and nutrient concentrations (Doney et al. 2012, IPCC 2014). Although an increasing number 
of HAB studies combine different global environmental change drivers, for instance elevated pCO2 or 
warming combined with nutrient limitation (Eberlein et al. 2016, Fu et al. 2008, Sun et al. 2011), our 
understanding of these putative interactive effects is still at its infancy (Van de Waal and Litchman 
2020). We therefore encourage future experiments testing for multiple factors, from cells to communi-
ties, in order to better approach the intricate complexity of climate change impacts on HABs (Boyd et 
al. 2018, Wells et al. 2015).

Scaling up experiments from single to multiple drivers can become impractical, however, as adding 
more levels of each driver causes the number of experimental treatments to grow exponentially (Fig. 
3.2.A). When investigating three or more drivers (or single strains compared to populations or com-
munities), it might be considered to move from a mechanistic gradient approach (response curves) to 
a scenario-based approach (e.g. IPCC scenarios), or to combine both approaches to reduce the number 
of treatments (Fig. 3.3.B; Boyd et al. 2018). This, though, requires careful prior consideration regarding 
the choice of drivers and their combinations (see Boyd et al. 2018 for further details).
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Experiments that investigate the interactions of multiple drivers can be designed as full-factorial, 
reduced or collapsed designs, or as hybrids (Fig. 3.3). A full-factorial design, i.e. the investigation of 
several levels of each driver and all their combinations to construct response curves, generally has a 
practical limit of three variables (Boyd et al. 2018). A reduction in the number of interactions (“reduced 
design”; Figs. 3.3.A,B) can be achieved by testing the effects of each driver independently and the 
combined interactive effects of all drivers together, by excluding lower order interactions (Fig. 3.3.A) 
and two-way interactions (Fig. 3.3.B; see also Gunst and Mason (2009) for further details). Another 
alternative is the “collapsed design”, where gradients of the effect of a main driver of interest, or a 
driver with a superior effect, are tested against all other drivers of interest that are “collapsed” into a 
second combined driver (Fig. 3.3.C). The “collapsed design” thus creates a matrix similar to the two-
way full-factorial design, but with several variables of interest.

3.6 Experimental methods

3.6.1 LARGE SCALE EXPERIMENTAL SYSTEMS – MESOCOSMS

Mesocosms are artificial enclosures of (semi-)natural ecosystems which can be used to study HAB 
responses to climate change variables. There is little consistency in the literature at what point a 
“microcosm” becomes a “mesocosm”. In general, mesocosms vary considerably in size, from less than 

Fig 3.3.: Examples of experimental designs to investigate the interactions of multiple drivers. A) Example of a reduced design 
with two drivers (gradients) and the exclusion of lower-order interactions, B) example of a reduced design with three drivers 
(gradients) and the exclusion of lower-order and two-way interactions, C) example of a collapsed design with a single driver 
gradient tested against two levels of multiple drivers collapsed into one treatment. Modified after Boyd et al. (2018).
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Fig. 3.2. A) Number of possible treatment combinations arising from the incorporation of multiple drivers in an experimental 
design with a gradient of 5 levels per driver. B) Example of a scenario-based experimental design that includes two main 
drivers (Driver 1 and 2), and three further collapsed drivers (Driver 3 - 5).
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0.1 m3 to over 1,000 m3, and have been developed for both indoor and outdoor experiments (Stewart et 
al. 2013). Indoor mesocosms have the advantage of controlling climatic conditions such as irradiance, 
wind and rainfall, while outdoor experiments have the benefit of testing impacts of global environmen-
tal change drivers under natural climatic variability. The timing of operating mesocosms for HAB re-
search should align with the natural occurrence of the respective HAB species of interest. Land-based 
mesocosms (both outdoor and indoor) ideally use natural water with associated plankton communi-
ties. Communities used to seed experiments are often sieved (e.g. <200 µm) to exclude larger-sized 
plankton, as well as vertebrates, such as amphibians and fish. While this procedure is common in me-
socosm experimentation, it affects the composition of the food web and trophic cascades, and there-
fore it is arguably the degree of realism of the experiment. Indeed, we emphasize that confinement of 
communities, even in large mesocosms, will lead to artifacts (indicated below) that must be conside-
red for the interpretation of the data (Bach and Taucher 2019, Carpenter 1996, Sarnelle 1997).

