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214 Toxic Cyanobacteria in Water

INTRODUCTION

Cyanobacteria are found in almost every aquatic ecosystem. Yet their pres-
ence does not automatically pose a risk to public health. Whether or not
toxins reach health-relevant concentrations depends on the taxonomic
(and genotypic or clonal) composition of the phytoplankton as well as on
the cyanobacterial biomass. Clearly, the risks of elevated biomass, loosely
named blooms, are higher under eutrophic conditions. However, certain
cyanobacteria, for example, Planktothrix rubescens, tend to decrease under
eutrophic conditions, while others like species of Microcystis may still reach
hazardous levels under much reduced nutrient concentrations if a relatively
low biomass accumulates as scums near the lake shore. Hence, to assume
a very close link between cyanobacterial proliferation and eutrophication
is too restrictive for a good understanding of toxin risks. Therefore, for the
assessment and management of cyanobacterial hazards to human health, a
basic understanding of their properties, their behaviour in natural ecosys-
tems and the environmental conditions that support their excessive growth
is important. This chapter provides a general introduction to key traits of
cyanobacteria that support their proliferation in aquatic ecosystems. It
focuses on cyanobacteria thriving suspended in the water of lakes and res-
ervoirs, that is, those with a planktonic way of life. It also gives information
on conditions potentially promoting the growth of benthic cyanobacteria,
that is, those growing on surfaces such as rocks, sediments or submersed
vegetation. How to use this information for controlling and managing cya-
nobacterial proliferation is discussed in Chapter 8.

4.1 WHAT MAKES MANY PLANKTONIC
CYANOBACTERIA DOMINANT?

To proliferate, cyanobacteria must be able to satisfy their demands for light
energy and nutrients, particularly phosphorous (P) and nitrogen (N). They
compete for these resources with other phytoplankton and with each other.
Cyanobacteria have a number of specific traits that favour their dominance
over algal phytoplankton as well as bloom formation in many lakes, rivers and
oceans. Some traits are only found in a restricted subset of cyanobacteria, such
as the capability to fix atmospheric nitrogen or the regulation of buoyancy.

4.1.1 Nutrient storage and nitrogen fixation

Cyanobacteria can sustain growth during temporal and spatial shortage of
dissolved nutrients by storing them — particularly phosphorous (P) and to a
lower extent also nitrogen (N) in amounts exceeding their current demands
for cell division and growth (Li & Dittrich, 2019). They store surplus P as
polyphosphate in the cell, sometimes enough for several cell divisions even
when external supplies are depleted below the analytical detection levels.



4 Conditions determining occurrence 215

As a consequence, one cell can multiply into 8 or even 16 cells without any
further phosphorus uptake (Reynolds, 2006).

In addition, cyanobacteria can acquire nitrogen in different forms, such
as nitrate, nitrite, and ammonium or urea. While under oxidised conditions,
N occurs as nitrate and is used as such by cyanobacteria, they can rapidly
take up reduced forms of N (ammonium and urea), for example, from sew-
age inflows or released from sediments or by mussels (Gobler et al., 2016).
Furthermore, some cyanobacteria, for instance, the genera Aphanizomenon
or Dolichospermum, can utilise atmospheric N,, a capacity termed “diazot-
rophy”. This is a distinct advantage for cyanobacteria compared to eukaryotic
microalgae at times when other sources of nitrogen are in short supply (Oliver
& Ganf, 2000). The widely occurring genera Microcystis and Planktothrix
cannot fix atmospheric nitrogen, but they can benefit from a smaller biomass
of co-occurring N-fixing taxa whose degrading cells may leak N into the sur-
rounding water (Salk et al., 2018).

Nitrogen fixation (diazotrophy) in most taxa is located in specialised
cells, the heterocytes (see Chapter 3). These cells do not perform photosyn-
thesis since the nitrogenase enzyme complex that carries out nitrogen fixa-
tion is inactivated by oxygen released through photosynthesis. Heterocytes
are generally easily recognised microscopically due to their different shape
and pronounced cell wall, but may appear similar to vegetative cells in some
species (Gallon, 2004). Cyanobacterial N, fixation can cause considerable
N input into aquatic ecosystems and affect global geochemical cycles, as
shown, for instance, for the marine cyanobacterium Trichodesmium in the
Atlantic Ocean (Capone et al., 2005). Diazotrophy, however, requires high
amounts of energy for the heterocytes to maintain anoxic conditions inside
the cell while being in an oxygenated environment, and therefore, N, fixa-
tion is limited in turbid water.

Cyanobacteria are able to store excess N mainly in the form of cyano-
phycin (a copolymer of aspartate and arginine; Simon, 1971; Ziegler et al.,
1998). Even species that cannot fix atmospheric N, may thus have com-
petitive advantage against microalgae under conditions of low N concentra-
tions (Li et al., 2001a).

4.1.2 Buoyancy, vertical migration, surface
scums and metalimnetic layers

The formation of surface blooms or scums (see Box 4.1) is one of the most
prominent visual expressions of cyanobacterial development. The cyano-
bacteria best known for the formation of surface blooms are colony- or
filament-forming species of genera such as Dolichospermum, Cuspidothrix,
Aphanizomenon, Microcystis and Nodularia, and under specific circum-
stances also species of Planktothrix and Raphidiopsis (Cylindrospermopsis).
Surface blooms may cover an area reaching from a few square metres up to
hundreds of square kilometres, such as blooms of Nodularia spumigena that
can cover large areas of the brackish Baltic Sea (Bianchi et al., 2000).
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In order to grow, cyanobacteria, being photoautotrophic organisms, need
to spend sufficient time where there is sufficient light. Many species of cya-
nobacteria can be buoyant through their gas vesicles (see Chapter 3), thus
avoiding sedimentation into deeper layers with low or no light availability.

BOX 4.1: BLOOMS, SCUMS, MASS
DEVELOPMENTS - SOME DEFINITIONS

In the literature on cyanobacteria, the use of terms describing high cell density
varies widely. This book proposes and uses the following definitions (see also
Fig. 4.1 and 4.2):

Bloom: high average phytoplankton (i.e., algae and/or cyanobacteria) cell
density in a waterbody (in this book, usually referring to blooms of cyanobac-
teria), also referred to as “mass development” or “proliferation”. Blooms can
be visually recognised by low transparency and water colour.

Surface bloom: buoyant cyanobacteria accumulating near or at the surface
forming visible streaks, sometimes discernible in remote sensing images.
Surface bloom formation may occur even where average cyanobacterial cell
density is low if vertical and horizontal concentrating mechanisms lead to
pronounced cell accumulation at the surface. Surface blooms can occur at
large scales covering tens of square kilometres in large lakes or oceans.

Scum or surface scum: massive accumulation of buoyant cyanobacteria at the
water surface forming a cohesive layer, often the result of secondary hori-
zontal concentration at the shore, which can reach up to several centimetres
thickness. In very dense scums, the surface of the scum can become nearly dry,
and this may lead to massive cell lysis, colouring the water blue through the
release of phycocyanin. Scums can also be formed by other phytoplankton, like
Euglenophytes, but these are generally only a few millimetres thick.

Under eutrophic conditions, water is turbid, rendering light gradients in
the water column quite steep and photosynthesis restricted to the upper-
most water layer of a few metres or even less than 1m. The water layer in
which light for photosynthesis is available is termed “euphotic zone”. If
waterbody mixing is deeper than the euphotic zone, phytoplankton cells
spend only a limited part of the day in layers with sufficient light for pho-
tosynthesis, and light may then limit growth rates. During calm periods,
vertical mixing ceases and thermal (micro)stratification develops in water-
bodies (Box 4.2). Under these conditions, nonbuoyant plankton sinks out of
the euphotic zone, but buoyant cyanobacteria float up, into the near-surface
layer, where the cells spend all or most of the daytime in the light. This
is typical for colonial cyanobacteria, because due to their large size, they
develop high flotation velocities, as can be observed when a water sample is
placed in a glass cylinder (Humphries & Lyne, 1988).
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BOX 4.2: THERMAL STRATIFICATION

Many lakes develop temperature gradients over depth. Thermal stratification
develops when two water layers of differing average temperature are stably
separated. This happens because the specific density of water is the highest at
4°C and decreases at higher as well as at lower temperatures. In spring, water
temperature increases at the surface, and above a certain temperature differ-
ence onwards, the warmer, less dense water in the upper part of the water
column no longer mixes with colder, denser water in deeper parts. Further
heating of the upper layer of water eventually leads to a sharp separation of
warm and cold water. The layer where the temperature difference over depth is
most pronounced is called the thermocline. For practical purposes, stratifica-
tion is defined as a temperature difference of more than one degree centigrade
over one metre of water depth. The upper, warm layer is called epilimnion,
the deeper, cooler layer the hypolimnion and the layer around the thermocline
metalimnion. The more pronounced the temperature gradient, the more sta-
ble the stratification, and more energy, for example, wind, is needed to over-
come it by deep mixing. Thus, once stable stratification is established, cooling
of surface water at night or periods of cold weather will cause some mixing of
the surface layer, but not the total circulation of the waterbody. While thermal
stratification distinctly separates these water layers, some exchange of water
between the epilimnion and the hypolimnion may yet occur (e.g., through eddy
diffusion), the extent of which depends on the stability of stratification. This in
turn is affected by the ratio of the waterbody’s surface area to its depth, wind
exposition and frequency of storms, for example.
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JO R S T A S A

5=
10-
15=-
20-
25— spring

—
-
[}
&
[}
£
E
L
<
o
g - =
o
[}
4
©
-

winter fall



218 Toxic Cyanobacteria in Water

At the end of the summer, the epilimnion successively becomes cooler
and once temperatures — and in consequence water densities — of the epi-
and hypolimnion have converged, complete mixing of the water column
occurs. This process is called mixis or overturn. Further cooling at the sur-
face can lead to an inverse stratification during winter, in particular when
an ice-cover is present, because water density decreases at temperatures
below 4°C.

Stratification not only affects water temperature, but also many biological,
chemical and physical processes. Particles such as planktonic organisms (dead
or alive) and excreta of fish or zooplankton can settle and reach the hypo-
limnion and the sediment where they decay. This process consumes oxygen
and releases minerals, including phosphorus and nitrogen, from the decay-
ing material settling or already deposited on the sediment surface. As there
is little exchange between epi- and hypolimnion in a stratified waterbody,
substances such as phosphorus and nitrogen accumulate in the hypolimnion.
Therefore, thermal stratification also causes chemical and biological stratifi-
cation, frequently leading to an anoxic hypolimnion that is rich in dissolved
inorganic nutrients.

Depending on the stability of thermal stratification and frequency of mix-
ing, several types of lakes are distinguished.

In shallow polymictic waterbodies, stratification occurs irregularly but fre-
quently while lasting only for hours, days or at most for weeks, depending on
meteorological conditions such as air temperature, wind speed and direction.
Temperature gradients generally are not pronounced, and hence, stratifica-
tion is not stable, yet this type of microstratification has important effects on,
for instance, buoyant phytoplankton.

In dimictic lakes, thermal stratification is stable during summer as well as
during winter, and mixing occurs twice a year, that is, as “spring overturn”
and “autumn overturn”. Dimictic lakes generally are deep in relation to their
surface area.

In monomictic waterbodies, mixing occurs only once, generally during the
winter, in lakes and reservoirs that do not freeze. This is common for large
reservoirs in tropical and subtropical climates, but may also occur in temper-
ate regions. Monomixis can also arise from factors such as seasonal precipita-
tion patterns, for example, monsoon seasons.

Besides the frequency of water column mixing, the completeness of the
mixing process is classified. In holomictic waterbodies, mixing is from the
surface to the bottom, while in meromictic ones, a bottom layer remains
excluded and never or very infrequently gets mixed with the overlaying water
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layer. This occurs in lakes with a particular morphometry like deep crater
lakes that may be classified as dimictic and meromictic.

One of the ongoing and forecasted effects of climate warming is shifts
between mixing regimes, for example, from poly- or dimictic to monomictic
or, in some situations, less stable stratification if the frequency of storms
increases. Given the importance of mixing regimes for lake ecosystem func-
tioning, the consequences can be far reaching.

Buoyancy regulation — that is, a variation in the buoyancy state — depends
on the availability of resources such as carbon, nitrogen and phosphorous
(e.g., Klemer et al., 1982; Konopka et al., 1987), but most importantly,
buoyancy is regulated by light. Cyanobacteria produce more gas vesicles
under low irradiance, thus increasing their buoyancy. Under high irra-
diance, gas vesicles may be diluted by growth, or — after extended light
exposure — collapse under high turgor pressure (Kinsman et al., 1991). In
addition, cyanobacteria exposed to light produce carbohydrates, the excess
of which may be stored as glycogen that acts as ballast, so that buoyancy
can decrease to a point where cells start to sink. In darker, deeper layers,
the cells consume their glycogen storage as energy source, and thus, they
regain buoyancy. This may result in diel changes in buoyancy and vertical
migration, with populations being maximally buoyant during the night and
a percentage of the cells losing buoyancy during the day (Ibelings et al.,
1991; Rabouille & Salengon, 2005; Medrano et al., 2013).

Since the vertical migration of Microcystis can span large ampli-
tudes, Microcystis can also proliferate in deep lakes. Typically, however,
Microcystis becomes dominant in eutrophic lakes of intermediate depth,
which are sufficiently stratified to allow them to control buoyancy and
thus to position themselves vertically. In these ecosystems, Microcystis
colonies are among the best-adapted phytoplankton to overcome mixing
forces (provided these are relatively weak) — allowing the colonies to dis-
entrain from turbulence — and gain a competitive advantage by floating
upwards during periods of increased stability (Reynolds, 1994; Dokulil
& Teubner, 2000).

In waterbodies with thermal stratification, buoyancy regulation can lead to
different accumulation patterns of cyanobacterial biomass and consequently
of cyanotoxins, depending on the taxa involved (Figure 4.1, Figure 4.6):

e formation of surface blooms or scums, typical for blooms of Microcystis,
Dolichospermum and Aphanizomenon. Formation of a cohesive scum
is generally preceded by the occurrence of visible streaks at the surface.
Once congregated at the surface, the cells can be further accumulated
by wind-drift at leeward sites;
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e Jlargely homogeneous distribution of cells in the water column with
scum formation occurring only exceptionally under the conditions
of extreme water column stability. A typical example is Planktothrix
agardhii, which only rarely creates surface blooms or scums, but may
lead to pronounced greenish turbidity of homogeneously distributed fil-
aments. Further examples include Limnothrix and Pseudanabaena as
well as other taxa that have not been shown to produce known toxins;

e the accumulation of cells in a deep layer (deep chlorophyll maximum),
either between upper warm and deeper cold water (i.e., the “ther-
mocline” or “metalimnion”; see Box 4.2) or at low light intensity.
Typical examples include the red-coloured Planktothrix rubescens
in deep, stratified lakes and reservoirs. However, green-pigmented
cyanobacteria (Aphanizomenon flosaquae, Dolichospermum) have
also been reported to form metalimnetic layers that may last for sev-
eral months (Konopka, 1989). In stratified subtropical reservoirs,
Raphidiopsis (Cylindrospermopsis) raciborskii has been found in
deep layers with low light intensity (see section 4.5). Occasionally,
such cyanobacteria may leave their position in the metalimnion and
accumulate at the surface, in the case of P. rubescens, leading to
purple surface blooms. Seasonal or storm-induced mixing may also
carry them into the upper layers.
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Figure 4.1 Distribution patterns of cyanobacteria (cyanotoxins) in the water column. A:
homogeneous distribution, B: homogeneous distribution in the epilimnion of
thermally stratified waterbodies, C: gradual concentration of buoyant cyano-
bacteria towards the surface in a stable water column, D: surface bloom of
buoyant cyanobacteria, E: accumulation in a metalimnetic layer in stratified
waterbodies, F: accumulation in bottom layers through sedimentation, G:
benthic cyanobacteria growing on hard substrate. Transitions between all
individual patterns are possible.
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Schematic illustration of the formation of a surface bloom and scum of
buoyant planktonic cyanobacteria like Microcystis spp. The maximum toxin
concentrations under given conditions are estimated assuming average cell
quota of 100 fg microcystin (MC) per cell (see Box 4.8). (a): strong winds
lead to a mixing of the entire waterbody. (b): moderate wind speed allows
for (temporary) thermal stratification and buoyant cyanobacteria to accu-
mulate in the epilimnion. (c): Without wind, buoyant cyanobacteria float
up and form surface blooms. (d): low wind speed causes the displacement
of surface blooms and formation of scums at downwind sites. Note that
cell numbers, chlorophyll-a (chl-a) and MC concentrations are only crude
estimates to illustrate the order of magnitude of possible spatial heteroge-
neities and must not be taken as reference values.

At times, surface blooms can develop into scums when cyanobacteria accu-
mulated at the water surface are further concentrated by horizontal drift,
generally at downwind sites (Figure 4.2). Scum formation is typically
restricted to parts of a waterbody only, but strongly affects water quality in
terms of odour, appearance and sometimes extremely high concentrations of
cyanotoxins. When scums are not dissolved after a short time, for example,
by wind or wave action, massive cell lysis may set in as a result of unadapted
cells being exposed to full sunlight and additional stress factors such as high
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temperature or depleted inorganic carbon (Ibelings & Maberly, 1998). This
can consequently result in the massive release of cyanotoxins and phyco-
cyanin, indicated by bluish plaques, often accompanied by a strong and
unpleasant odour.

