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Summary

This chapter addresses some of the challenges associated
with trying to model population fluctuations, bloom formation
and collapse of planktonic cyanobacteria. It is argued that
improved modelling and prediction rely on a better under-
standing of the physiological responses of cyanobacteria to
the physical and chemical characteristics of their environ-
ment. In addition there is a need to better understand the
complex trophic interactions that influence population
dynamics. The high variability of cyanobacterial populations
represents a major challenge for models attempting to make
predictions at the whole lake scale. Many of the physiological
attributes described within specific models do not capture the
dynamics of cyanobacteria, because of the extensive param-
eterisations required by the array of descriptive algorithms.
The physiological attributes to be modelled include the
ability to fix nitrogen, storages of both nitrogen and phos-
phorus, capture light across a range of wavelengths with
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specific accessory pigments, form colonies or filaments, and
regulate buoyancy through the balance between gas vacuoles
and cellular constituents. Recruitment of populations from
sediments may also be important in bloom formation, but is
not considered in this chapter. Although there is a commonal-
ity in models of cyanobacteria and micro-algae with their
descriptions of photosynthesis, nutrient uptake, movement
and grazing, there is a need to differentiate the cyanobacteria
based on their key attributes, if their occurrence and succes-
sion are to be predicted separately from the micro-algae. The
challenge is to develop models that incorporate complex
physiological processes, responsive to changes at a range of
ecosystem scales, but without excessive calibration of the key
underlying algorithms. One suggestion is to turn from the
single limiting-factor modelling approach that creates a pleth-
ora of disjointed algorithms and develop bio-mechanistic rep-
resentations of integrated cellular function that incorporate
dynamic responses to multiple effectors.

6.1 Introduction

6.1.1 Cyanobacterial Blooms

Cyanobacteria are ancient organisms (Schopf and Packer 1987;
Chap. 2) whose blooms have been recorded through historical
times (Francis 1878; Codd et al. 1994). Cyanobacterial blooms
have detrimental effects on the quality of water supplies, par-
tially due to the large biomass that can develop, because of the
production of compounds that affect water flavour (Izaguirre
et al. 1982) and also because of the risk of the toxins that are
produced by some of the bloom forming species (Falconer et al.
1983; Carmichael 1992; Codd 1995; Azevedo et al. 2002).

The physiological adaptations that cyanobacteria have
evolved to scavenge for limiting resources have proved
highly successful in allowing them to occupy a niche in the
pelagic zone of lakes (Vincent 2009). Increased occurrences
of cyanobacterial blooms are frequently related to human
influences in modifying the physical and biogeochemical
conditions of aquatic systems (Reynolds 1987; Oliver and
Ganf 2000). A shift in the phytoplankton community compo-
sition to more frequent dominance by cyanobacteria also alters
the structure and trophic functionality of aquatic ecosystems
by changing the flow paths of energy and nutrients.

An ability to predict the occurrence and extent of cyano-
bacterial blooms relies on developing models that can describe
the growth, losses and distribution of planktonic cyanobacte-
ria in response to different or changing environmental condi-
tions. Benthic stages, including overwintering of vegetative
cells (Chap. 7) or production of akinetes and their subsequent
germination (Faithful and Burns 2006), may also be an impor-
tant part of the life cycle of cyanobacteria, but knowledge of
the environmental attributes that influence these stages is
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rudimentary and application of mechanistic models of these
processes would be premature and is therefore not included in
this chapter. Suitable models could provide the early warnings
required by water resource managers to activate alleviation
strategies including enhanced treatment processes and alter-
native water supplies (Ferguson 1997). There is also the
expectation that improved model predictions might help iden-
tify new means of reducing bloom occurrences. Understanding
how altered environmental conditions enhance the develop-
ment of cyanobacterial blooms is also important for efforts
aimed at restoring the community structure and trophic
functionality of modified aquatic ecosystems.

The bloom-forming cyanobacteria are part of the diverse
group of phototrophs that comprise the phytoplankton and are
influenced by the same array of environmental conditions as
their more taxonomically diverse counterparts, the eukaryotic
micro-algae. Like the micro-algae, they are oxygenic photo-
trophs and capture most of their energy from sunlight, using this
energy source to drive nutrient uptake and cellular metabo-
lism that results in cell maintenance and growth. They are also
impacted by losses similarly to the eukaryotic micro-algae,
through depletion of nutrients and energy, grazing, sedimenta-
tion and microbial attack. It is not surprising that the approaches
used in modelling the growth, physiology and ecology of
cyanobacteria parallel those developed for planktonic micro-
algae (e.g. Robson and Hamilton 2004). However, the prokary-
otic cyanobacteria differ significantly from their eukaryotic
counterparts in many aspects and these differences need to be
incorporated into models that not only simulate cyanobacteria
populations separately from eukaryotic populations but may
also provide differentiation of individual populations of
cyanobacteria. In this chapter cyanobacterial physiology is
reviewed to elucidate the important processes, from the level of
genes to populations, which need to be modelled to advance
understanding of the complex interactions between hydrody-
namics, biogeochemistry and cyanobacterial physiology.

6.1.2 Modelling

A complete understanding of the causal factors leading to
cyanobacterial blooms is lacking. Hence a number of differ-
ent modelling techniques have been adopted to predict the
timing, spatial distribution and magnitude of cyanobacterial
blooms, and to derive knowledge about their dynamics. None
of these models is perfect and, so long as there is argument
about how blooms come about, there will not be a definitive
model. There has been considerable debate about the
approaches used in modelling phytoplankton dynamics
(e.g. Flynn 2003a, 2005). The current debate has been stimu-
lated by acknowledgement that many of the current ecosystem
models are based around outdated paradigms of phytoplankton
physiology. Progress has not corresponded with what might
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be expected from the exponential improvement in computing
power, and new information on cellular functioning that has
come from molecular approaches (Bhaya et al. 2000) and
significantly enhanced measuring equipment (Flynn 2005).
Such new developments, often described by explicit models
of specific processes, have not been captured in comprehen-
sive models of phytoplankton dynamics at larger (e.g. lake)
scales or within the trophic structure of the aquatic system.