Mesocosms come closest to capturing the complexity of natural ecosystems, while maintaining some 
form of control on the applied experimental conditions and treatments (Schindler 1998, Stewart et al. 
2013, Stibor et al. 2019). They have the advantage that a water mass containing natural communities 
can be monitored over a relatively long period of time without the problem of horizontal advection. 
This allows the investigator to observe species succession patterns, which helps to understand the 
emergence of HABs. Furthermore, mesocosms enable abiotic or biotic manipulations that may not be 
allowed in natural environments (e.g. enrichment by nutrients). Although mesocosms have been ap-
plied to HAB research (Brussaard et al. 2005, Kana et al. 2004), and are increasingly applied to climate 
change studies (Stewart et al. 2013), the number of experiments using mesocosms to test responses 
of HABs to climate change are limited (Hansson et al. 2013, Riebesell et al. 2018, Wohlrab et al. 2020). 

Through their usually large size, the operation of mesocosms also comes with a number of challen-
ges, including limitations on the number of systems for different treatments and sufficient replication, 
personnel and infrastructural demands, and experimental treatment control. Clearly, having more 
experimental units is desirable as it avoids choices regarding the number of treatments and/or repli-
cates. When only a limited number of systems is available, experiments can be performed with suffi-
cient replicates, but with a limited set of treatments, or, vice versa, along a treatment gradient lacking 
replication. Natural communities enclosed in mesocosms involve many species and trophic levels that 
can range from viruses and bacteria to heterotrophic protists, zooplankton, and in some cases fish 
and/or amphibians, in addition to the phytoplankton and HAB species’ communities. To account for 
this complexity, it is advisable that all trophic levels and presumed key organisms are quantified in the 
sampling and analysis program, as well as the assessment of dissolved and particulate nutrients, and 
measurements of the distinct treatment parameters. In the case of time and budgetary limits to such 
a more exhaustive sampling program, it may be advisable to involve colleagues with complementary 
expertise, as this may greatly improve our understanding of the system and its response to global 
environmental change drivers.

Important methodological pitfalls to avoid in mesocosm experimentation include (1) biofouling, (2) ac-
cumulation of sinking materials, and (3) impacts of excessive sampling. Biofouling on the walls of me-
socosms can lead to considerable nutrient consumption and to pronounced changes in the mesocosm 
light environment and should therefore be kept at a minimum. Wall growth can be reduced, either by 
regular physical removal to prevent development of epiphytes (Riebesell et al. 2013, Verschoor et al. 
2003), or by the inclusion of polypropylene strips that can be used to assess and account for epiphyton 
densities (Kazanjian et al. 2018, Roberts et al. 2003). Dealing with biofouling is not trivial and should 
be considered early in the process of developing the experimental design as it is central for the data 
quality. Accumulation of sinking organic matter at the bottom of the mesocosms can create anoxic 
microhabitats when the material degrades. It is therefore advisable to remove this material before 
accumulation becomes significant. This can be done by collecting sinking material in conical sediment 
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traps at the bottom, with the additional advantage that this material can be used for investigations of 
organic export out of the euphotic zone (Boxhammer et al. 2016). Excessive sampling of certain com-
ponents of the food web (e.g. copepods) can lead to selective removal of organisms and alter trophic 
cascades. This problem can be accounted for by approximating the growth rate of the sampled orga-
nisms and adjusting the sampling volume and frequency to reduce the sampling impact. Additionally, 
it is advisable to employ non-invasive sampling tools as much as possible to avoid this effect (e.g. use 
underwater cameras instead of plankton nets to quantify organisms). 