4.1.3 Light harvesting

Cyanobacteria contain phycocyanin and phycoerythrin as photosynthetic
pigments in addition to chlorophyll-a. These harvest light in the green, yel-
low and orange parts of the solar spectrum (500-650nm), which is not
commonly used by other phytoplankton species. Cyanobacteria therefore
are efficient at light harvesting and generally have the capacity to grow at
very low light intensities. This applies in particular to the most filamentous
forms, especially for Planktothrix, which ranks among the best competitors
for light (Reynolds, 1997).

In contrast, while colony formation — for example, of Microcystis — offers
advantages such as buoyancy and grazing protection, it also has disadvan-
tages: it diminishes the capacity for light harvesting (and also for nutrient
uptake) because in a colony, the cells’ surface-to-volume ratio is reduced,
and as a consequence, the overall growth rate is also lower. In fact, Reynolds
(1997) ranks Microcystis among the poorest resource competitors and slow-
est growing species in the phytoplankton — would it not have the potential
for flotation and buoyancy regulation, it would probably not be a strong
competitor in the phytoplankton community (Ibelings et al., 1994).

4.1.4 Carbon concentrating mechanisms

Cyanobacteria have a carbon concentrating mechanism (CCM), which
allows the CO,-fixing enzyme RUBISCO to operate efficiently. The first
part of the CCM consists of various inorganic carbon uptake systems, two
for CO, and three for bicarbonate. The carbon, assimilated carbon in the
form of bicarbonate, is transported to specific cellular compartments con-
taining the enzyme carbonic anhydrase, known as carboxysomes. Carbonic
anhydrase transforms bicarbonate (back) to CO,, raising it to levels where
RUBISCO can perform optimally. Cyanobacterial taxa vary in the combi-
nation of carbon uptake systems present in the cell, and this allows them
to adapt to environments that differ in the availability of inorganic carbon
(Price et al., 2007; Sandrini et al., 2014).

4.1.5 Resistance to grazing and other losses

Cyanobacteria seem well equipped to minimise two loss factors that play a
major role in general phytoplankton dynamics: sedimentation and grazing
by zooplankton. Resistance to grazing is a widely studied and discussed
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subject, in part because it may form an important obstacle for the success
of biomanipulation (see section 8.7.1).

Toxicity, size of filaments or colonies, and poor nutritional quality may
prohibit an efficient grazing on cyanobacteria by zooplankton (Kurmayer &
Juttner, 1999), but how well cyanobacteria are protected against grazing
by zooplankton is still under considerable scientific debate, with grazing
experiments and field studies showing different outcomes (Sarnelle, 1993;
Gragnani et al., 1999). For instance, it was shown that Daphnia carinata
fed on toxic cyanobacteria, including Microcystis colonies (Matveev et al.,
1994), while in the microcosm experiments of Mohamed (2001), daphnids
preferred green algae and diatoms over toxic Microcystis. Some of the ini-
tial studies demonstrating cyanobacterial toxicity against grazers seem to
have been based upon a restricted selection of zooplankton taxa and cya-
nobacterial strains (Wilson et al., 2006a), and grazers that originate from
lakes with a history of cyanobacteria generally show stronger tolerance
against their toxins (Ger et al., 2016). Lemaire et al. (2012) studied how
the co-evolutionary history of grazers and cyanobacteria results in specific
grazer genotype and cyanobacterium genotype interactions that provide a
further explanation for the variable outcome of research on grazing of cya-
nobacteria. Furthermore, grazing by zooplankton other than cladocerans
may lead to very different observations: some rotifers, for example, are able
to feed on filamentous cyanobacteria and are adapted to the perceived low
food quality of cyanobacteria (Burian et al., 2014).

Likewise, the role of mussels in decimating cyanobacterial populations is
still under debate: (toxic) cyanobacterial blooms have reappeared in Lakes
Erie and Huron (USA), and this is partially interpreted as a result of zebra
mussel (Dreissena polymorpha) invasion (Vanderploeg et al., 2001) and their
selective rejection of Microcystis colonies as food. Dionisio Pires et al. (2005)
and Baker et al. (1998) showed a positive selection for cyanobacteria (and
other phytoplankton), indicating that grazing effects of mussels on cyanobac-
teria are not yet well understood (Raikow et al., 2004). Phytoplanktivorous
fish are largely absent from temperate lakes, but in (sub)tropical regions, fish
such as silver carp and bighead carp have been shown to filter feed on cyano-
bacteria (Zhang et al., 2008), thus potentially controlling Microcystis blooms
(reviewed in Triest et al., 2016).

Besides grazing, losses through infection by fungal parasites, phages and
heterotrophic bacteria have been recognised as potentially important driv-
ers of cyanobacterial population dynamics (Box 4.3; Steenhauer et al., 2016;
Yoshida-Takashima et al., 2012; Rohrlack et al., 2013; Van Wichelen et al.,
2010). Respective losses may not affect the entire populations but only selected
genotypes, thus contributing to the clonal dynamics in cyanobacterial blooms
(Van Wichelen et al., 2016; Agha et al., 2018). Recognition, and in particular,
quantification of losses through microbial interactions in waterbodies, is still
only in the beginnings.
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BOX 4.3: EMERGING INSIGHTS INTO
THE ROLE OF CYANOPHAGES

Helena L. Pound, Steven W. Wilhelm

While viruses are well documented in marine systems and virus-induced
cell lysis contributes to the conversion of microbial biomass into dissolved
organic matter, less is known about their role in freshwaters, particularly
for cyanobacteria. Yoshida et al. (2006) isolated and sequenced the first
phage capable of lysing Microcystis aeruginosa, proposing that it might act as
a controlling agent in seasonal blooms. While the effect of phage on growth,
proliferation, and biomass of Microcystis populations has not been fully elu-
cidated, community-sequencing studies have provided further insight. A
metatranscriptomic analysis of a 2014 Microcystis bloom in Lake Erie showed
an increased frequency of Microcystis phage transcripts at the termination
of the bloom, with approximately one virus marker transcript for every
host marker (Steffen et al., 2017), implying a massive population-level infec-
tion. This lytic infection was associated with a spike in detected microcystin
concentrations in the raw water of the city of Toledo’s drinking-water
supply, reaching up to >5 pg/L. The working hypothesis arising from the
observation is that virus-infected cells lysed and released cell-associated
toxin into the water.

In contrast, a similar analysis of a Microcystis bloom in Taihu (Lake Tai,
China) in 2014 showed a different effect associated with the Microcystis
phage. That study observed the formation of lysogens with the association
of the phage with the host genome (Stough et al., 2017). In this manner,
Microcystis hosts may have resisted subsequent infections by other lytic
phage, allowing for longer bloom maintenance. Indeed, Kuno et al. (2012)
found that repeated exposure to a high diversity of phages leaves traces
in the genomes of Microcystis strains, including molecular defence mecha-
nisms. These studies provide evidence that viral infections can be relevant
both in the dynamics of Microcystis blooms and in the release of otherwise
cell-bound toxins.

4.1.6 Overwintering strategies

In (sub)tropical regions, cyanobacteria can produce perennial blooms, whereas
in temperate ones, they are often subject to pronounced seasonal changes
in environmental conditions. Phytoplankton populations — including cyano-
bacteria — usually decline in winter because a decrease in daily insolation and
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increased mixing depth minimise light availability for photosynthesis. In the
next growing season, the size of the inoculum of overwintering cells can
be decisive for the outcome of competition between phytoplankton spe-
cies for light and nutrients, and overwintering strategies are therefore an
important trait for attaining high levels of biomass and/or dominance in
the phytoplankton.

Microcystis typically blooms in (late) summer, and its biomass decreases in
autumn when growth conditions become less favourable. Part of the colonies
can sink to the lake bottom (Reynolds et al., 1981; Takamura et al., 1984).
Verspagen et al. (2004) demonstrated that viable colonies, capable of pho-
tosynthesis, were present in large numbers in and on the sediment not only
in winter but throughout the year. Several studies (Takamura et al., 1984;
Bostrom et al., 1989) found that the total amount of Microcystis in the sedi-
ment can be much higher than in the water column, even during Microcystis
blooms. Preston et al. (1980) observed that recruitment of Microcystis from
the sediment to the water takes place before the establishment of the sum-
mer bloom, so that this recruitment may be a crucial factor that initiates the
bloom (Ihle et al., 2005).

Filamentous cyanobacteria like Planktothrix agardhii seem to follow
a different strategy. Even in temperate climates, they may prevail or even
bloom throughout the year in eutrophic systems. In some situations, they
prevent competing phytoplankton from growing by maintaining the system
turbid and light availability too low for microalgae to compete efficiently
(Scheffer et al., 1997; Ibelings et al., 2007).

The annual cycle of Planktothrix rubescens in Lake Zirich studied by
Walsby & Schanz (2002) shows a specific time pattern for this species:
deep winter mixing of the lake entrained the metalimnetic population of P.
rubescens. About half of the filaments survived this winter period, whereas
others lost their gas vesicles because of the hydrostatic pressure resulting
from deep winter mixing. After annual stratification in spring, the surviv-
ing filaments resumed their position in the metalimnion.

A number of cyanobacteria produce specific resting cells called akine-
tes that sink to the sediment where they can survive for extended peri-
ods of time (see Chapter 3). These include, in particular, the N,-fixing
taxa Anabaena, Dolichospermum, Aphanizomenon and Raphidiopsis.
Recruitment and germination of akinetes from the sediment contributes
to bloom onset, and prolonged benthic recruitment may strongly promote
the presence of respective species (Karlsson-Elfgren et al., 2003). Several
factors, especially light and temperature, determine their germination
(Karlsson-Elfgren et al., 2004; Wiedner et al., 2007). Cirés et al. (2013)
show how blooms of Dolichospermum circinale and D. flosaquae are both
initiated and maintained in the Murray River (Australia) by the germina-
tion of akinetes that are present in the sediment, although vegetative cells
also overwinter in the water.
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4.2 WHERE DO WHICH CYANOBACTERIA OCCUR?

Cyanobacteria causing toxin concentrations of concern for human health are
usually planktonic, that is, suspended in the water. However, as mentioned
above, some forms grow on surfaces. As discussed in Chapter 3, “benthic”
or “epiphytic” cyanobacteria do so continuously until they are physically
detached and dislocated to the surface or beaches. “Tychoplanktonic”
cyanobacteria inhabit surfaces, including those of submersed aquatic plants,
and may at times also be suspended in the water.

4.2.1 Planktonic cyanobacteria

As a taxonomic group, cyanobacteria are highly successful in colonising a
wide variety of habitats — with numerous special adaptations to extreme
environmental conditions, for example, resistance to high concentrations
of copper and zinc, tolerance of low oxygen conditions and of free sul-
phide, high tolerance of UV-B and UV-C as well as of high temperature (see
Whitton, 2012).

Due to their small size and the extremely high abundance, it is frequently
argued that microbial species are globally ubiquitous, growing and mul-
tiplying where they find suitable conditions (“Baas Becking hypothesis —
everything is everywhere but the environment selects”; Finlay, 2002).
Accordingly, geographic barriers would not restrict the global distribution
of particular taxa, and indeed, cyanobacterial species are cosmopolitan in
general and not restricted to geographic regions like, for example, many
higher plants (Pridmore & Etheredge, 1987). Later observations, however,
suggest that geographic variation in microbial diversity is apparently more
common than originally expected (Martiny et al., 2006), which could well
be because the environment — which clearly varies between regions — selects
indeed, as postulated in the second part of the Baas Becking hypothesis. A
(potentially) global distribution of a particular species does, however, not
imply genetic homogeneity across the globe. Regional and local differences
in genotype occurrence can cause differences in the distribution of (toxic)
secondary metabolites. For example, as strains of Raphidiopsis raciborskii
differ genetically between geographic regions (see below), cylindrosper-
mopsin (CYN) production was found only for Australian strains, while
not for European or South American ones (Neilan et al., 2003; Piccini
etal., 2011).

While it is impossible to prove that a specific taxon is absent from a
given location, documented observations of occurrence provide some
indication of which species to expect or not to expect under which con-
ditions. Furthermore, in analogy to plant-sociological groupings for ter-
restrial plants, phytoplankton, including cyanobacteria, can be grouped
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in associations of species that typically occur under specific conditions
(Reynolds et al., 2002, updated by Padisik et al., 2009). Box 4.4 shows
how a grouping on the basis of key functional traits of cyanobacteria helps
to reduce — taxonomic — complexity and to understand why certain cyano-
bacteria occur under certain conditions. Moreover, the close association
between cyanobacterial traits and preferred environmental conditions can
provide guidance in selecting the most promising measures for successful
control of cyanobacterial blooms (Mantzouki et al., 2016).

BOX 4.4: CYANOBACTERIAL FUNCTIONAL GROUPS
BASED ON THE CLASSIFICATION BY REYNOLDS (2006)

Evanthia Mantzouki

A functional group is defined by containing species with similar morphological
and physiological traits, and ecological functioning (see Padisdk et al., 2009
and Salmaso et al., 2015). Reynolds (2006) clustered species on the basis of
the typical habitats in which they occur, morphological traits such as shape
and dimension or specialised structures such as gas vesicles and heterocytes,
as well as functional traits that are linked to resource acquisition, optimum
growth temperatures and toxin production. From the extensive list given
by Reynolds (2006), the table below (modified after Mantzouki et al., 2016)
selects the functional groups with cyanobacteria, listing typical representative
taxa and highlighting environmental tolerances and key sensitivities. This may
aid in finding suitable management actions to control cyanobacteria. The clas-
sification is simplified compared to Reynolds (2006) and Padisdk et al. (2009)
by combining groups that are found in similar habitats and, more importantly,
require similar management actions, that is, the S1/S2, HI/H2 and LO/LM
groups. Notable differences in the various preferred habitats of the combined
groups are as follows: S2 species prefer warmer mixed and alkaline waters
compared to those in group SI; H2 taxa are found in mesotrophic lakes with
high light conditions, and although HI taxa are found in more eutrophic lakes,
their nitrogen content is relatively low; LO taxa are found in medium to large
lakes, while LM species occur in small to medium-sized lakes. Note that the
most frequently occurring, typical taxa are given in bold.

Adapted by permission from Springer Nature, Aquatic Ecology, Understanding
the key ecological traits of cyanobacteria as a basis for their management and
control in changing lakes. Mantzouki E, Visser PM, Bormans M, Ibelings BW
(2016). Copyright Springer Nature 2016. www.springernature.com/gp.
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Prochlorococcus is probably the most abundant cyanobacterium,
numerically dominating the oligotrophic areas of tropical and subtropical
oceans, followed by marine Synechococcus and Trichodesmium. Planktonic
freshwater cyanobacteria contribute only a relatively small percentage of
the global cyanobacterial biomass as surface freshwaters are only a small
fraction of the global surface water (Garcia-Pichel et al., 2003).

Microcystis species have a cosmopolitan distribution and have fre-
quently been reported from lakes worldwide, from temperate to tropical
zones of both hemispheres. They occur in a range of waterbodies, typi-
cally (though not exclusively) proliferating at temperatures above 15°C
and under mesotrophic to eutrophic conditions. While thermal stratifi-
cation may give them a competitive advantage, Microcystis occurs both
in thermally stratified lakes (generally deeper than 6 m) and in relatively
shallow, polymictic waterbodies which show recurrent periods of re-strat-
ification and mixing, allowing Microcystis to benefit from its buoyancy
(Ibelings et al., 1991).

The widespread filamentous species Planktothrix agardhii is a typi-
cal and frequently reported species for shallow temperate lakes, particu-
larly in the Northern Hemisphere (Suda et al., 2002). It tolerates a wide
range of temperatures, and in some regions (e.g., lowland areas of the
Netherlands and northern Germany), it perennially dominates (or domi-
nated) shallow eutrophic and hypertrophic waterbodies for many years
(Van Liere & Mur, 1980; Mur, 1983; Riicker et al., 1997). However, it is
also reported from subtropical climatic regions in South America (Kruk
etal.,2002), Australia (Baker & Humpage, 1994) and from the temperate
climatic region of New Zealand (Pridmore & Etheredge, 1987). Because
this species is a superior competitor under conditions of low light avail-
ability, Planktothrix agardhii — sometimes together with Limnothrix —
generates a positive feedback loop, creating a “shaded” environment in
which it can hardly be outcompeted by other phytoplankton (Scheffer
et al., 1997).

The nitrogen-fixing genera, Dolichospermum and Aphanizomenon,
typically occur in larger mesotrophic lakes (Dokulil & Teubner, 2000;
Reynolds et al., 2002) promoted by surface warming, high light and
phosphorus levels together with low nitrogen concentrations (see section
4.2.3). Species of Dolichospermum and Anabaenopsis have been reported
from all five continents, occurring in temperate regions of the Northern
and the Southern Hemisphere as well as in subtropical and tropical cli-
matic regions. As the chemical reduction of atmospheric nitrogen is energy
demanding, these taxa typically proliferate in environments with high light
availability, that is, fairly clear water, rather than in turbid, highly eutro-
phic systems. Species of Aphanizomenon have been widely reported from
temperate regions of the Northern Hemisphere (Konopka, 1989; Barker
et al., 2000; Porat et al., 2001) as well as from subtropical regions (Porat
et al., 2001), from Australia (Baker & Humpage, 1994) and from South
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America (Kruk et al., 2002). Frequently, Aphanizomenon flosaquae occurs
codominant together with Microcystis (Teubner et al., 1999).