Much of the debate has also centred on empirical versus
mechanistic models, a discussion that has been ongoing
for decades. Modelling approaches have lagged behind the
progress in allied fields (Zhao et al. 2008). Part of the debate
revolves around the need to balance simplicity and realism,
often resulting in empirical models (Flynn 2005), but in some
cases the call for more detailed modelling has led to highly
complex formulations for which the parameters may be
difficult to assess and not easily extended to the system scale.
Functional representations of key processes may provide the
tools with which to link small-scale and large-scale represen-
tations (Zhao et al. 2008). The need for process focussed
models becomes particularly evident when considering the
varying responses to environmental conditions of different
taxonomic and functional groups of phytoplankton. The aim
of the models is to capture the competitive potential of
different phytoplankton species or groups and therefore the
seasonal sequences and shifts in community composition,
including responses to major environmental alterations such
as eutrophication and climate change (Brookes and Carey
2011; Kosten et al. 2012). Good process based models of
phytoplankton will differentiate the characteristics of
cyanobacteria from those of other phytoplankton, particu-
larly characteristics that may contribute to blooms of cyano-
bacteria (Robson and Hamilton 2004). Such characteristics
include buoyancy regulation, nutrient storage capacity, the
capability to absorb light of different wavelengths, and the
cellular balances between energy capture, nutrient uptake,
nutrient assimilation, cellular composition and cellular
metabolism. Different cyanobacterial taxa also vary in their
relative capacity and efficiency in relation to these processes.
For instance, it is known qualitatively how variations in
nitrogen and phosphorus species and supply, stratification
and light availability allow different cyanobacteria taxa to
dominate (Carey et al. 2012), however the current suite of
mechanistic models is severely challenged when presented
with predicting the dominance of particular cyanobacterial
taxa, due to limitations in the level of model process descrip-
tion and differentiation amongst the different taxa.

There are two main categories of models that have been
used for simulating cyanobacteria: deterministic mathe-
matical models and artificial neural network models (Guven
and Howard 2006). The latter group includes a variety of
modelling techniques such as genetic algorithms, Bayesian
belief networks (Hamilton et al. 2007), fuzzy logic
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(Laanemets et al. 2006), and machine learning techniques
that are designed to progressively adapt knowledge and statis-
tical tools to an observed data set, and therefore to gradually
reduce the error in predictions. In the case of Bayesian belief
networks there is a judgment call developed through shared
experience, in order to allocate a probability for the forma-
tion of blooms. Arhonditsis et al. (2007) provided an exam-
ple of a coupled deterministic-Bayesian model in using a
Bayesian calibration process to derive parameter values for a
deterministic model. In some cases artificial neural networks
have also been combined with deterministic models of lake
hydrodynamics to capture the way in which cyanobacteria
are affected by water mixing and transport processes (Ibelings
et al. 2003). This chapter does not present details of artificial
neural network models, but instead focuses on mathematical
models with equations based around empirical or process
representations of present knowledge of the ecology and
physiology of cyanobacteria.

As part of our description of mathematical models of
cyanobacteria we deal only briefly with hydrodynamic models.
The reader is best advised to consult literature on physical
limnology (Imberger and Patterson 1990; Imboden 2004),
modelling of hydrodynamics (Hodges et al. 2000) and
applications of coupled hydrodynamic-ecological models
for cyanobacteria biomass prediction (Ibelings et al. 2003;
Robson and Hamilton 2004; Hense and Burchard 2009) to
understand the way these models represent hydrodynamics
and are coupled with ecological models.

A major challenge for any model to simulate successfully
the formation and magnitude of a bloom is to have a spatial
scale suitable to encompass the variations in cyanobacterial
concentrations within the waterbody. The difficulties in
taking accurate measurements of cyanobacteria concentra-
tions make this a particular challenge. Surface blooms are
often most pronounced in calm conditions or on leeward
shores under low wind speeds. Because wide variations
can occur on space scales of a few millimetres (Fig. 6.1)
to hundreds of metres (Fig. 6.2) and across whole lakes
(Fig. 6.3), different sampling techniques can bias observa-
tions (Ahn et al. 2008). These depend, for instance, on the
position and volume of sample collected or, in the case of
in vivo fluorometry, the particular water mass sampled by the
fluorometer. Furthermore, the usual quantitative measure of
biomass is to collect a volume of water, either at a specific
point in a waterbody or integrated with respect to depth, and
then to make cell counts and possibly dimensional analyses
of different species via light microscopy, to provide informa-
tion on cell concentrations and biovolumes. Such a tedious
and time-consuming process offers no opportunity to match
the gridded nature of outputs from 3-D models and provides
only limited capacity to validate 3-D coupled hydrodynamic-
ecological model used to simulate cyanobacteria biomass.
However, there are techniques that can markedly increase
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sampling ability in a waterbody. For instance, flow cytometry
can provide high throughput of water samples. Some fluoro-
meters exploit the differences in spectral fluorescence asso-
ciated with specific cyanobacterial pigments (phycocyanin
or phycoerythrin), providing greater flexibility in interpreting
the results than solvent-extracted chlorophyll a or chloro-
phyll fluorescence alone. Confidence in the results requires
comprehensive calibration of the sensors.

Descriptions of mechanistically based phytoplankton mod-
els have been produced and a call has been made to create
more unified modelling frameworks (Baumert and Petzoldt
2008; Mooji et al. 2010). This would help integrate efforts to
develop comprehensive models. This approach has the added
advantage of identifying the experimental and field studies
needed to provide measurements to support the modelling,

and perhaps lead to an international cooperative programme
to provide the information (Mooji et al. 2010). It could also
help to develop confidence in model predictions outside the
dataset and ranges used for the initial model application and
calibration.

6.2 Light Capture and Photosynthesis

Cyanobacteria carry out oxygenic photosynthesis in a man-
ner similar to that found in the chloroplasts (Tandeau de
Marsac and Houmard 1993). Although the chlorophyll a
containing reaction centres of Photosystem I (PSI) and
Photosystem II (PSII) are similar in cyanobacteria and micro-
algae, the major antennae, or light harvesting complexes

Fig. 6.1 Variability of cyanobacteria blooms in space: the small-
scale: (all in New Zealand except for ¢.) (a) Lake Ohinewai, Waikato
(A.Daniel); (b) Lake Rotorua (C. Zhang); (¢) Lake Mendota, Wisconsin,
USA (C. Spillman); (d) Lake Rotoehu, Rotorua (M. Landman);

(e) Lake Ngaroto, Waikato (W. Powrie); (f) Lake Rotoroa, Waikato
(W. Paul); (g) Lake Rotoiti, Rotorua (N. Miller); (h) Lake Ngaroto,
Waikato (All photos with permission)
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Fig. 6.2 Variability of New Zealand cyanobacteria blooms in space: aerial photos: (a) Lake Rotorua, Nelson; (b) Lake Rotoehu, Rotorua
(Photos with permission: a=S.Wood; b=P. Scholes)