3.6.2 SMALL-SCALE EXPERIMENTAL CULTURING – BATCH AND CONTINUOUS MODE

Small-scale culturing experiments can capture the responses of strains of single species, as well as 
pre-defined populations and communities. These systems may address intraspecific and interspecific 
interactions, as well as controlled grazing and parasitism. To maintain control, small-scale systems 
typically lack the more complex multi-interaction network of natural food-webs. Controlled small-
scale culturing studies can provide mechanistic understanding of responses of specific cellular pro-
cesses toward environmental variables, while experiments with multiple strains, both separate and 
together, can reveal how general these responses are for species and populations. Testing multiple 
phytoplankton species, including co-occurring non-HAB species, and/or effects of single grazer and 
parasite control informs about the impacts of global environmental change drivers on community and 
trophic interactions, as well as their feedback on HAB species. The strength of such small-scale cultu-
ring experiments is particularly exploited when kept simple, and allows testing many variables and 
strains, with targeted combinations of species and/or higher trophic levels. Importantly, small-scale 
culturing experiments can easily include a control treatment and sufficient replicates to gain insights 
in the statistical variation and thus the significance of the findings. In the following sections, we focus 
on experiments testing phytoplankton. We refer to Chapter 6 for further details on trophic interactions.

3.6.2.1 BATCH CULTURING

With batch culturing, cells are grown without any ongoing dilution and it represents the most basic 
type of experimental system. Batch experiments can be performed in volumes as small as a micro- 
well plate to, technically, any large size. The choice of the experimental volume mainly depends on  
the number of desired treatments and replicates, as well as the amount of biomass required for mea-
suring the various parameters that characterize the functional traits (see also section 3.7). Important-
ly, any form of biomass should be monitored through time to establish a growth curve, and assess the 
duration of exponential growth and timing of the stationary phase. It is recommended to include both 
biovolume and cell counts as biomass indicators, since cell sizes may change with treatments and 
along the growth phases, and it is especially relevant for diatoms like Pseudo-nitzschia (e.g. Montre-
sor et al. 2016). We also note that chlorophyll-a and carbon can also be sensitive to experimental 
treatments, and that inferences based on these biomass indicators should be carefully considered. 

When provided with saturating light conditions and non-limiting nutrients, at the optimal tempera-
ture and salinity, the exponential phase will closely represent the maximum growth rate. Allowing 
cultures to shift from exponential growth to non-exponential growth, and ultimately reach the statio-
nary phase, implies a limitation. Ideally, any limitation is imposed as a treatment, for example with 
reduced nutrients in the culture medium. Under these conditions, cultures will reach limitation at the 
end of the exponential phase, and starvation during the stationary phase where nutrients are depleted 
and growth becomes zero (Fig. 3.4.A). Thus, conditions in traditional batch experiments are not stable, 
and vary with biomass build-up. To minimize these changes, systems can also be run as ‘dilute bat-
ch’, where cultures are harvested at the early exponential phase (Fig. 3.4.B). Under these conditions, 
shifts in nutrients (or any other resource) can be controlled within any pre-set limits (e.g. allowing 
<5% changes in a certain resource). In addition, harvesting cells in the early exponential phase mini-
mizes the risks of light stress due to increased shading, thus avoiding unintended “multi-stressor 
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experiments”. For a dilute batch approach, sufficient acclimatization is a prerequisite, as the impact of 
any lag phase can have a considerable effect on estimated growth rates and estimates on physiologi-
cal responses.

From the various global environmental change drivers, testing the impacts of light, nutrients, salinity 
and temperature are relatively straightforward. For example, effects of nutrients and salinity can be 
tested by adjusting the culture medium to the appropriate treatment levels, while for temperature the 
experiments are performed in temperature-controlled climate rooms, incubators, and water baths, or 
using cooling jackets or a cooling finger. As indicated earlier (in section 3.4.2), effects of these treat-
ments are non-linear and thus temperature gradients should be tested in order to establish reaction 
norms and allow for trend analysis, especially for salinity, temperature and pCO2, as responses to 
these drivers have been shown to be non-linear. For nutrients, growth responses are also non-linear, 
following Monod-type saturation curves (Monod 1950, 1949, see also section 3.4.2). For batch experi-
ments, it is recommended to carefully estimate biomass over the duration of the experiment to assess 
the timing of growth phases, allowing sampling for trait analysis at least once for each growth phase. 
Because the carbonate chemistry is highly sensitive to biomass build-up, the impact of CO2 on growth 
is ideally tested in a dilute batch approach, or semi-continuous cultures with regular manual replace-
ment of culture with fresh growth medium. Experiments running into the stationary phase may allow 
testing the impact of any driver on the carrying capacity (e.g. de Senerpont Domis et al. 2014, Riebe-
sell and Tortell 2011).