Raphidiopsis raciborskii has originally been considered a tropical species,
first described from Java (Gugger et al., 2005a). R. raciborskii was first reported
in Europe during the 1930s (Padisak, 1997) and appeared to invade temper-
ate regions of Europe during the 1990s (e.g., Dokulil & Mayer, 1996; Briand
et al., 2004). However, newer genetic and ecophysiological analysis demon-
strated that R. raciborskii shows positive net growth over a wide range of
temperatures (20-35°C) (Briand et al., 2004), and rather than spreading from
warm refuge areas across the American and European continents, it shows
distinct and geographically separate ecotypes (Gugger et al., 2005b; Haande
et al., 2008), which also differ with respect to producing CYNs (Neilan et al.,
2003; Piccini et al., 2011; Antunes et al., 2015).

Other potentially toxin-producing cyanobacteria show a more restricted
pattern of geographic occurrence. Mass developments of the red-pigmented,
filamentous Planktothrix rubescens have been reported frequently over sev-
eral decades but largely from thermally stratified lakes and reservoirs across
Europe (e.g., Skulberg & Skulberg, 1985; Feuillade, 1994; Barco et al.,
2004; Gallina et al., 2017), North America (e.g., Edmondson & Litt, 1982;
Nirnberg et al., 2003) and New Zealand (Pridmore & Etheredge, 1987). In
these waterbodies, they typically inhabit the thin layer between warm sur-
face water and the cold deep layer, called the metalimnion. Waterbody mix-
ing can distribute the filaments throughout the whole water column, thus
causing a distinctly visible reddish discoloration (Niirnberg et al., 2003).
Their preferred habitat in the metalimnion may be the reason why P. rube-
scens populations are sensitive to eutrophication, since having enough light
in these depths for growth depends on water being relatively clear in the
epilimnion. In peri-alpine lakes such as Lake Hallwil (Switzerland) or Lake
Bourget (France), P. rubescens (re)appeared as nutrient levels declined and
water became clearer and disappeared again only after total phosphorus
(TP) had further declined to very low concentrations (e.g., below 10 pg/L
in Lake Bourget; Jacquet et al., 2014). In Lake Constance, at similarly low
phosphorous levels, metalimnetic blooms of P. rubescens have reappeared
since 2014, and in other lakes like Lake Zurich (Switzerland), it shows little
response to decreases in TP concentrations (Schanz, 1994; Gammeter &
Zimmermann, 2001; Posch et al., 2012).

Nodularia spumigena has been reported from marine and brackish waters —
typically estuaries and coastal lagoons of Southern Australia (Francis, 1878;
Jones et al., 1994) and less frequently in alkaline, brackish lakes (Bolch
et al., 1999). In addition, it has been reported from brackish coastal lakes
in New Zealand (Carmichael et al., 1988), South Africa and the North
Sea (Nehring, 1993). Nodularia spumigena regularly forms blooms in the
Baltic Sea (Bianchi et al., 2000). Notably, a freshwater strain of Nodularia
originally isolated from a benthic mat in a thermal source also produced the
nodularin (Beattie et al., 2000).
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4.2.2 Benthic and tychoplanktonic cyanobacteria

Benthic cyanobacteria generally need a substrate to attach to, like sediment
(“epipsammic”), pebbles or stones (“epilithic”) or macrophytes (“epiphytic”),
while “tychoplanktonic” includes phases of planktonic occurrence. Benthic
cyanobacteria occur in a variety of freshwater and marine habitats, includ-
ing wetlands, lakes, coral reefs and estuaries, hypersaline and geothermal
ponds, streams and rivers (Scott & Marcarelli, 2012). Water transparency
allowing light to penetrate to the bottom is a prerequisite for the growth.
While planktonic cyanobacteria are well known to thrive in eutrophic condi-
tions, benthic cyanobacterial proliferation is common in oligotrophic envi-
ronments such as alpine lakes or headwater streams with sufficient substrate
stability to enable cyanobacterial growth (Scott & Marcarelli, 2012). Where
lakes and reservoirs become clearer in consequence of successful reduction of
nutrient loads, benthic, epiphytic and/or tychoplanktonic planktonic cyano-
bacteria may replace planktonic ones, thus causing new exposure scenarios:
while the health risk from cyanotoxins in the bulk water declines, a more
localised risk may then arise in the vicinity of detached mats of benthic cya-
nobacteria or of macrophyte tufts containing cyanobacteria — either floating
or beached. It is therefore important to observe the possible expansion of
such taxa in the course of restoration efforts (Shams et al., 2015).

Some benthic species form mats which can grow on a wide range of sub-
strates such as fine sediment, rocks, artificial substrates and aquatic plants.
These cyanobacterial-dominated mats usually range from a few millimetres
to several centimetres in thickness, although when environmental condi-
tions are favourable, they can continue to grow and become much thicker.
As benthic, cyanobacteria-dominated mats are increasingly being investi-
gated for cyanotoxins worldwide, these are increasingly being found, par-
ticularly in wadeable streams, littoral zones of lakes and coastal lagoons
(Fetscher et al., 2015; Cantoral Uriza et al., 2017). For both, freshwater
and marine benthic taxa, occurrence is often highly variable on small spa-
tial scales of metres or less. In shallow marine environments in tropical
and subtropical zones, Moorea (formerly Lyngbya) and other benthic taxa
potentially producing toxins can occur (see also section 2.6).

In freshwater, the dominant cyanobacterial taxa in the mats are usu-
ally filamentous Oscillatoriales, including Oscillatoria, Microcoleus,
Phormidium, Microseira, Moorea (formerly Lyngbya), Leptolyngbya,
Tychonema, Calothrix and Schizothrix. The Chroococcales Aphanothece
and Synechococcus are also common components of the mats, with some
reports of mats dominated by these genera, for example, in hot spring
environments. Among the nitrogen-fixing Nostocales, the most frequently
reported genera are Anabaena, Scytonema and Nostoc (Quiblier et al.,
2013, Wood et al., 2020). Although dominated by cyanobacteria, the mats
usually contain many other organisms (e.g., heterotrophic bacteria and
eukaryotic algae) and inorganic matter (e.g., sediment) bound together by
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extracellular polymeric substances (McAllister et al., 2016). Over 20 spe-
cies of benthic cyanobacteria are known to produce a range of cyanotox-
ins, similarly wide as that of planktonic species, that is, MCs, nodularins,
CYNs, saxitoxins and anatoxins. Toxicity that could not be attributed
to any of the known cyanotoxins has also been identified (Quiblier et al.,
2013). As in planktonic cyanobacteria, both toxic and nontoxic genotypes
of a given species usually coexist within mats (Cadel-Six et al., 2007) and
cyanotoxin content can be highly variable spatially and temporally. Little
is known about factors which may upregulate toxin production or promote
the dominance of toxic over nontoxic strains. However, again as for the
planktonic cyanobacteria, the abundance of toxic genotypes appears to be
the key contributor to toxin content variability among benthic cyanobacte-
rial-dominated mats (Wood & Puddick, 2017).

In contrast to planktonic cyanobacteria, research exploring factors that
regulate the growth and expansion of benthic cyanobacterial-dominated
mats has been relatively limited, and detailed studies are restricted to a few
taxa from specific environments. In general, the variables that have been
identified as most important in regulating the proliferation of benthic cya-
nobacterial mats are physical disturbance (wet—dry cycles, wave action,
shear stress, abrasion), light, temperature, nutrients and grazing. Once
mats are established, they contain diverse microbial communities and these
taxa appear to play a vital role in cycling nutrients within the mat (Bouma-
Gregson et al., 2019). This is in concert with internal biogeochemical condi-
tions, which have been shown to facilitate the release of phosphorus from
sediment trapped in the mats, leading to nutrient conditions within mats
that are very different to those of the overlying water. For example, Wood
et al. (2015) showed that dissolved reactive phosphorus concentrations in
water extracted from benthic cyanobacterial mats was over 300 times higher
than in the stream water. These nutrient-rich within-mat conditions prob-
ably partly explain how cyanobacterial-dominated mats can form very high
biomass in nutrient-replete environments.

A synthesis of research results on the anatoxin-producing mat-forming spe-
cies Microcoleus autumnalis (formerly Phormidium autumnale) in wadeable
streams in New Zealand shows that Microcoleus proliferations are most likely
to occur when there is slightly elevated dissolved inorganic nitrogen during
the colonisation phase, but when water column dissolved reactive phosphorus
is less than 0.01 mg/L. Once established, Microcoleus-dominated mats trap
sediment, and biochemical conditions within the mats can mobilise sediment-
bound phosphorus which is then available for growth. These streams are
highly dynamic systems and the mats are primarily removed through shear
stress and substrate disturbance, although there is also evidence for autogenic
(natural) detachment. As cyanobacterial-dominated mats mature and biomass
increases, oxygen bubbles, produced through photosynthesis, become trapped
among the cyanobacteria and the extracellular polymeric substances they pro-
duce, causing the mat to become buoyant and detach from the substrate.
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Tychonema species have repeatedly been recorded in lakes of the temper-
ate zones (Salmaso et al., 2016). Tychonema spp. can produce neurotox-
ins, primarily anatoxins. These filamentous cyanobacteria primarily grows
in stands of macrophytes but can occasionally be found in plankton sam-
ples and has been identified as the cause of dog deaths where these ingest
Tychonema together with decaying macrophyte material accumulated at
the shoreline (Fastner et al., 2018).

The health risk that benthic cyanobacteria proliferations pose to humans
is still relatively unknown. There have been numerous cases of domestic and
wildlife poisoning following the ingestion of cyanobacterial mats (Quiblier
et al., 2013; McAllister et al., 2016). Anecdotal reports of human illness
after recreating in streams containing cyanobacterial proliferations are doc-
umented, but conclusive evidence is lacking. As long as the mats are attached
to the substrate, the risks of human ingestion are probably limited. However,
detached mats often accumulate at the banks of rivers, streams and lakes,
where animals are much more likely to consume them (Quiblier et al., 2013;
McAllister et al., 2016, Wood et al., 2020). Dogs may be attracted to them
by the smell of the decaying material, and numerous cases of dog deaths
have been documented, sometimes with cyanobacterial cells and cyanotox-
ins found in their stomachs (Wood et al., 2007; Fastner et al., 2018). For
some species, “free” toxin, that is, dissolved in water, can be detected in lake
and stream water, although the concentrations are usually well below drink-
ing-water guideline values (Wood et al., 2018). Assessing risks for human
health is challenging in situations where deaths of pets and wildlife have
been observed, while the water appears clear and toxin concentrations in the
water are low or nondetectable. In such situations, it is best to inform users
about the situation, to show what the mats look like and to advise avoiding
contact with floating or beached benthic material (see Chapter 15).

4.3 WHICH ENVIRONMENTAL FACTORS FAVOUR
CYANOBACTERIAL DOMINANCE?

Phytoplankton communities generally consist of species belonging to diverse
taxonomic groups of photosynthetically active microorganisms. Yet the for-
mation of massive, long-lasting blooms to the extent known from cyanobacte-
ria is rarely reported for eukaryotic microalgae such as desmids, chrysophytes
or chlorophytes, for example. Specific environmental conditions strongly
favour the dominance of certain cyanobacterial taxa over other taxa of both
cyanobacteria and microalgae. Understanding these conditions is important
for management, allowing us to estimate under which conditions to expect
cyanobacterial blooms. Key abiotic conditions determining phytoplankton
growth rates and the outcome of competition between species are the avail-
ability of resources (nutrients and light), temperature, mixing regime, flush-
ing rate and pH. In addition, biological interactions, including resource and
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Table 4.1 Trophic state categories and their definition as given by Vollenweider &
Kerekes (1982)

Chl-a Chl-a Transparency ~ Transparency
TP mean mean maximum mean maximum

Trophic state ug/L ug/L ug/L m

Ultraoligotrophic <4 < <25 26 =12
Oligotrophic <10 <25 <8 >3 >6
Mesotrophic 10-35 25-8 8-25 3-15 6-3
Eutrophic 35-100 8-25 25-75 1.5-0.7 3-1.5
Hypertrophic > 100 225 =75 <07 <15

TP:  total phosphorus concentration; Chl-a: chlorophyll-a concentration; Transparency measured
as Secchi depth readings; see Chapter 13.

competition, grazing by zooplankton, phage infection and lysis (Stough et al.,
2017; Suléius et al., 2018; Box 4.3) as well as parasitism (Frenken et al.,
2017; Agha et al., 2018), can play a decisive role, and these are included in
the discussion below.

4.3.1 The concept of “trophic state”

This concept integrates a classification of levels of nutrient concentra-
tions with their outcome in terms of phytoplankton biomass and turbidity.
Initially, Vollenweider & Kerekes (1982) proposed a classification of five
trophic states based on data from lakes in temperate climates (Table 4.1).
This classification uses the annual mean concentration of total phosphorus
(TP) as the chief limiting nutrient in these waterbodies (see section 4.3.2
and Box 4.5), annual mean and maximum concentrations of chlorophyll-a
as measure of phytoplankton biomass (see Box 4.6), as well as water trans-
parency, measured as Secchi disc reading (see Chapter 13).

BOX 4.5: N LIMITATION VERSUS P LIMITATION:
SCIENTIFIC CONTROVERSY OR CONSENSUS?

Vollenweider’s (1968) keystone report on the scientific background of eutro-
phication of inland waters starts with the sentence “Nitrogen and phosphorus
appear to be the most important among the nutrients responsible for eutro-
phication”. Since then, the debate whether N or P or both are responsible for
eutrophication has not ceased and with it, the discussion on approaches how
to revert eutrophication is ongoing (Schindler, 2006). During the last decades
of the 20th century, eutrophication control of freshwaters largely focused on
P with success in many cases. One reason is that P does not, unlike N, have an
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unlimited atmospheric reservoir: N can be imported into the surface water
by N fixation; also in shallow waterbodies, it can be exported by denitrifica-
tion and thus potentially be lost more quickly than P, which may be recycled
between the sediment and water if water exchange rates are low (Shatwell &
Kéhler, 2019). As phases of N limitation are common in many shallow water-
bodies, some authors have concluded that therefore N needs to be reduced
together with P (Conley et al., 2009; Paerl et al., 2016).

The controversy of P versus N limitation can be exemplified with a series of
publications on Lake 227. This small experimental lake has been fertilised for
37years with constant annual inputs of P and decreasing inputs of N. Even after
ceasing N fertilisation, the phytoplankton abundance remained on an “eutro-
phic” level, leading Schindler et al. (2008) to the conclusion that attempts to
reduce eutrophication by reducing N loads are compensated by cyanobacterial
N fixation and hence reducing N loading as a management tool may be futile.
This conclusion was challenged by re-analysing the same data set by Scott &
McCarthy (2010) who found a decline of phytoplankton biomass after N fer-
tilisation stopped with a rate of some 6% per year. With four more years of
data, this trend, however, could not be verified, thus supporting the original
conclusion (Paterson et al., 2011). In turn, Scott & McCarthy (2011) argued that
N limitation may nonetheless be present but will affect phytoplankton biomass
only after a time delay. Yet a few years later, Higgins et al. (2018) suggest that
N limitation is still not significantly affecting this phytoplankton community.

This example shows how difficult it is to reach unambiguous conclusions
since even a small lake is a very complex ecosystem. On a larger scale, Elser
et al. (2007) showed that both increased N and P lead to increased biomass
in freshwater as well as in marine and terrestrial ecosystems, with most pro-
nounced responses for combined N and P fertilisation. It could therefore be
argued that both N and P inputs need to be reduced to effectively revert
eutrophication. Arguments held against this proposal (see review in Chorus &
Spijkerman, 2020) are that

|. Experiments adding both N and P show that if all other resources, par-
ticularly light, are available in surplus, adding both nutrients can lead to
higher biomass compared to adding of only N or only P. Such results,
however, do not allow the inverse conclusion, that is, that both must
be reduced to allow an efficient reduction of phytoplankton biomass.
Reducing either P or N alone likely would likely suffice to reduce bio-
mass, and the choice may be driven by practical considerations.

2. Evenif N is currently limiting biomass, reducing P sufficiently will shift a
waterbody to P limitation.
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3. In many situations, P reduction is easier to achieve and results can be
predicted with less uncertainty (Chapters 7 and 8).

4. N limitation may shift species composition between cyanobacteria and
algal phytoplankton (Harris et al., 2014) and between cyanobacterial
taxa (Teubner et al., 1999; Dolman et al., 2012), and such shifts are, as
of yet, scarcely predictable. The concern that N limitation may pro-
mote N-fixing cyanobacteria (Schindler et al., 2008) has rarely proven
relevant in practice.

5. So far, successful cases of lake or reservoir restoration with substan-
tially reduced cyanobacterial biomass have been achieved by reducing
P (Fastner et al., 2016; Schindler et al., 2016); success due to reducing
N has scarcely been demonstrated (see Shatwell & Kohler (2019) for a
successful example).

Jeppesen et al. (2007) contributed to resolving this controversy with data
from 56 lakes showing that “if P can be reduced to low concentrations, N is
not likely to be of major importance”.

Reduction of P loads to many lakes and reservoirs has been successfully
achieved with techniques such as P elimination or P precipitation in sewage
treatment, appropriate use of mineral fertilisers, reduction of phosphates in
laundry detergents or a combination of any of these measures. Therefore,
from a practical point of view, P load reduction is often considered a first
choice for an efficient management tool to revert eutrophication of lakes and
reservoirs and thus to control cyanobacterial blooms.