(LHC), that capture the incident photosynthetically active
radiation (PAR) are quite different (Ormerod 1992; Grossman
et al. 1995). In the micro-algae the antenna is integral to the
thylakoid membrane and comprised largely of accessory

chlorophylls. In cyanobacteria, chlorophyll a-protein
complexes, photosynthetic reaction centres, carotenoids and
the electron transport system are all contained within the
thylakoids, but the major light-harvesting pigments, the
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Fig. 6.3 Variability of New Zealand cyanobacteria blooms in space: the whole-lake scale: (a) Lake Whangape, Waikato; (b and ¢) Karori
Reservoir, Wellington; (d) Okawa Bay of Lake Rotoiti, Rotorua (Photo of (a) by A. Zhang, with permission)

phycobiliproteins, occur within distinct light harvesting
complexes called phycobilisomes (PBS) (Adams and Duggan
1999). The PBS form rows of hemidiscoidal structures
attached to the surface of the thylakoids (Bryant 1991). Each
PBS is made up of pigmented phycobiliproteins that form a
series of rods connected to the PBS core. The phycobilin
chromophores associated with the rods are phycocyanin (A
620 nm) and the red pigmented phycoerythrin (A 560 nm),
and these, in conjunction with the PBS core of allophycocya-
nin (A 650 nm), determine the light absorption spectra.
Whereas all PBS contain allophycocyanin and phycocyanin,
only some contain phycoerythrin. It is in species with such
PBS that alterations in pigment composition can have their
greatest effect, changing blue-green cells to red as they adapt
to different light spectra, the process of chromatic adaptation
(Tandeau de Marsac and Houmard 1993; Stomp et al. 2004).

The unidirectional flow of energy in the PBS is from the
rods, through the core and then via linker polypeptides and
terminal electron acceptors to the photosystem reaction cen-
tres (Bailey and Grossman 2008). Electrons are generated
from the light dependent oxidation of water by the oxygen
evolving complex of PSII, and transported through the

electron transport chain to PSI. Plastoquionone (PQ) is first
reduced and then electrons are passed via cytochrome b6 f
complex and plastocyanin to PSI, resulting in the reduction
of ferredoxin and NADP* (Fig. 6.4). This generates energy
and reductant for cellular metabolism and carbon fixation
(Singh et al. 2009; Alric et al. 2010). Both of the connected
photosystems harvest light energy, but of different wave-
lengths, as the phycobiliproteins in the PBS are largely asso-
ciated with PSII, while chlorophylls, that have maximum
absorbance wavelengths of 435 and 680 nm, are largely asso-
ciated with PSI (Singh et al. 2009).

6.2.1 Spectral Influence

The underwater light climate varies in quantity and quality
with depth. The intensity decreases exponentially as a result
of absorption and scattering by particles and coloured com-
pounds, and the selective removal of wavelengths causes
shifts in the spectral distribution (Kirk 1983; Oliver 1990;
Oliver and Ganf 2000; Stomp et al. 2007). Water absorbs
strongly in the red, so that in marine systems and very clear
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Fig. 6.4 Photosynthetic linear
electron transfer pathways in
the thylakoids. Photosystem II
(PSII), Photosystem I (PSI),
Primary electron donor of PSI (
(P,,,), Cytochrome b f

(Cyt b,f), Plastocyanin (PC),
Ferredoxin (Fd), Respiratory
terminal oxidase (Cyt Oxidase),

Proton pumping for ATP
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inland waters where the majority of light attenuation is due
to the water, the irradiance becomes dominated at depth by
shorter wavelengths. In contrast, many inland and coastal
waters contain sufficient dissolved organic compounds and
suspended particles to absorb strongly in the blue, causing a
shift towards longer wavelengths with depth (Kirk 1983;
Oliver 1990; Oliver and Ganf 2000; Stomp et al. 2007).
Phytoplankton also modifies the spectral distribution of light.
For example, green algae use carotenoids and chlorophyll a
and b to absorb light in the red and blue region, whereas they
only weakly absorb green and yellow light (525-650 nm
range) leaving an orange-green window of irradiance (Kirk
1983; Stomp et al. 2007). These wavelengths are suitable for
absorption by the phycobiliproteins and as a result micro-
algae may modify the spectral distribution of light at depth to
the advantage of cyanobacteria.

The phycobiliproteins absorb PAR over a much wider
range of wavelengths than the antennae of the micro-algae
(Glazer et al. 1994), particularly in the region between the
absorption bands of the accessory chlorophylls b and ¢, and
the carotenoids. This difference between cyanobacteria and
eukaryotic micro-algae is likely to be a distinct advantage
where either the spectral quality of the underwater light is
concentrated in these wavebands, or when there are substan-
tial fluctuations in light quality over time. It might be expected
from these comparisons of spectral absorption characteristics
that the cyanobacteria would respond quite differently from
micro-algae to changes in PAR. This differentiation has not
been included in models to distinguish biomass of cyano-
bacteria from micro-algae in natural systems.

Huisman et al. (1999) measured the critical light intensity
required to sustain continuous monocultures of two cyanobac-
teria (Microcystis and Aphanizomenon) and two eukaryotic
micro-algae (Chlorella and Scenedesmus). In competition
for light the species with the lowest critical light requirement
should be the superior competitor. However, in mixed cul-
tures the critical light intensities were different from those
measured in monocultures and this altered the respective
competitive abilities. This change was attributed to altera-
tions in the spectral distribution of light in the mixed cultures
where green algae shifted the light spectrum to green and

yellow light that could be absorbed by the phycobilin
pigments of the cyanobacteria (Huisman et al. 1999; Stomp
et al. 2007). In the competition experiments Chlorella
displaced all three other species, Microcystis displaced both
Aphanizomenon and Scenedesmus, and Aphanizomenon only
displaced Scenedesmus. These findings do not support sug-
gestions that cyanobacteria are better adapted to low light
conditions and hence better competitors for light than are
green algae (Mur 1983; Richardson et al. 1983). However,
in these experiments the light source was white fluorescent
tubes and the spectral distribution was modified only by the
phytoplankton. It is likely that the outcome of these competi-
tion experiments would be different if the water contained
particulate and dissolved materials that substantially altered
the light spectrum (Oliver 1990; Kirk and Oliver 1995; Ganf
et al. 1989; Stomp et al. 2007).