An alternative to dilute batch cultures are exponential fed batch cultures (Fischer et al. 2014) in which 
fresh growth media is continuously added proportionally to the culture volume. Consequently, the 
culture volume and supply rate of the growth medium increase exponentially. Under such experimen-
tal conditions, exponential growth can be maintained over prolonged periods of time (Fischer et al. 
2014).

3.6.2.2 CONTINUOUS CULTURING

Continuous cultures involve the ongoing dilution of an experimental system with growth medium. This 
can either occur in a turbidostat mode with a variable pumping rate to target a predefined biomass, or 

Fig. 3.4. Schematic overview of 
population density (orange solid lines) 
and resource availability (yellow 
dashed lines) dynamics in different 
experimental systems with (A) Batch, 
(B) Dilute batch, (C) Continuous with 
controlled biomass (i.e. turbidostat), 
and (D) Continuous with controlled 
 dilution rate (i.e. chemostat). Grey 
areas in (A) denote distinct culture 
phases (assuming negligible lag-
phase) with exponential, limited and 
starved, in (B) only exponential, in 
(C) exponential or limited, and in (D) 
limited. 
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in a chemostat mode with a fixed pumping rate to target a predefined net population growth rate. As 
such, continuous cultures have the great advantage of achieving near maximum growth (turbidostat) 
or nutrient limited growth (chemostat) for sustained periods of time and under well-defined conditions 
(Figs. 3.4.C-D). In the continuous mode, a fresh medium with nutrients is pumped in, while a spent 
 medium with algal biomass is pumped out. Consequently, cultures experience the dilution as a ‘mor-
tality’ factor, preventing full nutrient depletion, and allowing sustained growth where the extent of 
limitation can be controlled (e.g. see also Tilman 1982).

Continuous cultures are ideally used for testing impacts of global environmental change drivers on 
HAB-related traits that are closely linked to growth rate (e.g. toxin synthesis). At steady state growth 
conditions, net growth rates (determined by the nutrient inflow) are the same across treatments, and 
thus allow testing of the direct effect of any global environmental change driver on toxin quota (e.g. 
for pCO2: Eberlein et al. 2016, Sun et al. 2011, Van de Waal et al. 2009). Moreover, they allow testing 
of the impacts of combined environmental drivers, for instance exposing nutrient limited chemostats 
to a gradient of pCO2 or temperature. Moreover, continuous cultures can be used to test synergistic 
and antagonistic interactions between HAB species, as well as between HAB and non-HAB species, 
and they have applied for studies on resource competition (Passarge et al. 2006, Tilman 1982, Van 
de Waal et al. 2011), evolution (Novick and Szilard 1950, Rosenzweig et al. 1994, see Chapter 4), and 
natural community dynamics (Harrison and Davis 1979, Hutchins et al. 2003, Sommer 1985). Note 
that classical continuous culture devices cannot be used for benthic HABs, because these microalgae 
attach strongly to the surfaces. Thus, most studies on benthic HABs are confined to using batch and 
semi-continuous systems. Continuous flow chambers designed for coral studies (e.g. Yates and Halley 
2003) might be suitable for studying benthic HABs as well, though that remains to be tested.

3.7 Traits
Trait-based approaches are increasingly used to study the effects of changing environmental condi-
tions on phytoplankton community composition and functioning (e.g. Kruk et al. 2017, Litchman and 
Klausmeier 2008, Weithoff and Beisner 2019). Knowledge of trait changes are key to the understan-
ding of climate change effects on phytoplankton (Roselli and Litchman 2017, Van de Waal and Litch-
man 2020). Focusing the experimental design on measuring key traits in HAB experiments will greatly 
facilitate cross study comparisons, and furthermore support scaling from cellular functional traits to 
population and community dynamics.