However, ecological considerations, particularly for downstream coastal
areas, may also necessitate controlling N, and when planning measures to
control cyanobacteria, it may be effective to take this wider context into
account (Chapter 7). Particularly for shallow lakes with several months of N
limitation during summer, it is important to avoid any new N loads, and an
option to control cyanobacteria may be to seasonally target measures that
reduce prevalent N loads (see section 7.1).

This classification of trophic state may be adapted to local or regional
circumstances, and systems have been proposed with further “fine-tuning”
of the trophic state definitions: regional re-assessments of trophic state
boundaries are given, for example, by Niirnberg (1996) for North American
Lakes, including the impact of conditions such as lake morphometry, water
hardness and fulvic/humid acid concentrations, and by Salas & Martino
(1991) for warm-water lakes in Latin America and the Caribbean. Carlson
(1977) developed a widely used numerical trophic state index (TSI) ranging
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from 0 to 100 and including Secchi depth, TP and chlorophyll-a concentra-
tions. In spite of controversy over details of the definition of each category
and its boundaries, the trophic state concept is widely used in practice. It is
valuable for cyanobacterial management, because a few general statements
apply to most cases:

e In oligotrophic waterbodies, planktonic cyanobacteria are unlikely
to attain cell densities that cause hazardous cyanotoxin concentra-
tions. However, benthic or epiphytic cyanobacteria may be present
and cover littoral sediments.

e In mesotrophic waterbodies, cyanobacterial blooms occur rarely;
exceptions include metalimnetic accumulations of Planktothrix rube-
scens (which may be at depths of drinking-water offtakes or come to
the surface, increasing risk of exposure), detached mats of benthic
cyanobacteria (see above) and — in large waterbodies — recruitment of
cyanobacteria (particularly of Dolichospermum) from low cell den-
sity but very large water volumes and surface areas to visible scums
along a downwind shoreline (section 4.5).

e In eutrophic and particularly hypertrophic waterbodies, cyanobacte-
ria occur frequently and abundantly, often constituting a major share
of the total phytoplankton biomass for extended parts of the year.

BOX 4.6: MONITORING TOTAL PHOSPHORUS AS
OPPOSED TO SOLUBLE PHOSPHATE FRACTIONS

Considerable confusion prevails in the use of the term “phosphate”. Historically,
soluble reactive phosphate (SRP), also termed “dissolved inorganic
phosphate” (DIP) or “orthophosphate”, has been measured and addressed
when dealing with phytoplankton growth, because this is the fraction of TP
which is directly available for uptake by cyanobacteria and algae. However,
recycling of phosphate molecules within the plankton communities is often
extremely rapid (within minutes), and phosphate liberated by the degradation
of organic material will be rapidly taken up by bacteria and algae. Furthermore,
cyanobacteria and algae can store enough phosphate for up to four cell divi-
sions, even if no SRP can be measured. If SRP is found above the detection
limits, this means that it is available in excess to the requirements of cyanobac-
teria and other phytoplankton. The only informational value of such a finding is
that P is being “left over” and growth is limited by some factors other than P.

The upper limit of the biomass of cyanobacteria and/or algae that can
develop in a given waterbody is, therefore, often largely determined by the
amount of P bound within the cells, and total phosphate phosphorus is
the variable that should be studied for biomass management. Strictly, this
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variable is not equivalent to total phosphorus (TP), which includes the
mineral form (like apatite) unavailable for biological uptake. However, mineral
forms are of quantitative importance only in particular waterbodies (e.g., with
high silt loading), and for the sake of simplification, TP has become widely
used to represent total phosphate phosphorus.

It is of importance to note that concentrations of TP refer to the molecular
weight of the phosphorus atom (30.97 g/mol) and not to that of phosphate
molecule (PO,, 94.97 g/mol). Where this is not clearly stated, it has caused
considerable confusion in the literature.

“Eutrophication” is the process of nutrient enrichment with the conse-
quence of a massive increase in the biomass of phytoplankton — often in
particular of cyanobacteria — and reduced transparency. Eutrophication has
become a widespread problem in many regions of the world in the 1960s in
the wake of intensified application of mineral fertilisers, intensified animal
husbandry as well as urbanisation and increased sewage discharges causing
intensified nutrient loading to waterbodies. “Re-oligotrophication” is the
reverse of eutrophication, and measures to achieve this started being imple-
mented already in the late 1970s. While in some regions they are increas-
ingly showing success, with the trophic state of waterbodies decreasing, in
many regions eutrophication is still increasing, particularly in response to
clearing of land for settlements or for agricultural use.

4.3.2 Nutrients

Phytoplankton biomass — that is, microalgae and cyanobacteria — chiefly
consists of carbon (C), oxygen (O), hydrogen (H), nitrogen (N) and phos-
phorus (P). Under the conditions of rapid growth not limited by shortage
of nutrients, it contains these elements in the following relative proportions
(known as Redfield ratio; Redfield (1934)), expressed either in molar ratios
or in mass units:

C N P
Molar ratios 106 16 |
Mass ratios 42 7 |

Higher ratios of C:P have been suggested by Anderson & Sarmiento
(1994) and Sterner et al. (2008). There is no lack of O and H in water,
and concentrations of C become limiting only in very acidic water — or
sometimes in extremely dense cyanobacterial blooms (Ibelings & Maberly,
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1998). Thus, nitrogen (N) and phosphorus (P) are the key nutrients that
promote — or limit — the growth of cyanobacteria and other phytoplankton
in freshwaters. Although in consequence of the Redfield ratio, biomass pro-
duction requires only about 1 mole of P per 16 moles of N, in many types of
freshwater environments phosphorus is the resource which most frequently
limits phytoplankton growth, while N limitation occurs frequently but
often not for longer periods of time.

Nitrogen (N) may enter waterbodies leaching from soils particularly
after spreading of manure or fertiliser, as run-off from animal feed-
lots and sewage (see Chapter 7). It is also recycled within a waterbody
through the degradation of organic matter and excretion by animals.
Cyanobacteria — like microalgae — can take up inorganic dissolved nitro-
gen in the form of nitrate, nitrite and ammonium. While utilisation of
atmospheric nitrogen through diazotrophy has been considered unlikely
to fully supply the N demands of an aquatic ecosystem because this pro-
cess requires a high amount of energy (Conley et al., 2009; Moss et al.,
2013; Shatwell & Kohler, 2019), there are, however, case examples even
of quite turbid waterbodies like Sandusky Bay (Lake Erie, USA) in which
N fixation periodically contributes up to 85% of total N uptake of the
phytoplankton (Salk et al., 2018 and literature therein). Aquatic systems
loose dissolved inorganic nitrogen through denitrification: under anoxic
conditions, microorganisms use nitrate as source for oxidation processes,
thus reducing nitrate to atmospheric nitrogen (N,) which diffuses out of
the water into the atmosphere.

Phases of N limitation are common in many waterbodies (reviewed by
Sterner, 2008 and Sendergaard et al., 2017), in some pristine mountain
lakes (Diaz et al., 2007) and particularly in eutrophic waterbodies and dur-
ing warmer months in shallow zones with high rates of denitrification at the
sediment surface. N limitation is more frequent in some regions than in oth-
ers (Conley et al., 2009): for example, phytoplankton biomass is N-limited
in many lakes in South America (Soto, 2002) or in New Zealand (Abell et al.,
2010) - possibly due to lower rates of input from the atmosphere and/or less
use of nitrogen fertilisers (Schindler, 2006).

Excessive N concentrations have detrimental effects on aquatic macro-
phytes that are important competitors of phytoplankton, including cyano-
bacteria, in shallow lakes (Moss et al., 2013).

When assessing which nutrient is limiting phytoplankton biomass
at which time of the year, it is important to realise that N limitation is
unlikely if concentrations of dissolved inorganic N are above 30-100 pg/L
(Reynolds, 2006; Kolzau et al., 2014).

Phosphorus (P) enters waterbodies from sewage, animal feedlots and
soils, particularly if these were fertilised with minerals or manure (see
Chapter 7). As it binds to soil particles more effectively than nitrate, the
main entry route into waterbodies from land is as surface run-off, often
combined with erosion. Carvalho et al. (2013) evaluated a data set from
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more than 800 lakes of medium or high alkalinity in Europe and show
that cyanobacterial biomass generally increases in relation to the con-
centrations of total phosphorus (TP). Using large data sets from several
hundred waterbodies or the response of individual lakes to reduced TP
concentrations, several authors (discussed below in section 4.4) have found
that cyanobacterial biomass scarcely reaches health-relevant levels at TP
concentrations below 10 pg/L. In the concentration range of 20-100 pg/L,
TP strongly determines cyanobacterial biomass levels, while at the concen-
trations of TP exceeding 100 ug/L, curves level off and a further increase
in cyanobacterial biomass is rarely observed (in many cases because light
then becomes limiting).

P limitation is unlikely if concentrations of soluble reactive phosphorus
(SRP) are above 3-10 ug/L of P (Reynolds, 2006; see also discussion in
Kolzau et al., 2014).

N-, P- or light-limiting biomass carrying capacity: At any one point in
time, one resource will determine the maximum possible amount of phyto-
plankton biomass — a concept termed “carrying capacity” (Box 4.7), while
other resources may be available in excess. In turbid water or during winter
in temperate climates, light is usually the limiting resource, while the avail-
able N and P would allow a higher level of biomass. The limiting resource
may change seasonally, for example, light availability changes — at higher
latitudes — in relation to the angular height of the sun and day length, or — as
often the case in tropical climates — in relation to turbidity changes caused
by pronounced seasonality of the flow regime. Seasonal patterns of light, N
and P are likely to be quite specific for a given waterbody. Figure 4.3 shows a
conceptual model for a shallow lake in a temperate climate: as light intensity
increases in spring, phytoplankton begins to grow and incorporates avail-
able N and P into new biomass, depleting P to where it becomes limiting so

TN

TP

carrying capacities for
phytoplankton biomass

I*

winter spring summer fall winter

Figure 4.3 Schematic model of the seasonal course of the carrying capacity for phytoplank-
ton biomass in the temperate zone of the Northern Hemisphere. Solid lines
indicate carrying capacities determined by light intensity (I*), total phosphorus
(TP) and total nitrogen (TN) as the most important limiting factors (Reynolds &
Maberly, 2002). The green area shows the resulting composite carrying capacity
for phytoplankton biomass. Adapted from Reynolds (1997).
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that further increase of biomass is no longer possible — that is, biomass has
reached the carrying capacity of the system. In this model case, N is avail-
able in excess during most of the year, but by mid-summer, P availability
increases again through release from the sediment and N briefly becomes
the limiting resource. In autumn, it is once again light that limits carrying
capacity. At lower latitudes, the seasonal pattern for the light-limited car-
rying capacity is less pronounced — or determined by patterns of turbidity
caused by monsoon events.

BOX 4.7: THE ECOLOGICAL CONCEPT
OF CARRYING CAPACITY

The concept of an ecosystem carrying capacity has a long history in theoretical
ecology. Although intuitively easily accessible, the concept involves some com-
plexities due to differences in use in different fields, including ones that are not
related to ecology (Sayre, 2008) or ambiguities associated with mathematical
modelling (Gabriel et al., 2005; Mallet, 2012; Chapman & Byron, 2018).

In the definition given by Odum (1953), carrying capacity is the number of
individuals of a given species that a given habitat can support without being
permanently damaged. In this sense, the concept is largely applied to animals
such as mammals, bivalves or humans, and considers a long-term equilibrium
of the population with the entire environment (Begon et al., 1996).

In plankton ecology, the concept of carrying capacity has been adapted with
a somewhat different meaning: for one, it rather refers to the maximal popu-
lation or biomass density that can be reached at a given point in time — for
example, during late summer in temperate lakes — than to a persisting equilib-
rium population (Reynolds, 1984). Further, carrying capacity is differentiated
for each major resource: resource-specific carrying capacities are estimated
to determine which resource limits biomass in a given system at a given point
in time (Reynolds & Maberly, 2002).

In this volume, the term “carrying capacity” is used in this sense, as maxi-
mally attainable biomass in relation to a particular resource. This means ana-
lysing dynamics of individual carrying capacities for phosphorus and nitrogen
concentrations and light intensity to explain occurrence and dynamics of cya-
nobacterial blooms (Figure 4.3) and to support the development of manage-
ment approaches (Chapters 6 and 7).

If this model lake had extremely high concentrations of P and N, its
carrying capacity for biomass would remain limited by light year-round:
phytoplankton biomass would increase to such high turbidity that cells
shade each to the point that no further increase is possible. In shallow
lakes, higher biomass concentrations are possible than in waterbodies with
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deeper mixing because deep mixing entrains cells into darker layers. Using
the concentration of chlorophyll-a as a measure of phytoplankton biomass,
Figure 4.4 illustrates this with a selection of lakes: the deep lakes in the
lower panel scarcely touch the curve for the 1:1 relationship of chloro-
phyll-a to TP, whereas some of the shallow ones summer mean values even
occasionally exceed this curve. Moreover, at higher phosphorus concen-
trations, the curves for Lake Constance (Bodensee), Lake Tegeler See and

1000
shallow polymictic lakes .-*

100

Balaton
104 Melangsee
Langer See
e Veluwemeer
14 Neusiedler See
Petersdorfer See

0.1 r - -
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Arrancio Reservoir

1 large stratified lakes
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Malaren (Ekoln basin)
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seasonal mean of Total Phosphorus [ug/L]

Figure 4.4 Phytoplankton biomass (as chlorophyll-a) and total phosphorus (TP) seasonal
means (May — October or September) of epilimnion or surface layer in ug/L, con-
nected chronologically for each lake for consecutive years. The dotted line shows
the I:1 relationship of chlorophyll-a with TP. See online version for colour code
of waterbodies. (Modified from Chorus et al., 2011. Electronic version in colour)
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Lake Schlachtensee level off asymptotically at 20-50 ug/L TP rather than
showing further increase. Balaton and Neusiedler See show lower means
for chlorophyll-a because of the strong impact that suspended sediment can
have in the large, wind-exposed shallow lakes: in these lakes, suspended
sediment particles shade the phytoplankton, which therefore cannot
develop as high a biomass per unit phosphorus as it can in other, smaller
and less wind-exposed lakes (Fastner et al., 2016). Downing et al. (2001)
show curves for 99 lakes that level off at 100 pug/L TP and 1000 pg/L TN.
For mostly shallow lakes in northern Germany, Dolman et al. (2012)
assume that nutrient limitation of the carrying capacity can fairly reliably
be excluded only at nutrient concentrations exceeding 300 ug/L of TP and
4000 pg/L of TN.

Moreover, because of losses (e.g., grazing, phage and parasite infection),
phytoplankton biomass rarely fully reaches the levels that carrying capac-
ity in terms of N, P and light would allow. This is manifestly observed
particularly during a seasonal clear-water phase in many lakes when loss
through zooplankton grazing exceeds phytoplankton growth to a degree
that results in a population collapse and a steep increase in water trans-
parency (Lampert et al., 1986). Cyanobacteria, however, tend to be more
resistant to grazing (see section 4.2.4) than many other phytoplankton taxa
and thus are more likely to attain the maximum possible biomass level
given by the carrying capacity.

N or P limitation and N:P ratios: The occurrence of cyanobacterial
blooms has often been linked to the relative availability of N in relation
to P, proposing cyanobacteria in general to become dominant when the
N:P ratio drops below 29 to 1, even for non N, fixers like Microcystis
(discussed in Downing et al., 2001). Indeed, some published field and
experimental data show correlations between the dominance of cyanobac-
teria and low N:P ratios (Smith, 1983; Bulgakov & Levich, 1999; Elser &
Urabe, 1999; Harris et al., 2014). However, other studies do not confirm
this: for example, the analysis of 99 of the most studied lakes in the tem-
perate zone by Downing et al. (2001) showed N:P ratios to be the weakest
predictor of cyanobacterial dominance as compared to the concentration
of N or P individually. Also, in an extensive analysis of 210 Danish lakes,
Jensen et al. (1994) found no relationship between amounts of N-fixing
cyanobacteria and low ratios of total nitrogen (TN) to TP, nor did their
biomass correlate with low concentrations of inorganic N. What causes
these contradicting findings?

Reynolds (1999a) explains them by emphasising the importance of “abso-
lute quantities” rather than ratios for driving the outcome of competition
between species and emphasises that the N:P ratio becomes meaningless when
concentrations of either N or P or both are too high to be limiting phyto-
plankton growth (Reynolds, 1999b). Limitation is highly unlikely if concen-
trations of TP and TN support a high capacity for phytoplankton biomass
(see above in this section), and in many waterbodies, particularly in deep
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ones, thresholds for the limitation of biomass by TP and TN will be lower.
Moreover, if dissolved nutrients are present in concentrations above 5-10
ug/L P or 100 pg/L N, this indicates that these are not limiting the phyto-
plankton’s uptake rates, that is, that phytoplankton cells are saturated (note
that in practice for dissolved P, the limit of quantification for most analyti-
cal methods corresponds to the threshold for limitation, i.e., 10 pg/L; see
Chapter 13). Unfortunately, N:P ratios have been used widely and erro-
neously without excluding data from such clearly nonlimiting situations.
Whether P or N is limiting phytoplankton growth and at which time dur-
ing the season can be of relevance for water managers who need to prevent
further increase in cyanobacterial blooms or find the locally most effective
measures to reduce cyanobacterial abundance in a specific waterbody (see
section 7.1 and Box 4.5). However, even where N is the limiting resource at
times, sufficiently reducing P will turn P into the limiting resource and last-
ingly limit phytoplankton biomass.