Wyman and Fay (1986) grew eight strains of cyanobacteria
under equivalent photon fluxes of red, green, blue and white
light and found large differences in the cell concentrations of
photosynthetic pigments and in growth rates. In red light there
was a decline in chlorophyll and phycobiliprotein content,
but all strains grew at a significantly faster growth rate than
under an equivalent photon flux of white light. Under green
light the pigment composition was similar to that under white
light, but only the two phycoerythrin-rich strains (Oscillatoria
agardhii=Planktothrix agardhii and Gloeotrichia echinulata)
grew significantly faster, all other strains growing at 60-75%
of their white light rate. In blue light the pigment composition
was again similar to that under white light although a major-
ity of the phycocyanin-rich strains showed a reduction in
chlorophyll content. The strains rich in phycocyanin had
growth rates <50% of their white light rate, while the phyco-
erythrin-rich strains, O. agardhii and G. echinulata, were
able to maintain growth rates of 65% and 100% of their
white light growth rates, respectively.

Comparison in continuous culture of phycoerythrin-rich
species with closely related green species devoid of phyco-
erythrin has further demonstrated the influence on competi-
tion of pigmentation and spectral changes (Stomp et al. 2004;
Oberhaus et al. 2007). Stomp et al. (2004) compared a red
and green species of Synechococcus and showed that although
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one would dominate under red light and the other in green
light, under white light they could coexist. They then com-
pared these two species with Tolypothrix tenuis, a marine
filamentous cyanobacterium that can undergo complementary
chromatic adaptation by adjusting the ratio of its phycocyanin
to phycoerythrin in response to spectral changes. It was found
that this species could coexist with either of the Syneco-
choccus species by producing complementary pigments to
absorb the alternative colour to that used by the competitor.
Under white light Tolypothrix coexisted with the green
Synecocchocus by increasing its phycoerythrin content and
turning red. In competition with the red Synecochcoccus,
Tolypothrix was reduced to low numbers but could not be
excluded from the culture because it turned green by increasing
its phycocyanin content and utilised the unabsorbed light. Such
adaptive pigmentation changes are beyond the process descrip-
tions used in current mechanistic models of phytoplankton
dynamics.

6.2.2 Photoacclimation, Photoadaptation
and Photoinhibition

To maintain their light harvesting efficiency and to avoid
increased risks of photodamage when exposed to high irra-
diances, phytoplankton have developed mechanisms for
adjusting to alterations in the intensity, spectral distribution
and periodicity of the PAR supply (Falkowski and La Roche
1991). Photoacclimation describes changes in the overall
photosynthetic apparatus to cope with the “average” photon
supply that results from prolonged exposure to relatively
consistent light conditions. It involves the degradation and
synthesis of components of the photosystem including light
harvesting pigments, reaction centre components and dark
cycle intermediates. Two major strategies are employed for
adjusting to irradiance intensity. The first involves alterations
in the size of the light harvesting antennae that serve the
photosystems, and the second is a change in the total number
of photosynthetic units (Wyman and Fay 1986; Falkowski
and La Roche 1991). If photosynthesis becomes limited by
the rate of delivery of light energy to the photosystems, as
under low irradiance, then an increase in antenna size provides
one means of increasing the photon supply. If the supply of
photons from the antenna approaches the maximum turnover
rate of the photosystem, then an increase in the number of
photosynthetic units will increase the total supply of energy
to the cell for photosynthesis and growth (Falkowski and La
Roche 1991). In general lower irradiances result in increased
light harvesting and a decrease in electron transport and car-
bon fixation while higher irradiances have the reverse effect
(Bailey and Grossman 2008).
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Planktonic cyanobacteria can experience large and rapid
changes in their light environment, for example as a result of
vertical mixing. Short term light fluctuations are dealt with
by short-term, reversible changes to the photosynthetic appa-
ratus that reduce light capture and enhance the release of
captured energy as heat rather than through photochemistry.
These processes are generally referred to as photoadaptation.
Although light is required to drive photosynthesis, excessive
light can cause the electron flow to exceed the capacity of
the electron transport chain and the downstream utilization
of reducing equivalents. This has photo-damaging effects
on the photosystem and also results in an imbalance in the
redox state of the cell, affecting many other cellular processes
including the utilization of nutrients and the activity of meta-
bolic pathways (Aurora et al. 2007; Bailey and Grossman
2008). In cyanobacteria, as in other photoautotrophs, there is
a need to regulate the excitation of PSII and PSI in response
to light intensity and spectral quality. This is to balance the
delivery of energy and maximise the quantum yield of the
light reactions, and also to reduce the probability of photo-
damage (Singh et al. 2009). A number of mechanisms are
involved in photoadaptation in cyanobacteria.

High levels of light can cause photoinhibition to PSII
reaction centres. At the core of the PSII complex is a
heterodimer of two homologous polypeptides D1 and D2.
The D1 protein has a more rapid turnover than any other
thylakoid or chloroplastic protein and is part of a cycle of
damage and repair that is essential for maintenance of
PSII function under photoinhibitory conditions (Bouchard
et al. 2006). Under illumination the D1 protein degrades and
re-synthesizes to limit accumulation of photodamaged PS II
reaction centres (Bouchard et al. 2006). When the rate of
repair matches the rate of photodamage then photoinhibition
is not apparent. However if under increasing light intensity
the rate of damage exceeds that rate of repair then photoin-
hibition occurs (Andersen 1997; Heraud and Beardall
2000; Han et al. 2000; Oliver et al. 2003; Bailey and Grossman
2008). The rate of repair can be negatively influenced by
nutrient limitation and UVB light so that the onset of photo-
inhibition is not just a function of the light intensity (Bouchard
et al. 20006).

The PBS of cyanobacteria are highly mobile and can asso-
ciate or disassociate with PSII or PSI resulting in a process of
state-transitions. The state transitions redirect energy between
the two photosystems when changing light conditions dis-
turb the energy balance. In cyanobacteria there is more
chlorophyll (Chl) associated with PSI than PSII. Under light
conditions that predominantly excite Chl (e.g. blue PSI light),
cyanobacteria maintain the balance between photosystems
by decreasing PBS energy transfer to PSI and increasing
energy transfer to PSII. This is a state 2 to state 1 transition.
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The state transition is controlled by the redox poise of the
plastoquinone pool (PQ) which develops an increased oxida-
tion level under conditions where photons are being directed
to PSI. Conversely, when excessive energy is being directed
to PSII (red PSII light) and the PQ is more reduced, a State 1
to State 2 transition occurs as the PBS increases energy trans-
fer to PSI (Bailey and Grossman 2008; Singh et al. 2009).