Functional traits are properties of an organism that describe its life history, behavior, physiology and 
morphology and thereby define ecological functions such as reproduction, resource acquisition or 
defense against predation (Table 3.1, Litchman and Klausmeier 2008, McGill et al. 2006, Weithoff and 
Beisner 2019). Traits determine the success of species in communities under specific environmental 
conditions. Trait changes along gradients of environmental drivers not only describe the response of 
phytoplankton species, but can also identify functional consequences, and thereby allow the coupling 
of different organizational levels and experimental scales (Duan et al. 2021). Moreover, experimentally 
derived trait data, specifically of trait changes, can be used for the parameterization of mathematical 
models (see also Chapter 6). 

Changes of traits along relevant gradients of the major global environmental change drivers yield 
reaction norms that describe the phenotypic plasticity of any trait of interest (for details see section 
3.4.2; see also Chapter 4), defining plastic ranges of the examined isolate, and at the same time may 
indicate the potential for selection and adaptation under changing environmental conditions (Collins et 
al. 2020, 2014). Although measuring changes in traits across gradients of environmental drivers is la-
borious and time consuming, this approach will be important for defining the reaction norms needed to 
assess and model the impacts of global environmental change drivers on HABs (see also Chapter 6).
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Type Trait Examples

Morphological Cell volume/size  

  Growth form Colonial

    Filamentous

Physiological Light acquisition Pigment type

    Accessory pigments

  Carbon acquisition Carbon Concentrating Mechanisms

    Photosynthesis

  Nutrient acquisition Nutrient uptake kinetics

    Nitrogen fixation

    Mixotrophy

  Biochemical Toxin production

    Allelochemical production

  Resting stage formation Akinetes

    Cysts

Behavioral Vertical migration Motility

    Buoyancy

In order to improve our overall understanding of HAB species’ responses to global environmental 
change, it would be highly valuable to gain insights to the responses of a comparable set of traits that 
determine the growth, competitive success and toxicity of HAB species. These include cell size, toxin 
production, toxin quota, and allelopathy, as well as a number of more specific additional traits, such 
as inorganic carbon and nutrient acquisition, and resting stage formation. The regulation of traits may 
also be associated with elemental quotas and ratios, which can therefore potentially serve as ‘curren-
cy’ to unify HAB ecology across taxa, habitats, and scales (Brandenburg et al. 2020, Duan et al. 2021, 
Meunier et al. 2017).

3.7.1 GROWTH RATE AND CELL SIZE

Growth rates describe physiological responses at large, are highly plastic, and often respond directly 
to changes in environmental conditions. In experiments testing effects of global environmental change 
drivers, growth rates are typically used as a response parameter whereas in evolutionary studies they 
are often considered as a measure of fitness (see also Chapter 4). Growth rates along environmental 
gradients are most commonly determined in batch experiments on cultured isolates using standard 
methods (Wood et al. 2005), but can also be calculated for target species within natural communities, 
for instance in mesocosm experiments (see section 3.6.1.). Growth rates are estimated from measure-
ments of a proxy of biomass (e.g. cell number, biovolume, chlorophyll-a content, carbon content, in-vi-
vo fluorescence; see section 3.6) over several days (see also Wood et al. 2005).

Calculation of growth rate in batch cultures is based on the exponential growth phase, which should 
be identified from several (a minimum of 3) time points (see also Fig. 3.4). Identification of the expo-
nential growth phase can be visually assessed by expressing the biomass parameter in logarithmic 

Table 3.1. Overview of HAB functional traits and a number of examples (for further details  
see Litchman and Klausmeier 2008, McGill et al. 2006, Weithoff and Beisner 2019).
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scale against time. The exponential phase can also be numerically determined by calculating the 
changes in growth rate over the course of the experiment; the period where growth rates are constant 
and highest reflect the exponential phase with maximum growth (under the imposed conditions). 
These growth rates are typically based on the specific growth rate, which is calculated following: μ = 
(ln Nt – ln Nt-x) / (tt – tt-x), where Nt and Nt-x refer to the biomass (as biomass unit per volume of water) 
at time point t and an earlier time point t-x (in days), respectively. The unit for specific growth, μ, is the 
reciprocal d-1. Further details can be found in Wood et al. (2005).