4.3.3 Light availability

Light is exponentially attenuated with increasing depth (following the
Lambert—Beer equation), and how steeply it diminishes over depth depends
on the water's constituents. There may be complete darkness already at a
few metres depth (Kirk, 1994). The zone in which photosynthesis can occur
is termed the “euphotic zone” (Z,,). By definition, the euphotic zone extends
from the surface to the depth at which the light intensity amounts to 1%
of that at the surface. It is frequently estimated by measuring transparency
with a Secchi disc (see Chapter 13) and multiplying the Secchi depth read-
ing by a factor of 2.3-2.5.

Phytoplankton species — including cyanobacteria — differ in the depen-
dency of their growth rate on light. Light availability therefore is an impor-
tant factor determining the outcome of competition between species and
thus whether the phytoplankton biomass consists chiefly of certain microal-
gae or certain species of cyanobacteria. At low light intensity, some cyano-
bacterial species (e.g., Planktothrix agardhii and P. rubescens) can maintain
a higher growth rates than other phytoplankton organisms. This is why
P. rubescens can thrive in the metalimnion of thermally stratified lakes and
reservoirs. Also, in waters with high turbidity, P. agardhii can outcompete
other species, reaching very high biomass, which in turn decreases trans-
parency, thus improving growth conditions for itself in the sense of a posi-
tive feedback loop (Mantzouki et al., 2016).

Other cyanobacterial taxa need higher light intensities than Planktothrix
in order to develop substantial populations, for example, many taxa of
the order Nostocales. For R. raciborskii in lakes of northern Germany,
Wiedner et al. (2007) demonstrated that light intensity is the most impor-
tant factor determining population growth. Dolichospermum species are
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also known to occur more frequently in fairly clear water, for example, early
in the growing season before turbidity increases due to increased phyto-
plankton density, or in less eutrophic lakes.

Using field data from Lake Victoria, Loiselle et al. (2007) show how the
availability of solar irradiation, strongly influenced by mixing depth, deter-
mines the carrying capacity in waterbodies with excessive nutrient concen-
trations and how maximum phytoplankton biomass levels can be estimated
from light availability.

4.3.4 Temperature, thermal stratification
and mixing

Temperature is a further strong determinant of species composition, act-
ing in two ways: (i) temperature in relation to the depth of a waterbody
determines whether it develops thermal stratification or whether the water
is mixed down to the sediment and (ii) all species grow faster at higher tem-
peratures, up to a limit, but species differ in the temperature dependency of
their growth rate, and for some cyanobacteria, the increase in growth rates
as a function of temperature is steeper than for most of their eukaryotic
competitors (Visser et al., 2016b).

In continental-scale surveys, cyanobacteria have been shown to dominate
at locations with higher temperatures (Kosten et al., 2009; Kosten et al.,
2012), and links between blooms and heatwaves (Johnk et al., 2008; Huber
et al., 2012) have been established, albeit not always in a straightforward
manner and partly only based on theoretical considerations (see below).
Field data on species occurrence in relation to temperature scarcely allow
a distinction between the indirect impact of temperature (i.e., determining
the extent of mixing vs. stratification) and its direct effect on growth rates,
and temperature alone is not a good predictor of blooms.

Often the indirect impacts of temperature are more important than the
direct effects (Carey et al., 2012). In temperate climates, many waterbod-
ies develop thermal stratification in spring, as energy input into the surface
layer increases with increasing solar insolation and temperature (Box 4.2).
Together with irradiation, wind and convection, thermal energy input
determines whether waterbodies are well mixed or develop thermal strati-
fication. As discussed above, thermal stratification is of paramount impor-
tance for growth and proliferation of all phytoplankton — cyanobacteria as
well as microalgae. The strength of stratification, for example, of a deep
alpine lake like Lake Zurich (Switzerland) has increased by more than 20%
over the last few decades (Livingstone, 2003), compared to a less than 1°C
warming of the surface water of the lake over the same period, thus illus-
trating the relevance of indirect versus direct effects of climate warming.
Wagner & Adrian (2009) propose more stable stratification to promote
cyanobacterial blooms in eutrophic waterbodies.
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Thermal stratification determines

e to which depth an average phytoplankton cell is entrained in the mixed
upper layer and thus how much light it is exposed to while being moved
across the underwater light gradient;

e the temperature and nutrient gradients that cells and colonies experi-
ence while entrained in mixing;

e whether cyanobacterial surface blooms and scums can accumulate at
the surface of a waterbody or mixing energy is sufficient to maintain
cyanobacteria in suspension;

e whether phytoplankton cells are likely to sink to the bottom through
sedimentation (thus getting — at least temporarily — lost from the
growing population when light does not penetrate to the sediment), or
whether they remain entrained in the mixed layer;

e whether nutrients liberated from decaying biomass are redistributed
in the water or whether they accumulate near the sediment or in the
hypolimnion.

Huisman et al. (2004) modelled competition between buoyant cyanobac-
teria and other nonbuoyant phytoplankton as a function of access to light
and turbulent mixing, and showed that under weak turbulence buoyant
cyanobacteria on average may be positioned closer to the surface than their
competitors. Hence, access to light, in particular for bloom-forming cya-
nobacteria, must always be considered in relation to the mixing processes
in the lake. Under sustained, full mixing, Microcystis blooms are unlikely
to form, an observation strengthened by successful control of these species
through artificial lake mixing (Visser et al., 2016a).

Many cyanobacteria have higher temperature optima than many micro-
algae, in particular Microcystis spp. (Reynolds, 1997); thus, despite their
relatively slow growth at lower temperatures, Microcystis may catch up
with competitors in warmer water. Furthermore, elevated temperatures at
the sediment surface may promote the recruitment of cyanobacteria from
the sediments, as proposed for Microcystis (Shapiro, 1997) and R. racibor-
skii (Padisak, 1997; Wiedner et al., 2007). The filamentous cyanobacte-
rium R. raciborskii thrives in waters with high temperature and moderately
high nutrient levels, particularly in phases of elevated transparency, and
was originally considered to be a typical tropical and subtropical species
(Dyble et al., 2002). Although some discussions have assigned its spread to
temperate climate zones to global warming, an alternative explanation is
that the genotypes found on different continents (see above) may also differ
in their growth rates in relation to temperature (Gugger et al., 2005b). True
extremophiles can be found in hot spring microbial mat communities.

Elevated temperature also speeds up the degradation of organic matter,
releasing nutrients for growth.
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Most of the studies on cyanobacterial occurrence in relation to temperature
focus primarily on population growth while temperature-dependent losses
are studied to a lesser extent. Yet, losses may also correlate positively with
temperature and outbalance increased growth rates at higher tempera-
tures. For example, Rohrlack (2018) found that Planktothrix can prolif-
erate in a low temperature niche that minimises losses through microbial
antagonists to a degree that allows bloom formation despite relatively low
growth rates.

4.3.5 Hydrodynamics and waterbody morphometry

Waterbody size, depth, shape, wind exposure and water exchange rate are
critical conditions determining how water stratifies (layering of water due
to density differences caused by heating of surface water or salinity) or
moves and how it entrains plankton. In large, shallow lakes, turbulence is
often pronounced, particularly if they are exposed to wind, and even highly
buoyant cyanobacteria will have little chance for vertical positioning and
are mixed throughout the water column. These conditions favour species
like P. agardhii which do not show pronounced buoyancy regulation but
are good competitors for light. Deep lakes generally are thermally strati-
fied with turbulence restricted to the epilimnion. If these lakes are small
and wind-sheltered, turbulence may be minimal (with mixing only slight,
due to convection as the lake cools nocturnally). However, large stratified
lakes and reservoirs may develop internal seiches — with the metalimnion
oscillating at regular intervals in consequence of wind moving the surface
layer towards one end of the waterbody (Cuypers et al., 2011). This may
move species that form distinct layers at the metalimnion, particularly
Planktothrix rubescens, up and down in the regular rhythm of the seiches,
by up to several metres.

The shape of a waterbody (i.e., its morphometry) is an important factor
to consider, in particular for planning sites for drinking-water offtake or
bathing beaches, and respective monitoring (see Chapter 11). Lake mor-
phometry can be fairly regular, and thus, water quality (including plankton
composition) may be fairly homogeneous. Other waterbodies, particularly
reservoirs, have highly irregular, fractal shorelines with incised bays where
tributaries enter or with more or less separated basins in which water qual-
ity varies distinctly between individual sites. In such situations, cyanobacte-
rial blooms can develop or accumulate in one section, not in others.

A further important hydrological characteristic of a waterbody is the
water residence time, that is, the theoretical average time a volume of
water remains in the waterbody. It is calculated from the in- and outflow
discharge, and the lake volume. Water residence times may vary between
seasons and years depending on precipitation and other events in the
catchment — and for reservoirs also on the abstraction regime. Low water
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residence times — that is, in the range of days — may dilute cyanobacteria
faster than they can multiply. Also, depending on the variability of the qual-
ity of inflowing water, low residence times may alter other growth condi-
tions like nutrient concentrations, with short timescales (Romo et al., 2013).
Reynolds et al. (2012) show that diluting a lake by 10% per day would cause
an exponential loss rate of —0.16 per day, and most phytoplankton species
can scarcely reach faster net growth rates.

Both morphological and hydrological conditions also influence nutrient
concentrations (Carpenter et al., 1999). Long water residence times — that
is, in the range of years — may be an obstacle for reducing lake P concentra-
tions because even at substantial external load reduction, P can be recycled
within the waterbody and P concentrations in the sediment will decrease
only slowly. For example, Jeppesen et al. (1991) showed that among 27
shallow lakes under restoration in Denmark, cyanobacterial dominance
disappeared substantially faster in those with a water retention time of less
than half a year.

Stable thermal stratification in deeper lakes can prevent most of the phos-
phorus released from the sediment from reaching the euphotic zone dur-
ing the stratified period, whereas in shallow, turbulent lakes, sediment can
be resuspended and mixed throughout the water column on windy days,
severely reducing water transparency and reducing phytoplankton access
to light. For nitrogen, in contrast, mixing down to the sediment particu-
larly in shallow lakes and reservoirs can cause it to become limiting for
phytoplankton biomass because higher temperatures at the water—sediment
interface enhance the decay of organic substances and in consequence also
denitrification rates and hence loss of nitrogen (N,) to the atmosphere (see
section 4.3.2).

4.3.6 pH: acidity and alkalinity

Cyanobacterial blooms are often associated with alkaline conditions.
However, this is usually a consequence rather than a cause of these blooms:
the uptake of hydrogen carbonate through intense photosynthesis shifts the
equilibrium between carbonate and hydrogen carbonate to render the water
alkaline (Wetzel, 2001; Lampert & Sommer, 2007). While this can be due
to a high biomass of any phytoplankton with a high rate of photosynthesis,
it is typically cyanobacterial blooms that reach particularly high biomass
concentrations and thus are the cause of high pH. Vice versa, cyanobacte-
rial blooms may be expected in waterbodies with pH ranges above 7. Under
acidic conditions (pH <6), cyanobacteria are rarely found in sufficiently
high cell density to cause detectable levels of cyanotoxins (Chorus & Niesel,
2011). However, given the array of carbon uptake systems available to cya-
nobacteria, they can be found to dominate at both low and high dissolved
CO, concentrations (Huisman et al., 2018).
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4.4 CAN CYANOBACTERIAL BLOOMS
BE PREDICTED BY MODELS?

Two different types of approaches may serve to estimate the likelihood of
high cyanobacterial biomass from data on conditions in the waterbody:
functional approaches that strive to model the true interactions within the
ecosystem and statistical approaches that investigate correlations between
cyanobacterial biomass and waterbody conditions. While the advantage of
functional modelling is that it depicts causalities, in practice it is limited by
the complexity of ecosystem interactions which are challenging to depict in
any model. In contrast, while some of the statistical approaches tend to be
comparatively simple and straightforward, they only depict correlations,
not causalities. Taking correlation for causality is, however, widespread,
and when using regressions, it is important to keep in mind that if two fac-
tors correlate, it remains unknown whether this is because one is a cause
for the other or whether there is a third, perhaps unknown factor causing
both factors to increase or decrease in parallel. Correlations are indeed use-
ful to derive hypotheses on the factors determining cyanobacterial biomass;
however, before basing management decisions on their results, it is impor-
tant to investigate and understand the mechanism(s) likely to be causing the
correlation. Furthermore, statistical models capture the outcome of all pro-
cesses determining species dominance and biomass without disentangling
their relative importance. Thus, they can be useful for the waterbodies for
which they were derived or for those which are similar to the ones used in
the model (e.g., within the same ecoregion and similar hydrophysical char-
acteristics), but their predictions are uncertain when applying them to other
types of waterbodies.

Functional models strive to overcome this limitation and to be more gen-
erally valid by capturing key processes and relationships, including, for
example, the dependency of phytoplankton growth rates on environmen-
tal conditions, loss processes and competition between some keystone spe-
cies or phytoplankton groups. A range of such models has been developed
that include conditions favouring cyanobacteria. Mooij et al. (2010) give an
overview of models developed for the real-time prediction of cyanobacte-
rial scums and blooms from current or recent waterbody and meteorologi-
cal data, for example, CAEDYM, BLOOM and for shallow, nonstratifying
lakes PCLake, PROTECH and SALMO. However, these may fail if pro-
cesses other than those depicted in the model are important. Predicting
cyanobacterial dominance and biomass using generic functional models is
not only challenging because of the complexity of waterbody conditions
determining the outcome of competition between species, but also because
excessively complex models do not necessarily perform better. Reynolds &
Maberly (2002) propose a simple model to estimate the maximum possible
biomass yield (carrying capacity) in terms of concentrations of chlorophyll-
a from the concentrations of nitrogen and phosphorus as well as the photon
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flux density. While this neither includes loss processes nor a differentiation
between cyanobacteria and other phytoplankton, it is useful as approach to
estimating the maximum conceivable biomass to be expected (and if this is
high, rendering the water turbid, a high share of cyanobacteria is likely; see
section 4.3). Carvalho et al. (2013) emphasise the value of using nutrient
data — particularly those for total phosphorus (TP) — to estimate the likeli-
hood of cyanobacterial blooms because these are much more widely avail-
able than phytoplankton data.

Among the statistical approaches, a number of studies addressed the rela-
tionship between phytoplankton biomass (often quantified as chlorophyll-a)
and the concentration of TP, sometimes including total nitrogen (TN).
Most of these studies were conducted in temperate climates, and one of the
first to be widely used in management is Vollenweider (1976). Since then,
a number of studies have been published giving regressions from a vary-
ing number of waterbodies relating chlorophyll-a to both P and N (see an
overview in Yuan & Jones (2020). Phillips et al. (2008) give an overview of
15 earlier studies and show the slopes of a total of 15 regressions to vary
between 0.8 and 1.5 for log TP (16 lakes) and 1.0 to 1.4 for log TN (7
lakes); in consequence, the concentration of chlorophyll-a that these regres-
sions predict for 35 pg/L of TP (at 875 pg/L TN) varies by almost a factor
of 4, that is, between 5.4 and 19.5 ug/L. Moreover, these authors give new
regression equations that they developed from evaluating a data set from
>1000 European lakes. These show less scatter of the data for chlorophyll-a
versus TP as compared to chlorophyll-a versus TN, reflecting the limita-
tion of biomass chiefly by TP in the larger fraction of the lakes included in
the regressions.

In particular, Phillips et al. (2008) differentiated between lake types and
geographic regions within Europe. While results show no influence of region,
the most pronounced resultis that the lowest biomass (in terms of chlorophyll-a)
per unit nutrient is found in deep lakes and the highest biomass in shallow
lakes (which were also those with high alkalinity). This is to be expected
because, as discussed above, deeper mixing causes more pronounced limita-
tion by light, particularly when a high density of phytoplankton cells causes
high turbidity. Also reflecting increasing light limitation at high phytoplank-
ton density, the correlation of chlorophyll-a with TP levelled off at concen-
trations of 100 pg/L TP and 1000 pug/L TN with yet higher levels of both
chlorophyll-a and nutrient concentrations, found only in very shallow water-
bodies. For using such a regression model to estimate target levels for nutri-
ents, Phillips et al. (2008) emphasise that “managers should use an equation
that is derived using data from a lake type that matches as closely as possible
the lake they are concerned with”.

For tropical climates, Huszar et al. (2006) evaluated data from 192
tropical lakes and found the relationship between chlorophyll-a and TP
concentrations to correlate less tightly than for the data from temperate
climates, and chlorophyll-a concentrations in relation to TP to be slightly
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lower (Figure 4.5). As explanation for these phenomena, Jeppesen et al.
(2005) propose a stronger impact of further factors such as light limita-
tion in waterbodies with elevated turbidity and more complex food web
interactions. In particular, loss processes may lead to phytoplankton
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biomass considerably lower than that expected from nutrient concentra-
tions. Mamun & An (2017) show the influence of seasonal Asian monsoon
on regressions of chlorophyll-a and TP with data from 182 agricultural
reservoirs and demonstrate a much stronger correlation of chlorophyll-a to
TP as compared to TN for these waterbodies.