In cyanobacteria, there appear to be at least two photo-
protective mechanisms that reduce the transfer of excitation
energy from the light-harvesting complexes to the photo-
synthetic reaction centres through the active dissipation of
absorbed energy. The first mechanism is through a blue light
induced soluble orange carotenoid protein (OCP) that is widely
distributed among cyanobacteria species (Kerfeld 2004).
It mediates photoprotective energy dissipation through inter-
action with the phycobilisome core (Bailey and Grossman
2008; Latifi et al. 2009). The second energy dissipation
mechanism is related to the high light-inducible proteins
(HLIPs), also designated small CAB-like proteins (SCPs)
that may play a critical role in photoprotection by associating
with Photosystem II and dissipating excess absorbed energy
(Latifi et al. 2009).

6.3  Photosynthesis and Cellular

Metabolism

The growth of cyanobacteria depends on light absorption,
temperature, and the uptake of arange of nutrients (Behrenfeld
et al. 2008) and these cellular functions need to be regulated
in a coordinated manner (Aurora et al. 2007). Mechanisms
to maximise growth must optimise the allocation of energy
(ATP) and reductant (NADPH) between the various cellular
processes in order to coordinate resource supply and demand.
Assimilation of atmospheric CO, is through the Calvin Cycle
and requires three ATP per two NADPH molecules, i.e., a
ratio of 9:6 to form its product glyceraldehyde-3-phosphate
(GAP) (Behrenfeld et al. 2008; Alric et al. 2010). Strictly
linear electron transport from PSII to PSI produces these
molecules in the ratio of 9:7, which although matching

Fig. 6.5 Alternative
photosynthetic electron transfer
pathways that alter the balance
of ATP and NADPH production

H+
( MOX + H*
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closely the Calvin Cycle requirements means that there is no
ATP or NADPH left for other cellular activities. Conversely,
the demand for ATP by other metabolic pathways unbalances
the ATP to NADPH ratio required for CO, fixation by the
Calvin Cycle. Photosynthesis is the source of ATP and reduc-
tant, and cyanobacteria have evolved multiple methods for
enhancing ATP generation to balance overall supply and
demand, generally through the conversion of reductant.

At night the ATP to reductant ratio is balanced by respira-
tory electron transport which uses NADPH to form ATP. But
in cyanobacteria this balance is more difficult to maintain
during the daylight hours due to a unique characteristic of
these organisms. In cyanobacteria, components of the electron
transport chain that reside in the thylakoid membrane are
shared by both respiratory and photosynthetic electron trans-
port. Consequently, during daylight hours, the electron trans-
port chain is less available for respiration due to
photo-reduction of some of its components and this can be
further exacerbated by a lack of NADP* substrate for reduc-
tion. Under these conditions PSII activity is curtailed as the
oxidation rates of the electron chain intermediaries are
reduced due to the respiratory electron transport, a situation
that can cause PSII energy absorption to exceed photochem-
istry, leading to photoinhibition. In order to overcome the
imbalances in ATP and NADPH that occur under these con-
ditions cyanobacteria use several mechanisms to regulate the
balance between linear and cyclic electron flows (Alric et al.
2010).

Linear electron flow produces reducing power and ATP,
while cyclic electron flow around PSI only produces ATP
(Fig. 6.5). Low cellular requirements for ATP to NADPH
favour coordinated linear electron flow through PSII and
PSI. In this case, any requirement for extra ATP is produced
through thylakoid water to water cycles like the Mehler
reaction and the respiratory terminal oxidase that generate
ATP by pumping protons across the thylakoid membrane.
In comparison, high ATP to NADPH demands are thought to
decouple PSII and PSI to create two distinct pathways
(Behrenfeld et al. 2008). One pathway involves cyclic elec-
tron flow around PSI in which ferredoxin, reduced by PSI,
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transfers electrons to the PQ pool which then transfers them
to cyctochrome b6 f, plastocyanin and back to PSI to support
ATP production. Secondly it has been suggested that cyclic
electron flow around PSI is supported by ‘midstream’ terminal
oxidases (MOXs) that augment ATP synthesis using electron
flow from PSII, and this has the extra advantage of helping to
reduce PSII photoinhibitory stress (Behrenfeld et al. 2008).

The requirement for a high or low ATP to NADPH ratio is
determined by the metabolic activity of a cell so that balanc-
ing the relative supplies of energy and reductant involves not
only adjustments in the photosystem, but also changes in
cellular metabolism. Molecular and biochemical studies
have provided insight to the homeostatic interactions
between light capture, cellular metabolism and cell growth.
Measurement of transcript abundance by DNA microarray
shows that approximately 33% of genes in Synechocystis are
regulated in response to changes in light quality (Singh et al.
2009). Analysis of these genes during changes in light qual-
ity that induced state transitions led to the identification of
cellular processes that enable Synechocystis to circumvent
reduced production of energy and reductant (Singh et al.
2009). That most cellular processes responded immediately
to the imbalance in the excitation of reaction centres sug-
gests that state transitions and adjustments of photosystem
structure are not sufficient by themselves to reverse the
effects of excitation imbalance (Singh et al. 2009).

The supply and demand for energy and reductant are
determined by the extent to which ATP and NADPH from
the photosystem are used in different metabolic pathways
(Fig. 6.6). The synthesis of amino acids utilises GAP pro-
duced by photosynthesis, but the pathway releases carbon
with a net production of ATP and NADPH to support other
metabolic activities. So a significant proportion of energy
and reductant from the photosystem can be channelled
through this pathway when it is operating. In contrast, if GAP
is used for carbohydrate synthesis and storage which does
not release ATP and reductant, then only a fraction of the
energy and reductant from the photosystem can be invested
in this process as the rest is required to directly support
other cellular metabolic functions (Behrenfeld et al. 2008).

The activity of these various metabolic pathways will also
be influenced by nutrient availability. One example is nitro-
gen assimilation, where energetically NH,* is preferential to
NO,, as the former requires far less energy for assimilation
into glutamate (Coruzzi and Last 2000). The form of nitro-
gen used will influence the ATP:reductant demand ratio and
alter the activity of different nitrogen assimilatory pathways
(Behrenfeld et al. 2008).

Singh et al. (2009) found in Synechocystis that photo-
damage from high light decreased the output of products
from the light reactions with the reduction in energy
reducing CO, fixation. This in turn caused a reduction in N
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transport and assimilation. The reduced assimilation of
C and N had consequences for various pathways, including
those involved in transcription, translation, DNA replication,
fatty acid metabolism, and biosynthesis of amino acid and
nucleotides. They also found significant changes in res-
ponse to light quality. Under PSII light Synechocystis was
limited for NADPH and preferentially utilised ammonia
over nitrate under these conditions. This was supported by
experiments that showed the growth of Synechocystis
increased significantly in the presence of ammonium under
PSII light compared with white light (Singh et al. 2009).
These connections mean that alterations in photosynthesis
ramify through the cell, causing changes in stoichiometric
composition and metabolic activity in a connected and
coordinated way.