Cell size or volume is a morphological trait that is closely linked to growth, reproduction, cellular me-
tabolism and resource acquisition, as well as various ecological interactions including predation, and 
as such has been considered a master trait (Brown et al. 2004, Litchman and Klausmeier 2008). Small 
cells generally grow faster and are more efficient in the acquisition of limiting nutrients compared to 
larger cells. Generally, cell size is less plastic as a trait than growth rate in single taxa, and will res-
pond to changes in environmental parameters more at the level of community assembly than within 
a species (Litchman and Klausmeier 2008). Plasticity in size may occur as a result of accumulation 
of carbon under nutrient depletion, as well as the development of a food vacuole for heterotrophic or 
mixotrophic HAB species. Consequently, an increase in cell volume can be observed in batch cultures 
when entering into the stationary phase, if nutrients become limiting. Moreover, especially in the 
case of dinoflagellates, increases in cell size may also reflect the change from a vegetative phase to 
resting stages or sexual reproduction. Changes in cell sizes are important to determine how relevant 
biochemical parameters or traits change as a function of HAB species’ biomass response to an envi-
ronmental change driver. As an example, if toxin content per cell increases proportionally with cell 
size under any given driver, shifts in toxin content may not result from actual changes in toxin synthe-
sis, but rather from intracellular accumulation or release. Expressing toxin contents by cell volume 
should avoid such limitations, and may reveal actual shifts in toxin synthesis. We note that while most 
toxins are measured as intracellular compounds, toxins could be released into the medium during the 
exponential or stationary phase, as shown in the case of domoic acid (e.g. Godinho et al. 2018). For 
these toxins, it is therefore important that the extracellular fraction of toxins is also assessed in order 
to gain insights in their overall synthesis.

3.7.2 TOXIN PRODUCTION AND ALLELOPATHY

Toxin production represents the most prominent harmful effect of HABs on human and animal health, 
and knowledge of responses of this trait is particularly relevant for the assessment of impacts of envi-
ronmental change drivers on HAB toxicity. Toxins produced by HAB species represent a variety of che-
mical structures, including several unknown compounds, which can either be expressed constitutively 
along environmental gradients or whose production is enhanced or fully inducible based on the pre-
vailing conditions (Lassus et al. 2016). The vast majority of these secondary metabolites are derived 
from basic biosynthetic routes through enzymatic transformations, which can be further modified into 
various structural analogues (Cembella 2003). As such, they have not evolved with a particular pur-
pose but are either present because they confer a selective advantage or are biologically neutral. This 
hinders attempts to clearly assign a particular ecological function to this group of secondary metabo-
lites, and increased toxin levels can therefore be associated with changes in other traits. For example, 
changes in nutrient availability can strongly affect cellular toxin content in HAB species. This effect is 
often attributed to an accumulation of toxins within the cells when growth is restricted but photosyn-
thesis and assimilation of non-limiting elements persists, so that primary metabolite precursors and 
secondary metabolites become excessively present (Bates et al. 1991, Brandenburg et al. 2020, Van de 
Waal et al. 2013). Grazing by copepods seems for some species to represent a ‘true’ induction signal 
for toxin production, but also depends on nutrient availability (Harðardóttir et al. 2015, Selander et al. 
2008, 2006, Tammilehto et al. 2015). 
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The toxicity of cells is not only determined by the total toxin cellular content, but also the toxin pro-
file (contribution of different toxin analogues), which may also change in response to environmental 
change drivers (e.g. Fu et al. 2010, Liu et al. 2016, Tatters et al. 2013, Van de Waal et al. 2010, 2009). 
It is advisable to monitor changes in toxin production and composition along with other traits (e.g. 
growth rate and cell size), as this allows a more comprehensive view on the way toxins are modu-
lated. Importantly, knowing not only growth and biomass responses towards global environmental 
change related drivers, but also those of toxin content and composition, will improve our overall 
understanding of mechanisms underlying HAB toxicity. 