For practical purposes of predicting biomass levels, it is important to
realise that the data points for the individual waterbodies behind these
regressions scatter considerably: in the statistical evaluation of Huszar
et al. (2006), log(TP) explains only 42% of the variance of log chloro-
phyll (and a multiple regression approach, including TN, resulted in only
moderate improvement to 47% explanatory power). In consequence of
this scatter, in any given waterbody observed annual mean chlorophyll
concentrations can be several-fold higher or lower than those predicted
from total phosphorus (TP)concentrations and the regressions shown in
Figure 4.5.

However, this uncertainty in the range of a factor of 3-5 relates to data
spanning three orders of magnitude, and thus, the published regressions
remain useful for two purposes: (i) for first estimates of the TP target
concentrations that are likely to control biomass and (ii) for investigating
causes for particularly high or low mean chlorophyll concentrations in rela-
tion to those of TP.

Predicting specifically cyanobacterial biomass requires an understanding
of the conditions in the waterbody which favour their dominance. Trophic
state and the concentrations of TP are key: where nutrient concentrations
enable high levels of total phytoplankton biomass, this has a high likelihood
to consist chiefly of cyanobacteria — in temperate climates particularly dur-
ing summer and early autumn: Downing et al. (2001) evaluated data from
99 lakes of the temperate zone and found that the risk of cyanobacterial
dominance was related to the TP concentration as follows: 0-30 ug/L TP:
0-10% risk of cyanobacterial dominance; 30-70 ug/L TP: ~40% risk; 100
ug/L TP: ~80% risk. The authors further highlight that turbidity — caused
by high phytoplankton cell density — increases the risk of cyanobacterial
dominance (at concentrations of chlorophyll-a above 10 pg/L, transparency
tends to decline to less than 1m).

Data from shallow lakes in north-eastern Germany dominated by filamen-
tous cyanobacteria confirm the pattern described by Downing et al. (2001):
total phytoplankton biomass proved to be a good predictor of cyanobacte-
rial biomass, particularly at high total phytoplankton biomass (Figure 4.6).
Once biovolumes were higher than 13 mm?3/L, cyanobacteria almost always
constituted at least half of this biomass, often more. The causal explana-
tion for this is that these lakes are dominated by filamentous cyanobacteria,
chiefly P. agardbii, which can outcompete other phytoplankton particularly
under the conditions of low light availability (see section 4.2.2). A similar
result is reported by Ptacnik et al. (2008) for lakes in northern Europe: at
chlorophyll-a concentrations above 10 pg/L, cyanobacteria often dominated
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Figure 4.6 Cyanobacterial biovolume in relation to total phytoplankton biovolume
for four lakes (Langer See [Lan], Melangsee [Mel], Petersdorfer See [Pet],
Scharmiitzelsee [Sch]) in the same catchment. Upper panel: absolute values
of biovolumes; lower panel: relative fraction of cyanobacteria in total biovol-
ume. (Data kindly provided by Brigitte Nixdorf, Brandenburgische Technische
Universitit Cottbus.)

in samples taken in late summer, and as discussed above, Carvalho et al.
(2013) evaluated a data set from more than 800 lakes of medium or high
alkalinity in Europe and show a sharp increase in cyanobacterial biomass
relative to TP beginning at 10 pg/L, increasing sharply in the range of 20-100
ug/L and levelling off at 100 pg/L.

A further confirmation of the significantly enhanced likelihood of cyano-
bacteria to be the organisms causing high phytoplankton biomass is given
by Chorus et al. (2011) who evaluated a large database with almost 2000
samples from 210 lakes covering six European countries and three ecore-
gions (Central Plains, Central Highlands and Sicily) for the likelihood of
the six most common cyanobacterial taxa to occur, depending on envi-
ronmental conditions, that is, nutrient concentrations, seasonality, mixing
and waterbody depth, turbidity, pH and temperature (Table 4.2). For five
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Figure 4.7 Frequency of occurrence of the six most common cyanobacterial taxa in 1928
samples from 210 waterbodies in two biomass categories (biovolumes up to
0.5 mm?/L and >0.5 mm?/L) and in five categories of total phosphorus (TP).
Number of samples per category from lowest to highest TP concentrations:
501, 623, 302, 246 and 256. (Modified from Chorus & Niesel, 2011.)

categories of TP concentrations, the frequency of individual taxa (relative to
all samples in the database) in samples is shown in Figure 4.7. While these
taxa were found in some of the samples even at low TP concentrations, that
is, <10 pg/L, with the exception of Aphanizomenon, this was only in less
than 10% of the samples, and some taxa (Microcystis spp. and Limnothrix
spp.) proved more likely to occur at higher TP concentrations. Importantly,
however, cyanobacterial biovolumes above 0.5 mm3/L occurred almost only
at TP concentrations above 25-50 pg/L TP and almost exclusively in water-
bodies classified as “eutrophic” or “hypertrophic” by the data providers.
These cyanobacteria also occurred significantly more frequently at >16°C
in late summer, probably due to the time it takes for them to build up larger
populations as the season progresses.

Recknagel et al. (2017) demonstrate that lake-specific models developed
from historic data and cyanobacterial cell counts can — using only in situ
physical-chemical sensor monitoring data — predict blooms quite accu-
rately. Their models (based on hybrid evolutionary algorithms) for Lake
Wivenhoe in Australia and the Vaal Reservoir in South Africa forecast
blooms exceeding 1 pg/L total MCs 10-30 days ahead of their occurrence.
This demonstrates the value of multiseasonal time series to refine more gen-
eral models for a particular waterbody, as these can improve forecasts for
parameters of high relevance for water management.
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Table 4.2 Occurrence of cyanobacteria in relation to conditions determining their
growth in 201 European waterbodies

TP concentration

[ug/L] with Further conditions
Cyanobacterial occurrence of the Frequency ratio® at coinciding with elevated
taxon taxon significantly elevated biovolume® frequency of occurrence

Max. ratio  Min. ratio
More Less atTP atTP
frequent  frequent  >90 ug/L <log/L

Microcystis spp. > 50 <25 3.8 0.2 Mixed, late summer,
>16°C,
Secchi <3m, pH >7
Aphanizomenon > 90 <25 4.6 0 Mixed, late summer,
Spp- >16°C,
Secchi <2m, pH >6
P. agardhii > 90 <25 4.8 0 Late summer, >16°C,
Secchi <2m, pH >6-7
Limnothrix spp. > 50 <25 4.0 0 Mixed, spring,
Secchi >3m
Dolichospermum > 50 <25 4.2 0.1 Mixed, late summer,
Spp- >16°C,

Secchi <3m, pH >7-8

Source: Adapted from Chorus & Niesel (2011).

2 “Frequency ratio” is the number of samples with the taxon to the total number of samples in the
database (see Figure 4.7 for details); note that these data apply only to this specific database.

b “Elevated biovolume” is defined in relation to cell size of the taxon and ranges from >0.1 to >I
mm?/L biovolume.

4.4.1 Models to predict surface blooms and scums

As discussed in section 4.1.1, the mechanisms of cell accumulation differ
between the cyanobacterial genera that form surface blooms (particularly
Microcystis, Anabaena, Aphanizomenon) and those that form dense popu-
lations in the metalimnion, particularly Planktothrix rubescens, but some-
times also Aphanizomenon, Dolichospermum and Raphidiopsis. While
the horizontal drift of scums can be roughly inferred from prevalent wind
directions (Hutchinson & Webster, 1994; Welker et al., 2003), predicting
when cells will rise to the surface is more challenging. In many settings with
regularly recurring seasonal populations of surface bloom-forming cyano-
bacterial species, experience provides good indication of the time of year
and type of weather rendering scum formation to be likely.

Beyond experience valid for individual waterbodies, models to predict
scum formation from waterbody characteristics and weather forecasts can
be useful. These are being developed as vertical migration velocities and
buoyancy regulation mechanisms are increasingly becoming understood
for frequently occurring cyanobacterial species and genera. For Microcystis
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colonies, models describe the vertical migration of cyanobacteria (e.g.,
Kromkamp & Walsby, 1990; Visser et al., 1997; Wallace & Hamilton, 2000).
The fuzzy-logic-based early warning model developed by Ibelings et al.
(2003; see Box 4.8) includes weather forecast (wind speed and direction),
cyanobacterial biomass, buoyancy state of the cells and stratification sta-
bility to predict the timing and location of cyanobacterial scums several
days in advance, giving water managers time to act. A crucial problem with
all predictions of scum formation is the trade-off between false negatives
(missing blooms in the prediction) and false positives (predicting blooms
that then do not occur). Whereas the first may lead to public health risks,
the second may lead to economic damage for lake-based operations such as
restaurants, campsites and beaches when lakes are closed for recreational
purposes. For P. rubescens, Walsby (2005) developed a conceptual model
to explain the occurrence of surface blooms near shallow, leeward shores
arising from populations floating up in the metalimnion.

BOX 4.8: EARLY WARNING FOR THE
FORMATION OF MICROCYSTIS SCUMS

In the Netherlands, water managers use a scheme in which scums are clas-
sified as | (light scums/surface blooms) to 4 (severe scums) on the basis of
an information sheet showing pictures and descriptions of these categories.
For a number of Dutch lakes, observers took notes on the occurrence of
scums on a daily basis and used these data to validate an early warning model
(Ibelings et al., 2003) that predicts scum formation (time and location) from
several factors, including the mid-term weather forecast.

This model estimates cyanobacterial biomass increase using a traditional
water quality model, combining this with a fuzzy-logic model to estimate the
buoyancy of the cells and to relate this to waterbody mixing or stability of strat-
ification. Fuzzy-logic model allowed qualitative data (expert knowledge) about
scum formation to be made available in a quantitative way. The model was first
developed for the open water of the large Lake IJsselmeer and then expanded
to be applicable to smaller lakes, taking also sheltered areas (harbours, etc.)
into account, that is, places where scums are more persistent than in the open
water of lakes. It provides lake managers with a weekly bulletin in which the risk
of scum formation for the coming week is indicated. The model is continuously
being updated and improved (work by Deltares; https://www.deltares.nl).

All models are intended to (i) identify physical conditions of the waterbody
that allow for surface bloom formation in a specific lake and (ii) predict the
occurrence of surface blooms and scums. Generally, they work satisfactorily
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for the waterbodies for which they were developed. For the application of
scum-forecasting models to a specific waterbody, it is important to consult
an expert for limnological modelling.

4.5 WILL CLIMATE CHANGE AFFECT
CYANOBACTERIAL BLOOMS?

Evidence for an increase in cyanobacterial blooms in the wake of climate
change is increasingly published (e.g., Mooij et al., 2005; Paerl & Huisman,
2009), and there is widespread concern that cyanobacterial blooms will
increase in warming waterbodies where these are sufficiently eutrophic to
sustain blooms. However, the impact of climate change on growth condi-
tions for cyanobacteria is not straightforward (De Senerpont Domis et al.,
2013), and it is important not to confuse the effects of local — and possibly
unusual — weather on plankton dynamics in a given lake with climate effects.

Climate change affects water temperatures directly, but also indirectly
waterbodies through changes in the strength and duration of thermal strati-
fication (see section 4.3.4), including the impact of (possibly more frequent)
storm events, and warming can lead to earlier appearance of zooplankton,
changing grazing pressure on phytoplankton (Winder & Sommer, 2012).
Elevated atmospheric CO, concentrations may stimulate access to CO, for
surface blooms, which may be limited by inorganic carbon (see Huisman
et al., 2018) — but elevated water temperatures simultaneously reduce the
solubility of CO, in water and thus lead to lower concentrations. Climate
change may also impact on the patterns of rainfall and snowmelt and thus
on inflow, turbidity and nutrient loading, and it may increase water resi-
dence times where periods of drought increase — or reduce water residence
time where precipitation increases. Thus, the probable effects of a climate
change include mechanisms that may be favourable for cyanobacterial
growth as well as mechanisms which are not, and the balance between
them will vary strongly between waterbodies and have different effects on
different bloom-forming species.

For Microcystis, a direct mechanism proposed to cause an increase in
its abundance is the more pronounced dependency of growth rates on
elevated temperature as compared to most of their competitors among
other phytoplankton, which would increase the chances of Microcystis
to dominate in warmer water. Additionally, increased stability of thermal
stratification resulting from enhanced energy input into the surface layer
of waterbodies could provide a competitive advantage for species with a
mode of active vertical positioning, like buoyant cyanobacteria. In con-
trast, however, increases in cloud cover and wind speed (as, e.g., predicted
for North West Europe) or more frequent storms would weaken thermal
stratification of waterbodies and thus reduce this competitive advantage.
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Analysis of surface blooms in IJsselmeer showed that scums are absent at
wind speeds greater than 2-3 m/s (Ibelings et al., 2003), and in this lake,
they may therefore become less frequent in the predicted slightly more
windy future (Cheng et al., 2002).

P. agardhii may also be affected by a warmer climate, especially in those
hypertrophic lakes where this species forms more or less permanent (year-
round) blooms. In Lake Veluwe, the Netherlands, a 15-year bloom of
Planktothrix was broken by a combination of reduced P loading and flush-
ing, but a series of cold winters with extended ice-cover was also impor-
tant in reducing the overwintering biomass of this species and giving other
species, particularly of planktonic algae, a chance to dominate in spring
(Reeders et al., 1998). Jeppesen et al. (2003) suggest that climate warming
may increase the probability of lakes to become locked in a turbid state.
Heatwave summers have been shown to reduce, rather than expand, the
proliferation of Planktothrix rubescens in deep lakes. Here, milder win-
ters rather than warm summers promoted cyanobacterial development, an
example of ecological memory carrying over environmental effects from
one season to the next (Anneville et al., 2015).

The spreading of R. raciborskii — previously regarded as subtropical — into
temperate regions has been tentatively linked to climate change. Wiedner et al.
(2007) showed that this is also not attributable to overall higher summer
temperatures but rather to the timing of higher temperatures: resting stages
(akinetes) of R. raciborskii germinate at 15°C, and in northern Germany, lake
sediments reach this temperature earlier by 2 weeks, when less spring phyto-
plankton has developed and water is still clearer. The earlier R. raciborskii
hatches from its resting stages, the more light is available for its rapid growth
and the establishment of a large population.

A further aspect is that higher temperatures and higher stratification sta-
bility can trigger an increased release of phosphorus from sediments, thus
fertilising cyanobacterial blooms. Vice versa, however, increased stratifica-
tion stability can reduce the transport of released phosphorus into the eupho-
tic zone, thus reducing its availability to cyanobacteria possibly resulting in
a “climate warming-induced oligotrophication” (Salmaso et al., 2018). The
specific conditions in a waterbody determine which of these two contrary
processes determines phosphorus concentrations in the euphotic zone.

The concept of “carrying capacity” (section 4.3.5 and Figure 4.3) is helpful
for assessing the impact of climate change versus the impact of trophic state:
where there is not enough phosphorus and nitrogen to support substantial lev-
els of phytoplankton biomass, warming is not likely to increase cyanobacterial
proliferation. A number of modelling studies (reviewed by Elliott (2012))
show agreement that while cyanobacterial biomass is likely to increase in
a warmer climate, the magnitude of this response will strongly depend
on nutrient concentrations: where these are limiting, the annual amount
of biomass is not likely to increase although the timing and proportional
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dominance of cyanobacteria may change. On the basis of data analysed
from more than 1000 lakes, Rigosi et al. (2014) emphasise that the impacts
of nutrients and climate are not synergistic; rather, “nutrients predomi-
nantly controlled cyanobacterial biovolume” and, although very eutrophic
lakes are more sensitive to increased temperature, “ultimately nutrients are
the more important predictor of cyanobacterial biovolume”. Others, how-
ever, are convinced that a synergy between eutrophication and increased
temperatures will produce even larger blooms in future (Moss et al., 2011;
Havens & Jeppesen, 2018).

A further concern in climate change scenarios for some situations is the
possible reduction in available water in lakes and reservoirs due to reduced
rainfall. Water scarcity combined with increasing cyanobacterial blooms
would create challenges for waterbody management in general and spe-
cifically for providing safe drinking-water. Yet, also for this aspect, direct
human impact, for example, through large-scale depletion of groundwater
for irrigation, could outweigh the possible long-term impact of changes in
precipitation patterns in the course of climate change.

In conclusion, it is highly probable that a significant change in climatic
conditions will affect the ecology of waterbodies. In some waterbodies, this
could cause an increase in the frequency and the scale of cyanobacterial
blooms, while not in others. Preparing today for possible effects of climate
change on cyanobacterial blooms in the future should not divert the focus
from measures to reduce cyanobacterial blooms that can be taken today:
reducing eutrophication to levels unlikely to support blooms is an effective
component of preparing for climate change.

4.6 WHICH FACTORS DETERMINE
CYANOTOXIN CONCENTRATIONS?

In natural waters, complete absence of cyanobacteria is unlikely given the
capability of cyanobacteria to thrive in the most extreme environments, and
therefore, cyanotoxins are likely found in most waterbodies — yet often at
very low concentrations and detectable only with highly sensitive analytical
methods. Therefore, the qualitative detection of cyanobacterial toxins, for
example, in samples concentrated with a plankton net, is only of limited
relevance for public health management.

For health risk assessment, not mere occurrence but rather the con-
centration of cyanotoxins in waterbodies is important, and the con-
centration is tightly linked to the biomass of potentially toxigenic
taxa. The most important ones include Microcystis, Planktothrix,
Dolichospermum, Raphidiopsis and Aphanizomenon in the plankton
of lakes and reservoirs, benthic taxa like Phormidium or Microcoleus in
streams, (tychoplanktonic) Tychonema in lakes, and Lyngbya or Nodularia
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in brackish and coastal waters. Other taxa that have been reported to
form blooms, such as Limnothrix or Gomphosphaeria, have not been
unambiguously reported to produce known toxins, while, on the other
hand, some toxigenic taxa such as Hapalosiphon or Umezakia have not
been reported to form blooms.