6.3.1 Modelling of Photosynthesis

Modelling of photosynthesis in cyanobacteria has utilised
the same general functions that are applied to phytoplankton
(Baklouti et al. 2006). In most cases empirical relationships
have described the dependency of photosynthesis (P) on
light in terms of the maximum rate of photosynthesis (P, )

and a function of irradiance (E) and a light saturation
parameter (E)):

E
P=Fuf()

k

Numerous different equations of this basic form have
been fitted to experimental data (Table 1 in Baklouti et al.
2006). Some equations include additional parameters to
describe photoinhibition, but these are also empirical formu-
lations that provide “best fits” to the data (Jassby and Platt
1976). Even when describing the same data these various
equations provide different estimates of the characteristics of
the P-E curve including the initial slope (o), and the light
saturation parameter (E,) (Maclntyre et al. 2002; Baklouti
et al. 2006). These parameters reflect the underlying biophys-
ical and physiological processes that regulate photosynthesis
(Maclntyre et al. 2002), but the standard empirical P-E data
sets cannot explicitly and quantitatively describe these
processes. As the equations usually describe empirical data
from incubations under fixed or average conditions they are
limited in their ability to describe photo-physiological adjust-
ments or to predict changes in the P-E relationship under
changing environmental conditions (Walsby et al. 2001).

Progress in modelling these interactions has come from
advances in biochemical and molecular understanding, and
also improvements in the measurement of cellular photophys-
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iology, especially through active fluorometry (Schreiber et al.
1995; Kolber and Falkowski 1993; Oliver and Whittington
1998). These techniques have led to process based models
that include photophysiological characteristics such as the
absorption cross-section of the photosynthetic units, electron
transfer rates, and photo-acclimation rates (Falkowski and

Kolber 1993; Han et al. 2000; Oliver et al. 2003). An equation
for photosynthesis based on fluorescence measurements was
derived by Falkowski and Kolber (1993):

’

(o}
P = Eo-qp(b_ O, Npsyy
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Here P is the rate of photosynthesis (mol O, mol chla™ h™),
E is the irradiance intensity (mol photons m™ h™'), o is the
effective absorption cross-section of the antennae which
determines the photons actually reaching the PSII reaction
centre, (m”> mol quanta™), db’/(l)m is the fraction of functional
reaction centres, ¢, the mol of oxygen evolved per photon
processed by the reaction centres, and 1, the number of
functional PSII reaction centres per mole of chlorophyll-a
(Falkowski and Kolber 1993). The effective absorption
cross-section has a spectral dependence and this can be
built into the equation though in general a spectrally inte-
grated absorption coefficient is used. It will be important to
improve the modelling of spectral effects to better estimate
photosynthesis under changing light conditions and to
improve the modelling of competition between species
(Sathyendranath et al. 2007). Photoinhibition has also been
included in some models of this type (Han et al. 2000; Oliver
et al. 2003).

6.4  Nutrients

Nutrient limitation of cyanobacteria elicits both general and
specific responses. The general responses are the result of
the stresses imposed by arrested anabolism while specific
responses are acclimation processes to particular nutrient
limitations. Specific responses lead to modification of
metabolic and physiological activities to compensate for the
restriction (Schwarz and Forchhammer 2005). Nutrient limi-
tation is frequently considered the cause of reduced growth
of phytoplankton in natural environments and an important
driver of competition that determines community composition.
Considerable attention has been focused on nutrient limita-
tion by phosphorus versus that by nitrogen, and the ratios of
these nutrients have been used at whole lake scales to predict
the relative abundance of cyanobacteria amongst lake phyto-
plankton (Sect. 6.8).

General responses of phytoplankton to nutrient limita-
tion include: carbohydrate accumulation, a reduction in the
cell-specific quantum yield of photosynthesis (Turpin 1991),
a reduction in the cellular content of the limiting nutrient
(Droop 1973; Riegman and Mur 1984) and an increase in the
specific uptake rate of the limiting nutrient (Gotham and
Rhee 1981; Riegman and Mur 1984; Kromkamp 1987).
Nutrient limitation stimulates the storage of non-limiting nutri-
ents as a result of their relative excess compared to the
reduced requirements of the cell. Nutrient storage is a valuable
attribute, enabling cells to utilise pools of nutrients that are
spatially and temporally separated so that growth is maintained
during periods of nutrient scarcity. Phytoplankton must
match their energy input to their cellular metabolic capacity,
and as nutrient limitation slows down the reoxidation of the
final electron acceptors, electron transfer activity must be
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down-regulated and cellular metabolic pathways adjusted to
minimise possible photodamage and to maximise energy
efficiency.

6.4.1 Phosphorus
Under phosphorus limiting conditions cellular phosphorus
concentrations decline as the phosphorus limited growth rate
declines, while phosphorus uptake potential increases. As a
consequence, a pulse of phosphorus delivered to P-limited
cells results in substantial formation of polyphosphate
reserves, the polyphosphate ‘overplus’ phenomenon, with
cellular P levels able to exceed those under steady state
maximum growth rates (Allen 1984; Riegman and Mur 1984).
Most phytoplankton can store surplus phosphorus, usually in
the form of polyphosphate (PP), and these reserves can be
sufficient for several cell doublings. There do not seem to
be any consistent phylogenetic differences between micro-
algae and cyanobacteria in the range of values for phosphate
uptake, and the kinetics appear to be species specific (Healey
1982; Tilman et al. 1982; Kromkamp 1987; Reynolds 1993).
Despite its importance in eutrophication and its role in
cellular energy dynamics surprisingly little detailed molecular
or biochemical data are available on the cellular metabolism
of P in cyanobacteria compared to that for N. This probably
reflects the dominance of marine phytoplankton research in
this area and the focus on N limitation in marine systems.
This deficiency needs to be addressed.