HAB toxins primarily comprise compounds that accumulate through the food web and are classified 
with reference to the human toxin syndrome they cause (Cembella 2003). Some HAB species produce 
toxins affecting fish specifically and causing massive mortalities on aquaculture and fisheries (e.g. 
Andersen et al. 2015, Mardones et al. 2015). Yet, many HAB species also produce so-called alleloche-
micals, with adverse effects on co-occurring competitors or grazers (Legrand et al. 2003, Ternon et 
al. 2018). Allelopathy therefore is an important trait that determines ecological interactions and can 
cause patterns of dominance or changes in the community structure independent of competitive or 
trophic interactions (John et al. 2015, Legrand et al. 2003). Chemical compounds underlying allelo-
chemical interactions are largely of unknown structure, hence they can only be quantified indirectly, 
which is  often labor- and time-intensive. Generally, toxicity or allelopathy tests include bioassays that 
assess the effect of the allelochemicals on other species, most notably the ability to lyse Rhodomonas 
cells (e.g. Ma et al. 2009, Tillmann et al. 2008), or the ability of unknown compounds to lyse blood cells 
(Eschbach et al. 2001). Although allelochemical production is generally considered as an important 
trait for the growth of many HAB species, quantification has often been neglected, in part due to tech-
nical limitations, in part because the nature of the chemical agent is unknown.

3.7.3 SPECIFIC ADDITIONAL TRAITS

Besides the key traits considered above, other more specific traits may also greatly support our un-
derstanding of the functional responses of HAB species toward changing environmental conditions. 
They provide further insight into the mechanisms of physiological responses, on the acclimation capa - 
cities of the studied organism, their competitive abilities, and may furthermore help to explain the 
success of certain species (also in relation to other non-HAB species) under changing environmental 
conditions, particularly when involving multiple drivers.

Photosynthetic performance is described by traits such as cellular chlorophyll concentration, maxi-
mum rates of photosynthesis (Pmax), light compensation point (Ik) and photosynthetic efficiency (i.e. 
initial slope; alpha) that can be obtained from P-I curves based on photosynthesis rates determined 
along a light gradient. These can reflect different light use strategies among taxonomic groups and/
or communities, as well as the acclimation potential to low light levels, relevant under, for instance, 
bloom conditions (Litchman and Klausmeier 2008). Moreover, these traits are used as photosynthesis 
parameters for models on primary production (Bouman et al. 2018). Fluorescence can be used as in 
vivo proxy to assess photosynthetic performance and primary productivity (for details see Suggett et 
al. 2011).

Nutrient uptake traits include the maximum nutrient uptake rate, Vmax , the half saturation constant 
for nutrient uptake, K1/2, and the nutrient uptake affinity α (Vmax/K1/2; see also Van de Waal and Litch-
man 2020). Together, these traits characterize the nutrient uptake strategy of a species, population or 
strain. Generally, nutrient uptake traits are highly plastic, and can differ considerably among taxono-
mic groups (Litchman et al. 2007), and between genotypes within a population (Brandenburg et al. 
2018). Specific nutrient uptake strategies are typically associated with certain habitat conditions and 
lead to dominance of respective phytoplankton groups. However, several HAB species may also use 
alternative strategies to outcompete other phytoplankton. For instance, mixotrophic species with capa-
city to utilize organic nutrients or ingest preys may thus escape traditional resource competition.

Guidelines for the study of climate change effects on HAB - Chapter 352



Life cycle traits include the formation of resting stages and sexual reproduction, complex processes 
that determine the potential to survive unfavorable conditions, colonize new habitats and generate 
intraspecific diversity that promotes adaptation (Chapter 4). Transitions between actively growing 
cells and resting stages can be quantified in experimental studies (Hinners et al. 2017). Yet, documen-
ting and quantifying sexual reproduction it is not straightforward as it requires observation of living 
cultures (Figueroa et al. 2005), or population genetic analyses (Montresor et al. 2016). In the case of 
dinoflagellates, life cycles are particularly complex as they include the formation of asexual, ecdysal 
or temporary cysts (e.g. Bravo and Figueroa 2014) that can also be induced as a response to changing 
environmental conditions.