As discussed in Chapters 2 and 3, the current understanding of cyano-
toxin occurrence is incomplete, as the identification of further taxa produc-
ing specific cyanotoxins (and potentially yet unknown ones) is ongoing, and
for most types of cyanotoxins, new producing taxa may be found in future.
In particular, while it is well recognised that cyanobacterial populations
consist of a mixture of clones, some of which produce toxins and others
which do not, differentiation between toxic and nontoxic clones cannot
be done reliably by microscopic examination. It became possible only with
the advent of molecular methods (Kurmayer et al., 2004; section 13.4) or
highly sensitive analytical methods that allow the detection of toxins in sin-
gle colonies or filaments (Akcaalan et al., 2006; Welker & Erhard, 2007).
Such methodology can characterise the clonal diversity of cyanobacterial
communities, showing that a distinction between toxic and nontoxic clones
is only a very rough classification (Janse et al., 2004). Rather, a multitude of
genetically and metabolically distinct clones can be distinguished, with the
production of cyanotoxins being one characteristic among others (Fastner
et al., 2001a; Janse et al., 2003; Welker et al., 2004a).

Geographic variation in the genetic diversity of toxin-producing cya-
nobacteria is just beginning to be explored, and new insights into bio-
geographic patterns of toxin production are likely. Further surveys at a
global scale will be particularly relevant for regions that have so far been
poorly investigated.

4.6.1 Composition of blooms and cyanotoxin types

MCs appear to be the most widespread type of cyanotoxins occurring in
health-relevant concentrations (Sviréev et al., 2019), and they are very likely
to occur when species of Microcystis or Planktothrix are present. Field
populations of these genera usually contain both clones with and without
the genes for MC production (see below), yet it is very rare to find field
populations of Microcystis without any MC-producing clones. In Europe,
field populations of Planktothrix agardhii as well as of P. rubescens have
never been observed without MC production (Kurmayer & Gumpenberger,
2006), although within these, some nonproducing clones occur frequently
(Welker et al., 2004b). A number of studies have highlighted patterns of
occurrence of particular MC congeners with particular taxa (e.g., Fastner
et al., 1999). While for Microcystis blooms MC-LR, MC-RR and MC-YR
typically are the most abundant congeners, in P. agardhii dominated
blooms demethylated [Asp’] congeners dominate and in P. rubescens the
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[Asp’, Dhb’] congeners are typical. For risk assessment, specific toxico-
logical data for congeners other than MC-LR are sparse or lacking, so as
default or conservative estimate, these are regarded as being similarly toxic
as MC-LR (see sections 2.1, 5.1 and 5.2).

Occurrence of cylindrospermopsin was first only expected when R. raci-
borskii was present in the plankton, but the number of taxa reported to
produce CYNs is increasing (currently including species of Aphanizomenon
and Dolichospermum). Further, among strains of R. raciborskii, only those
originating from Australia or South East Asia were found to produce CYNs
(Li et al., 2001b; Neilan et al., 2003; Piccini et al., 2011). Most CYN-
producing species known so far belong to the order Nostocales (sensu
Anagnostidis & Komdrek (1985)) but evidence for CYN production in
Stigonematales and Oscillatoriales indicates that the ability to produce
CYN could be more widespread. However, CYN production appears to be
more variable than MC production: while for MCs, occurrence can be reli-
ably predicted when specific taxa are present with sufficiently high biomass
(Microcystis, Planktothrix), no taxa have been reported which are almost
always found together with CYNs. Thus, compared to MCs, for CYNs the
frequency of nonproducing clones appears to be relatively high. This obser-
vation could, however, be biased to some degree by the poorly resolved
taxonomy for some cyanobacteria (Chapter 3).

The same appears to apply to the cyanobacterial neurotoxins, although
less data are available on their occurrence and producing strains. For neu-
rotoxins, relationships between toxigenicity and taxonomy are less clear,
as information on genes encoding their biosynthesis has become available
later (see sections 2.3-2.5 and 13.4), but molecular methods are needed to
unambiguously verify the potential to produce neurotoxins in large numbers
of samples and strains (Wang et al., 2015). Like with MCs and CYNs,
the ability to produce neurotoxins is not confined to a particular order of
cyanobacteria, and within genera or even species, toxic and nontoxic clones
exist (Beltran & Neilan, 2000). There are also possible biogeographic differ-
ences in neurotoxin production: for example, while for Raphidiopsis exclu-
sively Brazilian strains seem to produce saxitoxins (Haande et al., 2008), for
D. circinale only Australian strains have been shown to produce saxitoxins
(Fergusson & Saint, 2000; Al-Tebrineh et al., 2010).

4.6.2 Toxin content in biomass

The term “concentration”, according to IUPAC definitions, refers to an
amount of toxin (generally expressed as mass or weight) per volume of water.
This is best distinguished from toxin “content” referring to an amount of
toxin per unit of cyanobacterial biomass, with the latter expressed as weight
or as biovolume (Box 4.9). This distinction is not always made clear in the
literature, rendering the comparison of data sometimes difficult.
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BOX 4.9: UNITS TO REPORT CYANOTOXINS

The occurrence of cyanobacterial toxins is reported in a variety of units that
are not always easily transformed from one to another. The most commonly
used units are given in this box together with exemplary values that can serve
as reference data to judge the plausibility of measured values.

Cell quota: amount of toxin per cell, expressed either in gravimetric or
in molar units; this is femtogram (fg) per cell or femto- or attomol (fmol
or amol, respectively) per cell. Cell quota are used primarily in laboratory
experiments on MC production but also sometimes in field studies and gen-
erally for unicellular taxa like Microcystis. In individual toxigenic Microcystis
strains, cell quota have been found to vary by a factor of about three, and
the maximum values reported are 165 fg/cell (Orr & Jones, 1998; Long et al,,
2001; Wiedner et al., 2003). From field samples, cell quota ranging from | to
144 fg/cell have been calculated (Okello et al., 2010). For CYNs, cell quota
of 60 fg/cell (Orr et al., 2010) and 191 fg/cell (Vasas et al., 2013) have been
reported for R. raciborskii and Chrysosporum ovalisporum, respectively. For
saxitoxin, cell quota of |.3 picogram (pg) per cell in a Scytonema strain have
been reported together with a toxin content of 119 ug/g DW (Smith et al.,
2011). Cells of Scytonema have a volume about fifty times that of a Microcystis
cell. Any numbers considerably beyond these ranges may be the result of a
conversion error or inaccuracies in the quantification of the cell number or
the toxin concentration (see Box 4.10).

Toxin content: amount of toxin per mass of cells, expressed in ug or mg per
gram dry weight (dw) in the older literature. A large number of values have
been published for different cyanotoxins: in individual strains maximally 8 mg
MC/g DW and 4.6 mg CYN/g dw (Sivonen, 1990; Long et al., 2001) and in field
samples from below detection limit to a few mg/g dw. Toxin content may
also be expressed as pg per mm? biovolume. As | mm? equals ~I mg of fresh
weight or about ~0.25mg DW, and | pg toxin/mm? corresponds to about
4 ug toxin/mg dw. A third common unit for toxin content is ug toxin per ug
chlorophyll-a, rarely exceeding a |:| ratio.

Toxin concentration: amount of toxin per volume of water, often expressed
in ug/L or if concentrations are very low, in ng/L (= 0.001 pg/L). Two frac-
tions need to be discriminated, particulate and dissolved. The particulate
fraction comprises toxins contained in cells and adsorbed to particles or,
from a practical point of view, the toxins that can be collected on a fil-
ter. Accordingly, the dissolved fraction is in the particle-free sample that
passed the filter. Toxin concentration is the most important parameter for
risk assessment.
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Dry weight: A wealth of (published) data exists on toxin contents of
bloom samples or isolated strains on a weight-to-weight basis (e.g., ug MC
per g dry weight). Analytical methods can detect most toxins in the ppb
range, that is, a few tens of nanograms per gram dry weight (for units
and scales, see Box 4.10). The highest reported toxin contents for cultured
strains are around 1.5% of dry weight for MCs and CYNs, corresponding
to 15 pg toxin per mg dry weight (Chapter 2). The maximally achievable
toxin contents of plankton net samples are thus reasonably expected in the
same range. It follows that any reported toxin content exceeding 2% of dry
weight is remarkably high and needs to be critically verified.

BOX 4.10: SCALES AND MAGNITUDES
OF MASS AND VOLUME

“For thousands more years, the mighty ships tore across the empty wastes of
space and finally dived screaming on the first planet they came across — which
happened to be the earth — where due to a terrible miscalculation of scale the
entire battle fleet was accidentally swallowed by a small dog”

Douglas Adams, The Hitchhiker’s Guide to the Galaxy

What reads as funny side-kick in a novel conveys some deeper meaning: when
dealing with masses and volumes in extremely low ranges, anyone who is not
familiar with the units has to be very careful to avoid conversion errors that
could lead to the reporting of false numbers.

For units of mass (often also termed “weight”), the relevant units for cya-
notoxin research are gram (g), milligram (mg), microgram (ug), nanogram (ng),
picogram (pg) and femtogram (fg). The conversion factor from one unit to the
next is 1000; this means, for example, | pg equals 1,000,000,000 fg=10° fg.

For units of volumes, in the context of toxic cyanobacteria, the units litre
(L), millilitre (mL), cubic millimetre (mm?; to report phytoplankton population
biovolume) and cubic micrometre (um?; to report individual cells’ volumes)
are relevant. While conversion of L to mL to pL is done with respective fac-
tors of 1000, the conversion of mm? to um? with a factor of | 000 000 000
(10%) requires particular attention. Conversion factors are summarised in the
following table:

volume dm? cm? mm? um?

dm3=L I 1.0E+03 1.0E+06 I.OE+15
cm*=mL 1.0E-03 | 1.0E+03 I.0E+12
mm?*=pL 1.0E-06 1.0E-03 I I.0E+09

um?=fL I.0E—15 1.0E—12 1.0E-09 |
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Assuming a specific density of p=1 g/mL for fresh cyanobacterial cells — the
density of water — biovolume converts to fresh weight (fw) as follows: | mm?
— Imgand | um?® — | pg. For the conversion of fw to dry weight (dw), a fac-
tor of 0.25 is considered. Based on this and the assumptions of an MC content
of 1% of dw, the amount of toxin per cell can be computed like in the following
table (with three exemplary size classes of Microcystis):

Dolichospermum Microcystis Microcystis Microcystis

Cell diameter 10 um 4 um 4.5 um 5 um

Cell volume 523 pm? 34 um? 48 um? 65 um?
(V=n/6xd%

Cell mass (wet 523 pg 34 pg 48 pg 65 pg
weight)

Cell dry weight 131 pg 8.5 pg 12 pg 16 pg
(25%)

Calculated cell 1300 fg/cell 85 fg/cell 120 fg/cell 160 fg/cell
quota

For Microcystis, the computed cell quota are in the range of reported cell
quota estimated from direct cell counts and MC analyses; hence, the estimates
are consistent with reported values. In turn, any cell quota substantially
exceeding these values have to be critically evaluated. For example, cell quota
reported for Microcystis of | pg/cell correspond to an improbable MC content
of some 10% of dw, 5 pg/cell to very unrealistic 50%, and any value exceed-
ing 10 pg/cell is close to the cells’ dry weight or actually exceeds it — which is
physically impossible.

It is thus highly advisable to perform basic plausibility tests based on
known cell dimension, biovolumes, cell numbers, etc. to verify that calcu-
lated ratios are physically possible and in accordance with available data. Any
value that is substantially beyond the values reported so far has to be care-
fully checked for possible errors in measurements and conversions — once
erroneous data have been published, they can develop a life of their own
through continuing citation.

Since most cyanobacterial blooms do not consist of a single clone with an
extremely high toxin content, but comprise mixtures of clones with varying
toxin contents, including nontoxigenic ones, field samples generally show
toxin contents that are much lower than 1% of dry weight. A number of
exemplary values for toxin contents of cultured strains are given in Chapter 2.
However, dry weight is not practical for estimating toxin concentrations
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from biomass because it requires collecting a sufficiently large amount of
biomass from a defined volume of water with a plankton net for drying and
weighing. Water volumes are poorly defined if the sample is collected by
hauling the net through the water column. With more sensitive analytical
methods, small sample sizes suffice for accurate toxin analysis. The more
practical approach therefore is to relate toxin content to biovolume (see
Chapter 13 for the determination of biovolume by microscopy.)

Biovolumes: Data from field samples and laboratory experiments suggest
that, for example, for MCs, a ratio of 3 ug MC per mm?3 biovolume is rarely
exceeded in the mixture of clones or genotypes occurring in waterbodies
(Fastner et al., 2001b; Hesse & Kohl, 2001; Znachor et al., 2006) even
though outliers of up to 13.8 pg/mm?3 and 20.6 pg/mm?3 have been found
in cultured strains of Microcystis and Planktothrix, respectively (see Table
2.3). This small number of higher ratios reported in the literature should
not be given too much weight unless the values have been verified with
further values in the same range. One reason for outliers may partly be
attributed to (unavoidable) inaccuracies in biovolume determination and
analytical errors when the concentrations are close to the limit of quanti-
fication: any computing of ratios is sensitive to relative errors and errors in
both values may potentiate the ratio’s error (Chapter 13). For example, an
underestimation of biovolume by setting the average cell diameter to 4 pm
while the true value is 4.5 um results in a biovolume with an error of 30%.
Together with an overestimation of toxin concentration as 1 pg/L instead
of truly 0.7 ug/L (error of 30%) already results in an overestimation of the
toxin-to-biovolume ratio by a factor 2. Therefore, based on the bulk of the
reported data, a value of 3 pg/mm? of biovolume serves as a conservative
assumption.

Cell guota: Not very many data are available on toxin contents per cell
(generally expressed in femtogram (fg) per cell). Exemplary values are com-
piled in Box 4.9 and for cultured strains in Chapter 2; these suggest, for
example, for MCs, a content of 200 fg per cell for Microcystis sp. is a
conservative assumption. Again, outliers have to be critically verified before
taken into consideration, for example, by rough estimates whether the cell
quota are consistent with toxin contents per dry weight reported for spe-
cific toxins and taxa (Box 4.10). Based on assumed cell quota of 200 fg
per cell of Microcystis, one million (10°) cells in a bloom can account for
maximally 0.2 ug MC but expectedly, in typically multiclonal populations,
average cell quota are lower and hence the amount of toxin, too. Therefore,
for an in situ MC concentration of 1 pg/L, Microcystis cell densities of at
least 107 cells/L are expected. For other toxins and taxa, only few values
are available (Chapter 2), and unfortunately erroneous toxin contents (even
exceeding the cell’s dry weight) have been published. Box 4.10 gives factors
and an example for converting weights, biovolumes and cell quota to sup-
port checking for plausibility of values for toxin contents.
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4.6.3 Toxin concentrations in water

The dynamic fluctuations in cyanobacterial occurrence discussed above
impact on cyanotoxin concentrations. Studies of seasonal dynamics of cya-
notoxin concentrations in relation to trophic and geographic gradients have
mainly focused on MCs and cover a number of different types of water-
bodies. A number of publications report significant correlations between
MC concentrations and environmental variables — particularly total phos-
phorus (TP) (Kotak et al., 2000; Graham et al., 2006), N:P ratio (Kotak
et al., 2000; Welker et al., 2003), dissolved inorganic and total nitrogen
(TN) (Giani et al., 2005) or temperature (Albay et al., 2005). However,
all of these conditions typically directly affect cyanobacterial proliferation
and dominance (section 4.4), and the chief biological mechanism behind
these correlations is the wax and wane of cyanobacterial populations rather
than effects on toxin production by individual clones in these popula-
tions. Generally, the results show correlations of cyanotoxin concentration
to a measure of phytoplankton biomass such as chlorophyll-a or — more
specifically — biovolumes of potentially toxigenic cyanobacterial taxa
(Znachor et al., 2006; Sitoki et al., 2012; Salmaso et al., 2014). The data in
all of these studies show upper boundaries and below these a broad residual
scatter, indicating that further variables, other than biomass, also influ-
ence cyanotoxin concentrations.