6.4.2 Nitrogen

Cyanobacteria are able to utilise a range of N sources
including ammonium, nitrate, nitrite, urea, and in some cases
arginine or glutamine (Flores and Herrero 2005). Certain
groups can fix atmospheric N, a trait that distinctly separates
them from the autotrophic eukaryotes. The order of preference
amongst the commonly available inorganic sources is
NH,*>NO,” > N, (Tandeau de Marsac and Houmard 1993).
Energetically, NH,* is preferential to NO,™ as the former
requires only one NAD(P)H or ferredoxin and one ATP for
assimilation into glutamate, while the latter requires nine
reductants and one ATP (Coruzzi and Last 2000). During the
day, these substrates are provided directly from photosynthe-
sis and thus the form of nitrogen used influences both the
ATP:reductant demand ratio and the photosynthesis:carbon
fixation ratio (Behrenfeld et al. 2008). In nutrient replete cells
carbohydrate stores are small and assimilation of combined
inorganic nitrogen is strongly dependent on recent CO,
fixation (Guerrero and Lara 1987; Turpin 1991). Under these
conditions reductions in photosynthesis, for example due to
darkness or CO, deprivation, will reduce nitrogen assimilation.
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In contrast, nitrogen limited cells accumulate carbohydrate
reserves that can be utilised through glycolysis as a source of
energy and carbon skeletons for nitrogen assimilation both in
the dark and the light (Guerrero and Lara 1987; Turpin 1991;
Garcia-Gonzalez et al. 1992; Tapia et al. 1996).

The uptake of nitrate/nitrite, urea and most amino acids
usually involves permeases, while the uptake of ammonium
involves secondary transporters. Within the cell, nitrate is
converted to nitrite by nitrate reductase and then nitrite
is converted to ammonium by nitrite reductase. Arginine is
catabolized by a combination of the urea cycle and arginase
pathway, while urea is degraded by a Ni**-dependent urease;
both these pathways also produce ammonium (Flores and
Herrero 2005).

Ammonium, derived from direct uptake or produced from
conversion of other nitrogen sources, is incorporated into
carbon skeletons through the glutamine synthetase—glutamate
synthase cycle (GS-GOGAT). When NH_*, the preferred N
source is available, its presence represses the genes encoding
permeases and enzymes for the assimilation of alternative
nitrogen sources and cyanobacteria and micro-algae do
not assimilate these other forms of nitrogen. This process is
known as ‘nitrogen control’ (Turpin 1991; Ochoa de Alda
et al. 1996; Flores and Herrero 2005). Induction of ammo-
nium inhibition of nitrate uptake requires that ammonium
has first been metabolised by the initial glutamine synthetase
step of the GS-GOGAT system (Herrero et al. 2001). The sub-
sequent glutamate synthase step requires carbon skeletons
and these are supplied as 2-oxo-glutarate, which is the final
compound in the oxidative TCA cycle in cyanobacteria as
they lack 2-oxo-glutarate dehydrogenase. Ammonium deple-
tion limits GS-GOGAT activity and results in the accumulation
of 2-oxo-glutarate, while large supplies of ammonium or
restrictions to photosynthesis may lead to reduced con-
centrations of 2-oxo-glutarate (Schwarz and Forchhammer
2005). This metabolic arrangement where 2-oxo-glutarate
consumption through GOGAT is directly linked to ammonium
assimilation (Fig. 6.7), integrates the N and C assimilatory
pathways of cyanobacteria and provides the basis of an impor-
tant regulatory system where 2-oxo-glutarate is an indicator
of the C to N ratio of the cells (Schwarz and Forchhammer
2005; Flores and Herrero 2005).

Two proteins responsive to 2-oxo-glutarate are the signal
transducer protein PII and the nitrogen-control transcrip-
tion factor NtcA. The protein PII binds both ATP and
2-oxo-glutarate in a synergistic manner to alter its reactivity
(Forchhammer 2004). PII can exist in four different forms,
non-phosphorylated and increasingly phosphorylated at one,
two or three of its subunits. In high concentrations of 2-oxo-
glutarate the PII is liganded to both ATP and 2-oxo-glutarate
and in this form it can be phosphorylated while in reduced
concentrations of 2-oxo-glutarate the PII is bound only to
ATP and can be dephosphorylated. In ammonium-grown
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cells, where the high demand for carbon skeletons lowers the
2-oxo-glutarate concentration, PII is non-phosphorylated.
The level of PII phosphorylation is increased in nitrate-grown
cultures and higher again in nitrogen-starved cells, but this is
not a simple monotonic progression as the level of phospho-
rylation increases when cells are incubated in the presence of
CO, enriched air (Tandeau de Marsac et al. 2001; Schwarz
and Forchhammer 2005; Kolodny et al. 2006). As a result,
the degree of phosphorylation of PII is a function of the N
and C supply of the cell such that phosphorylation is inversely
correlated with nitrogen availability, but directly correlated
with carbon availability (Herrero et al. 2001). The degree of
phosphorylation is also expected to be influenced by the
energy status of the cell as determined by the balance of ATP
and reductant.

Depending on its conformational state, the PII protein
interacts with various target proteins, most of which regulate
the nitrogen assimilatory pathways (Forchhammer 2008). This
includes nitrate/nitrite permeases, bicarbonate uptake and
gene expression through the global nitrogen control factor
NtcA (Forchhammer 2008). The non-phosphorylated form
inhibits nitrate/nitrite uptake while in the phosphorylated form
this inhibition is relieved (Tandeau de Marsac et al. 2001).

The nitrogen-control transcription factor NtcA is the
major mediator of global nitrogen control at the level of gene
expression (Luque et al. 1994; Schwarz and Forchhammer
2005). The activity of NtcA is subject to metabolic regu-
lation, such that under conditions of nitrogen excess (low
2-oxoglutarate levels), the NtcA protein is inactive (Luque
et al. 2004) while increased 2-oxoglutarate concentrations
and the absence of ammonium lead to stimulation of NtcA
activity (Vdzquez-Bermudez et al. 2003; Schwarz and
Forchhammer 2005). NtcA regulates the expression of genes
encoding for the assimilation of ammonium, or alternative
nitrogen sources when cells are incubated under limiting
concentrations of ammonium but with adequate carbon to
give the cells a high C to N ratio. When NtcA is activated
there is a high expression of the glnB gene that produces the
PII protein. The PII protein that is synthesised, ligands with
2-oxoglutarate which is in high concentrations and ATP.
This negatively controls the affinity uptake of bicarbonate
and releases inhibition of the nitrate/nitrite transporters. This
research has suggested a complex interaction between PII
and NtcA where phosphorylated PII activates NtcA and in
turn the activated NtcA augments the levels of NtcA and PII
as well as stimulating PII phosphorylation (Schwarz and
Forchhammer 2005) (Fig. 6.8).

The extent of the link between PII and 2-oxo-glutarate
was also found to affect the metabolism of carbon. Whatever
its phosphorylated state, PIIl was found to negatively influence
the high affinity uptake system for bicarbonate under high
inorganic carbon (Ci) conditions when 2-oxo-glutarate pres-
ence is elevated (Tandeau de Marsac et al. 2001). This sug-
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changes in the nitrogen and/or carbon regimes of the cells
(Tandeau de Marsac et al. 2001).