Some additional traits only apply to certain groups of phytoplankton, such as N2 fixation in cyanobac-
teria, allowing species to acquire inorganic nitrogen from atmospheric N2, and mixotrophy, allowing 
species to acquire organic carbon and nutrient sources. Both traits may provide a competitive ad-
vantage under nutrient-limited conditions, that is common in both freshwater and marine systems 
(Elser et al. 2007). Nitrogen-fixing (diazotrophic) cyanobacteria use the nitrogenase enzyme to convert 
atmospheric N2 gas to ammonia. In environments with recurring cyanobacterial blooms, N2 fixation by 
diazotrophic cyanobacteria may play a significant role in shaping the entire plankton community (e.g. 
often in anthropogenically eutrophied lakes, Smith et al. 1999; in the Baltic Sea, Karlson et al. 2015). 
Mixotrophy is common in many HAB taxa, especially dinoflagellates, haptophytes, and raphidophytes. 
In constitutive mixotrophs, which have their own chloroplasts, mixotrophy allows some species to 
compensate for carbon limitation during light limitation and for nutrients under nutrient-limiting 
conditions (Hansen 2011, Smalley et al. 2003). However, food uptake may in some species be stimu-
lated by light (e.g. Karlodinium veneficum, Dinophysis spp. and Mesodinium rubrum), and some spe-
cies will feed irrespective of the availability of nutrients (e.g. Fragilidium spp., Hansen 2011, Hansen 
et al. 2013). Most of the studies on food uptake in mixotrophs have been done in the laboratory, where 
the prey is offered live. In field studies, small plastic beads (1-2 µm), and radioactive or fluorescently 
labelled prey (e.g. bacteria) have been used in tracer studies in nano-sized mixotrophs (Beisner et al. 
2019). In micro-sized mixotrophs, live prey with a different fluorescence profile (e.g. cryptophytes) or 
prey that have been labelled can be used. Quantification of the percentage of cells with vacuoles has 
typically been done using an epifluorescence microscope or a flow cytometer (see Hansen and Till-
mann 2020).  

Although not directly considered a trait, the cellular elemental composition (e.g. C, N and P) may 
reflect the regulation of physiological traits, including toxin production (Brandenburg et al. 2020, 
Meunier et al. 2017, Van de Waal et al. 2014b). Elemental composition of phytoplankton is particular-
ly sensitive to changes in light, nutrients and CO2 levels (Geider and Roche 2002, Sterner and Elser 
2002). Elemental ratios can be assessed both in single organisms, populations, and entire commu-
nities, and may thus serve as a common ‘currency’ connecting multiple organizational scales. For 
instance, ecosystem models require changes in C, N and P fluxes, as well as ratios therein, which are 
typically parameterized based on single strain studies to allow model projections for entire ecosys-
tems (e.g. Hense et al. 2013). Thus, the inclusion of elemental analyses in HAB experiments will allow 
comparison across studies, taxa, and habitats, a more effective use of data in ecosystem models, and a 
common currency linking different organizational scales including detrital contribution as a source of 
nutrients. 

3.8 Recommendations
1. Newly isolated strains should be taxonomically characterized using a combination of morpho-

logical and molecular data. Additional information concerning site, date, natural environmental 
conditions at the origin, and stock growth conditions should be provided in order to build up a 
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database on the strains used to investigate the effects of climate drivers on HAB taxa. For further 
details see Chapter 5;

2. Experimental studies aiming to investigate environmental effects on harmful algal or cyanobacte-
rial species should ideally use regional climate and environmental change projections as treat-
ment values;

3. Experimental studies should report general stock culture and experimental conditions, including 
species/strain names, temperature, pH, etc. to allow comparison across studies; 

4. Experiments should prevent drifts in carbonate chemistry and/or studies should monitor and 
report fully constrained carbonate chemistry (pH, CO2, HCO3

-, alkalinity). For further details, see 
earlier guidelines (Dickson et al. 2007, Riebesell et al. 2011);

5. Use low levels of a limiting resource, while providing other resources in ample supply in order to 
avoid high biomass build-up and/or co-limitation by other resources; 

6. In order to account for non-linear responses of HAB species to global environmental drivers, more 
studies should test gradients rather than single treatments;

7. More studies should incorporate multiple global environmental change drivers, as these factors 
do not act alone;

8. Include key competing non-HABs, as proliferation of HABs will also depend on responses of com-
peting species;

9. Quantify key traits such as growth rate, cell size, nutrient uptake rates, cyst formation, and toxin 
production to assess responses to change in experiments;

10. Use standard analytical methods to establish trait values and to facilitate intercomparison.
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