A key explanation for highly variable ratios of cyanotoxin to cyanobac-
terial biomass (e.g., expressed as biovolume) is shifts in clonal composition,
that is, between clones of different toxin content (including nonproduc-
ers) which would influence the average cyanotoxin content of the cyano-
bacterial population and hence of the entire phytoplankton community
(Kardinaal et al., 2007; Welker et al., 2007; Yepremian et al., 2007; Agha
et al., 2014; Harustiakova & Welker, 2017; Otten et al., 2017). Figure 4.8
illustrates this schematically: in (the improbable) scenario 1, all clones,
each of which with a different toxin content, show homogenous dynam-
ics and the relative clonal composition is stable. This would result in an
equally stable average toxin content and a toxin concentration tightly fol-
lowing the total cell number. In scenario 2, individual clones show diverg-
ing dynamics. As a consequence, the average toxin content varies strongly,
and the toxin concentration is partly uncoupled from the total cell num-
ber. In natural waters, dynamics of cyanobacterial populations are likely
closer to scenario 2 than to scenario 1, although the number of respective
studies is still limited. Coexisting toxigenic clones can also vary consider-
ably in their toxin composition (i.e., in individual congeners produced) and
in their (average) toxin content or toxin cell quota (Chapter 2 and Box 4.9)
that may span ranges exceeding two orders of magnitude (Wilson et al.,
2006b; Yepremian et al., 2007). The fact that cyanobacterial blooms and
populations are generally composed of mixtures of toxin-producing and
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Figure 4.8 Schematic illustration of dynamics of Microcystis spp. clones with varying
microcystin (MC) content (or cell quota) and the resulting MC concentration.
In (unlikely) scenario I, the temporal dynamic of all clones is homogeneous:
that is, clone composition does not change over time, and the MC concentra-
tion follows Microcystis total biovolume. In scenario 2, the individual clones
show variable dynamics resulting partly in a decoupling of Microcystis biovol-
ume and MC concentration. For further explanations, see text.

nonproducing clones has also been demonstrated for CYN and for neu-
rotoxins (Carmichael & Gorham, 1981; Fastner et al., 2001a; Wood &
Puddick, 2017).

In some waterbodies, Planktothrix- and Microcystis-dominated cyano-
bacterial communities show seasonal patterns with the MC content of
cyanobacterial biomass declining from a maximum at the onset of the
bloom to lower values later in the season, coinciding with shifts in relative
abundance of MC-producing clones (Kardinaal & Visser, 2005; Kardinaal
et al., 2007; Welker et al., 2007; Davis et al., 2009), while in other water-
bodies a reverse pattern was observed (see Chapter 5, Figure 5.1). In other
waterbodies, the proportion of toxigenic cells in relation to total cell num-
bers proved rather stable for extended periods of time (Kurmayer et al.,
2003; Salmaso et al., 2014). Also, MC concentrations may reach their
maximum even at times when toxin content per cell or unit biovolume is
relatively low if the total abundance of potentially toxigenic cyanobacte-
ria is high.

In contrast to the decisive role of cyanobacterial biomass and clonal
composition for toxin concentrations, laboratory studies showed that for a
given clone, ratios of toxin per cell rarely change by more than a factor of
2-4. Moreover, the striking differences between laboratory studies address-
ing the impact of environmental conditions on toxin production are likely
partially due to differences in study design (see Box 4.11). Compared to
shifts in cyanobacterial biomass and/or clone composition, such shifts in
toxin cell quota in individual clones have a relatively minor impact on toxin
contents of field populations (Chapter 2).
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BOX 4.11: PITFALLS WHEN DETERMINING CELLULAR
CYANOTOXIN CONTENTS IN THE LABORATORY

Gary Jones

The literature is replete with laboratory studies attempting to correlate cellular
cyanotoxin content with growth-limiting resources such as nitrogen, phospho-
rus, iron, light or temperature. Some of their apparently contradictory results
may be due to inadequate experimental controls over the limiting resource
and of how it regulates cyanobacterial growth rate and yield, if unequivocal
single-resource limitation was not given. This is especially the case for batch
cultures, where in vitro conditions (e.g., pH, light, nutrient concentration) and
growth rate change continuously as the cells multiply (especially towards the
end of exponential phase). Some of these batch cultures problems can be over-
come through very carefully controlled design and sampling or, better still, by
using continuous culture systems. An important consideration, often not fully
accounted for, is that both batch and continuous culture experiments can be
designed (intentionally or unintentionally!) so that the limiting resource reduces
either one or both of (i) exponential growth rate and (ji) the cell concentra-
tion achieved in the plateau phase of a batch culture or the steady state of
a continuous culture. Also often overlooked is the need for culture media
which are chemically well defined, especially in the case of nutrients that have
complex aqueous chemistry and speciation like phosphorus or iron.

Planning of experiments and interpretation of data requires proper training
in microalgal culturing techniques, as well as a full understanding of the key
theories behind resource limitation and growth (most notably the Monod and
Droop equations), as well as the basic aqueous chemistry of common nutrient
ions. Indeed, many of these considerations apply equally to the interpretation
of field data as well.

Some excellent reference books to begin with are, for example, Stein et al.
(1980) and Andersen (2005) on culture techniques and theory and Stumm &
Morgan (1996) on water chemistry.

In conclusion, the average cyanotoxin concentration in a waterbody
depends on

1.

2

the combined biomass of potentially toxic cyanobacteria;

. the clonal composition of populations and, in particular, on clone-

specific toxin contents;

. the physiological regulation of toxin biosynthesis in toxigenic clones.
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While the clonal composition is crucial for the toxin concentration in the
water, a distinction between only two types — toxigenic and nontoxigenic — is
an undue simplification that may lead to invalid conclusions because both
types likely are represented by multiple individual clones (Meyer et al., 2017).
Other metabolites and physiological traits of individual clones may be deci-
sive for the outcome of selection between clones. However, the driving forces
regulating clonal composition of cyanobacterial populations are still poorly
understood. For example, N limitation may play a role in selecting clones
of Microcystis or Planktothrix that do not produce MCs (or other peptides)
(Gobler et al., 2016), or parasite and phage infection may cause clone-specific
mortality in cyanobacterial populations (Honjo et al., 2006; Rohrlack et al.,
2013; Van Wichelen et al., 2016; Stough et al., 2017; Box 4.3).

Therefore, accurate predictions of cyanotoxin concentrations from cya-
nobacterial biomass are limited, even in an intensively studied waterbody.
As an approximative approach, upper boundaries of possible toxin concen-
trations, based on conservative assumptions for toxin-to-biomass ratios,
are used in the Alert Levels Frameworks in sections 5.1 and 5.2. As dis-
cussed in section 4.5, modelling is still struggling to predict cyanobacte-
rial abundance as such, and forecasting cyanotoxin concentration adds
a further dimension of complexity. However, some examples show that
statistical models based on empirical data can predict cyanotoxin concen-
trations for a given waterbody with reasonable accuracy with respect to
their timing as well as the magnitude of toxin occurrence (Jacoby et al.,
2015; Recknagel et al., 2017). Although models cannot replace monitor-
ing for the purpose of assessing cyanotoxin risks to human health, they
can be used to streamline and focus monitoring, for example, by adjust-
ing sampling frequency to expected bloom and toxin dynamics (Chapter
11). By using a default assumption for a ratio of toxin to cyanobacterial
biomass, models to estimate cyanobacterial biomass can be expanded for a
first, conservative estimate of toxin concentration. Such an approach likely
results in an overestimation of the actual toxin concentration (Chapter 5
and section 4.6.5).

4.6.4 Spatial heterogeneity of toxin concentrations

As cyanobacterial biomass can show pronounced spatial variability, so do
cyanotoxins: detectable cyanotoxin concentrations, reported as average con-
centrations from depth-integrated samples, generally range from just above
detection limit to a few tens of pug/L. However, in individual samples taken
in the same waterbodies on the same date, the toxin concentration can vary
by several orders of magnitude, depending on where and how the sample is
taken: surface layer versus hypolimnion or a central site versus the shoreline
(see Figure 4.1, Figure 4.2, Box 4.8). In scums of Microcystis, for example,
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concentrations of MCs can reach several tens of mg/L (see section 2.1). In
several multilake surveys, MC concentrations exceeding 50 pg/L were only
found in scums where concentrations regularly reached the mg/L range, but
not in integrated, averaged samples when cyanobacterial populations are
suspended more or less homogeneously in the water column (Cook et al.,
2004; Loftin et al., 2016). As concentrations of cyanotoxins can show pro-
nounced horizontal gradients, data from a water sample taken at one site are
unlikely to represent a lake-wide average (Welker et al., 2003; Ozawa et al.,
2005; Dyble et al., 2008). It is thus of utmost importance to clearly define
the objective and corresponding sampling strategy when designing monitor-
ing programmes (Chapter 11).

Horizontal variability is mainly caused by two factors. One is differences
in growth conditions that may occur between different parts of a lake, partic-
ularly in large lakes or reservoirs with complex morphology (e.g., Michalak
et al., 2013; Chung et al., 2014). The other — often more important one — is
the combination of surface bloom formation and horizontal dislocation by
which cyanobacterial cells are generally concentrated at nearshore, down-
wind sites of a waterbody (section 4.5). However, the short-term fluctuations
are not restricted to near-shore sites. Cyanotoxin concentrations in samples
taken at high frequency at a fixed station showed fluctuations of several ug/L
over the 6-h sampling interval (Miller et al., 2019).

Vertical variability in toxin concentration occurs mainly due to buoy-
ancy regulation of the toxic cyanobacteria (section 4.2). Higher concentra-
tions of cyanotoxins occur either in the topmost water layers, especially
when buoyant taxa like Microcystis are dominant (Naselli-Flores et al.,
2007), or in a metalimnetic layer in the case of Planktothrix rubescens
(Ernst et al., 2009).

Since vertical and horizontal distributions depend to a large degree on
current weather conditions such as wind direction and speed, dense cya-
nobacterial accumulations can occur within hours at one site of a lake and
a few hours later at others. For approaches to early warning for surface
bloom and scum occurrence, it is therefore effective to include the use of
satellite images or continuous measurement of fluorescence, combined with
numerical modelling (Ibelings et al., 2003; Chapter 11).

Two consequences are equally important for assessing the risk of cyano-
toxin occurrence:

1. A cyanotoxin concentration of a few microgram per litre (that might be
considered a low risk) at a central site in a waterbody can lead to cyano-
toxin concentrations several orders of magnitude higher at downwind
“hot spot” sites.

2. The timescales in which toxin concentrations can dramatically change
at a particular (near-shore) site can be only a few hours.
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4.6.5 Estimating cyanotoxin concentration
from other limnological parameters

Where toxin data are not (or not readily) available for assessing and man-
aging the health risks caused by cyanobacteria, measurements of cyano-
bacterial biomass are a useful point of departure for conservative estimates
of potential maximum cyanotoxin concentrations in a waterbody. For
practical purposes, such as the Alert Level Frameworks in sections 5.1 and
5.2, estimates therefore best use the maximum expectable concentrations.
These will show where toxin analyses for the specific site are important
in order to obtain more precise information to appropriately guide man-
agement responses, with significantly lower toxin concentrations being
a likely outcome.

The limnological parameters allowing an estimation of cyanotoxin concen-
trations are primarily (cyanobacterial) biovolumes, cell counts, chlorophyll-a
concentrations, water transparency (i.e., Secchi depth) and nutrient concen-
trations, in particular total phosphorus (TP). The uncertainty of cyanotoxin
estimates increases in the same order. It is important to understand that
estimates of maximum cyanotoxin concentrations based on these para-
meters will not be accurate; they merely serve as indicators to support deci-
sions on where to focus efforts for monitoring and for further analyses, for
example, of cyanotoxins (Chapters 13 and 14). In particular, it is impor-
tant to realise that these indicators give conservative estimates gleaned
from maximum likely ratios of toxin to the respective indicator. Due to
their variability over time and between waterbodies, using any of them as
an estimate for cyanotoxin concentration implies that follow-up by toxin
analysis is most likely to result in a considerably lower rather than a higher
human health risk.

While the ratios of toxin to indicator proposed here are primarily derived
from data published for MCs, for other cyanotoxins, content per unit biomass
does not appear higher than these maxima known for MCs (see Chapter 2);
thus, the ratios of toxin to the concentration of the indicators discussed here
may also be assumed as proxy for risk assessment. However — in contrast to
MCs which largely occur cell-bound — applying this to CYNs may miss the
higher dissolved fraction of this toxin.

Biovolumes can give a fairly accurate estimate of the maximum expect-
able cell-bound cyanotoxin concentrations, but yet bear uncertainty span-
ning more than an order of magnitude due to the variability of the toxin
content of different clones of potentially toxigenic taxa, even within an
individual waterbody and a single season. A key advantage of using biovol-
umes identified by microscopy as point of departure for risk assessment is
that they include information on taxonomic composition, which provides a
basis for understanding the potential further development of a bloom and
thus of toxin occurrence. As discussed above in section 4.6.2, a ratio of 3 ug
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toxin per mm? biovolume serves as conservative estimate that is not likely to
be exceeded in field samples.

Cell counts of potentially toxigenic cyanobacteria may likewise be used
in combination with reported toxin cell quota of these taxa to estimate
toxin concentrations. However, since reliable values for taxon and toxin-
specific cell quota are scarce, this approach is limited to taxa for which cell
quota estimates are available (see section 4.6.2). Furthermore, estimates
based on cell counts and toxin cell quota are subject to the same limitations
as estimates from biovolume.

Chlorophyll-a concentrations as a measure of biomass also include phy-
toplankton organisms other than cyanobacteria. Using them as indicator
therefore requires a brief qualitative assessment by microscopy of whether or
not the phytoplankton consists chiefly of cyanobacteria. While fluorescence
methods, which include the cyanobacteria-specific pigment phycocyanin,
can overcome this, they introduce a further dimension of variability (see
section 13.5). Furthermore, the chlorophyll-a content of phytoplankton
may vary in response to light and nutrient availability by a factor of up to
10 (Kruskopf & Flynn, 2006; Kasprzak et al., 2008). Also, if photometric
analysis of chlorophyll-a includes a correction for phaeophytin, this may
result in an underestimation of the concentration of chlorophyll-a, particu-
larly in the low concentration range (Chapter 13.5), and thus in an overes-
timation of the toxin-to-chlorophyll-a ratio.

A number of reports on cyanotoxin concentrations (mainly MCs) suggest
that the cell-bound toxin concentration (in ug/L) only very rarely exceeds
the concentration of chlorophyll-a (also in pg/L) and if so, not by more than
a factor of three (e.g., Fastner et al., 2001b; Carrasco et al., 2006; Sinang
et al., 2013; Loftin et al., 2016; Mantzouki et al., 2018). For example, in
Figure 4.9, the MC/chl-a ratio exceeded 1 only in a small share of samples,
while the ratio for the majority of samples ranges between 0.1 and 0.5. An
assumption of a maximum ratio of 1 ug MC per pg chl-a is hence a conser-
vative approach, and in most cases, measured MC concentrations will be
considerably lower than thus estimated.

Secchi depth is a parameter for water transparency which is easily mea-
sured on site. In many waterbodies, it correlates directly and inversely with
phytoplankton abundance and chlorophyll-a concentration. However,
respective correlations generally show considerable scatter because other
water constituents (inorganic sediments suspended in the water, humic sub-
stances) and differences in optical properties of phytoplankton species affect
water transparency. Nonetheless, waterbodies with consistently high Secchi
depths are rarely dominated by cyanobacteria, and thus, high transpar-
ency indicates that potentially health-relevant cyanotoxin concentrations
are unlikely. The transparency threshold value indicating cyanobacterial
blooms is best established individually for a given waterbody or a region
with a number of similar waterbodies, based on seasonal data for Secchi



274 Toxic Cyanobacteria in Water

Microcystis PI. PI. Anabaena mixed
spp. agardhii rubescens spp. genera
6000
° (a)
5000
5
§ E 4000 .
22 3000 -
= O
g5 . +
O = 2000 .
=
1000 —l— -
} -
0 t ? T T ¥
n 51 39 32 4 37
4
34 (b)
[ [ ]
5 27 .
55 1 —|— —|—
=2
8.2 0.5 .
[S) 0.4 -4 °
= 0.3 -
0 (1, 1 = -+
T 1 [ [ 1
n 48 34 20 13
4 [ )
. (c)
£ 3 -
3 _ H °
SE ; T
sE 27 =
-]
[T
o °
g 7 = +
[ ]
0 * T T T
n 109 22 26

number of samples

Figure 4.9 Distribution of microcystin (MCs) ratios in samples from German lakes: MC
per dry weight of seston (a), MC per chlorophyll-a (b) and MC per biovol-
ume (c). The samples are classified by types of dominance: that is, more than
50% of biovolume in a sample was due to a particular taxon. (Adapted by
permission from Springer Nature, in: Cyanotoxins: occurrence, causes, con-
sequences. Cyanotoxin occurrence in Germany: Microcystins and hepatocyte
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depths and cyanobacterial biovolumes (or chlorophyll-a together with a
semiquantitative check via microscopy as to whether cyanobacteria domi-
nate). For small lakes of less than 50-100 ha, it may well be in the range of
2-3m, while for larger waterbodies (due to the possibility of surface bloom
recruitment from a large water volume; Figure 4.2), it may be higher, and
scums may yet accumulate in a bay, while the Secchi disc reading taken at
a central site may show several metres. Furthermore, Secchi disc readings
cannot serve for assessing risks from benthic or tychoplanktonic cyanobac-
teria. Also, high Secchi depth readings will not indicate a cyanotoxin risk
from Planktothrix rubescens in the metalimnion: these will not diminish
transparency in the epilimnion (and may yet cause elevated toxin concen-
trations at drinking-water offtake depths).

In summary, while Secchi depth readings may be a very useful indicator
of cyanotoxin risks, as for many other parameters their reliability depends
on a sound understanding of the given waterbody.

Nutrient concentrations — primarily TP and total nitrogen (TN) — determine
carrying capacity and hence the maximally achievable phytoplankton bio-
mass (measured as biovolumes or chlorophyll-a concentrations) and hence
the maximally achievable (average) cyanotoxin concentration (Dolman
et al., 2012). Nutrient concentrations are useful as longer-term predic-
tors whether blooms of cyanobacteria — and hence cyanotoxin concentra-
tions at critical levels — are to be expected (Beaver et al., 2014; section 4.4
and Chapter 8).
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