The key enzyme of the arginine synthesis pathway,
N acetylglutamate kinase (NAGK), was also identified to
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be a receptor for PII (Heinrich et al. 2004; Burillo et al.
2004; Schwarz and Forchhammer 2005) influencing the
degree of cellular nitrogen storage (Heinrich et al. 2004;
Maheswaran et al. 2006). Complex formation and catalytic
activation of NAGK by PII was shown to depend both on the
phosphorylation state of PII and on its binding of effector
molecules (Sect. 6.6).

Nitrogen assimilation influences the rate of CO, fixation, the
fate of newly fixed carbon, and the level of carbohydrate reserves
(Guerrero and Lara 1987; Turpin 1991; Garcia-Gonzalez
et al. 1992; Tapia et al. 1996) with major effects expected on
cell growth, cell turgor pressure and cell density (Sect. 6.11).

6.5 Nitrogen Fixation
When other sources of inorganic nitrogen have become
limiting, cyanobacteria equipped with the nitrogenase
enzyme complex can utilise N, gas through the process of
nitrogen fixation. In contrast there are no known micro-algae
that can fix molecular nitrogen. This provides the nitrogen
fixing cyanobacteria with a major advantage when sources of
combined inorganic nitrogen are depleted from the water.
However, the fixation of nitrogen requires a substantial
amount of energy, using 16 ATP molecules as well as eight
electrons to produce two molecules of ammonium and one
molecule of H,, the H, being respired under oxygenic condi-
tions (Stal 2009). In addition to this the production and main-
tenance of the nitrogenase enzyme is a significant energy
cost as it comprises about 10% of total cellular protein.
Cyanobacteria are the only nitrogen fixing organisms
that also produce oxygen through photosynthesis, and this
creates difficulties as the nitrogenase complex is inhibited
by oxygen. This has resulted in an array of morphological,
metabolic and behavioural adaptations within the different
cyanobacteria to protect nitrogenase activity and enable
nitrogen fixation (Berman-Frank et al. 2003; Stal 2009).
Separation of nitrogen fixation from photosynthesis is
achieved either by spatial segregation, temporal separation,
or a mixture of both, and to some extent reflects the habitat
to which the cyanobacteria are adapted (Berman-Frank et al.
2003). These structural and metabolic patterns were classified
into four groups by Berman-Frank et al. (2003) as shown in
Fig. 6.9. These range from colony types with nitrogenase
distributed evenly across all cells to those with specialised
cells called heterocysts that are specifically differentiated for
nitrogen fixation. Marked differences occur between taxa in
response to diel changes in light flux and there will indeed be
many subtle variations of these idealised profiles, particu-
larly given the variability of light flux induced by position in
the water column and temporal variation in the light field at
sub-daily (e.g. from clouds, wind-waves), daily and seasonal
time scales.
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In the two groups of cyanobacteria that have nitrogenase
activity evenly distributed across cells (eg. Plectonema,
Lyngbya), nitrogen fixation is separated in time from photo-
synthesis and occurs largely at night, supported by the
catabolism of C reserves that were synthesized during the
previous light period. In the first of these two groups nitro-
gen fixation only occurs under microaerobic conditions.
This protects nitrogenase from oxygen while still supplying
sufficient oxygen to support the production of ATP and
reductant through respiration. In the second group nitrogen
fixation can occur in oxygenic conditions with peak nitroge-
nase activity coinciding with high respiration rates 12 h after
the peak of photosynthetic activity. In this case the regular
pattern continues even under continuous light suggesting
circadian control (Berman-Frank et al. 2003).

In the filamentous, non-heterocystous, marine cyanobacte-
rium Trichodesmium, there is a complex interaction between
spatial and temporal segregation of the photosynthetic,
respiratory and nitrogen fixing activities. Measurements
of photosynthesis and nitrogen fixation show a temporal
separation during the photoperiod with photosynthesis peak-
ing in the morning and afternoon offset by ca. 6 h from the
peak of nitrogen fixation. During the night nitrogenase is
inactivated and turned over under the control of a circadian
clock (Berman-Frank et al. 2007). Activation of nitrogenase
in cells is linked to a reduction in gross photosynthesis and
increased respiratory activity that results in a negative net
production of oxygen which creates the conditions suitable
for nitrogenase activity. There is no evidence that any cells
undergo unidirectional differentiation as occurs in the forma-
tion of heterocysts within some filamentous cyanobacteria
(Stal 2009). Active photosynthetic components are found in
all cells but it is uncertain whether all cells have the capacity
for nitrogen fixation, or whether nitrogenase occurs in all
cells or in a fraction of cells arranged consecutively along the
trichome (Berman-Frank et al. 2007; Stal 2009). Whatever
the arrangement, nitrogen fixation involves cells switching
between photosynthesis and nitrogen activity to give a com-
bined temporal and spatial response. This mode of nitrogen
fixation has not been reported for freshwater species.

In some filamentous cyanobacteria, N, fixation takes
place in specialized cells called heterocysts that differ-
entiate irreversibly from vegetative cells 12-20 h after com-
bined nitrogen sources are removed from the medium. This
occurs when ambient nitrate concentrations are depleted to
ca. 0.3-1.6 umol L' but there is considerable variation
amongst different cyanobacteria in the duration of persis-
tence of heterocysts when nitrate concentrations return to
levels exceeding this range (Holl and Montoya 2005; Agawin
et al. 2007). Maximum in situ abundance of heterocysts
amongst vegetative cells therefore appears to be closely
aligned with very low concentrations of dissolved inorganic
nitrogen but has been shown by Wood et al. (2010) to precede
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the peak in vegetative cell biomass often associated with
blooms of Anabaena planktonica. Heterocyst differentiation
is strictly controlled by the nitrogen transcription factor NtcA
linking differentiation to nitrogen deficiency (Flores and
Herrero 2005). The heterocysts have a modified metabolism
to maintain a microaerobic environment for nitrogenase
expression while providing ATP and electrons for nitrogenase
function. The heterocysts do not contain PSII and so do not
generate O,, but consequently cannot fix CO,. Instead they
rely on a supply of fixed carbon from adjacent cells for respi-
ratory substrate to provide reducing equivalents, vegetative
cells in return receiving fixed nitrogen from the heterocysts.
The heterocysts generate ATP in the light by cyclic electron
flow around PSI but the extent of this depends on the light
conditions (Berman-Frank et al. 2007; Stal 2009). In the
dark, respiration is the only source of energy.
Heterocystous cyanobacteria fix N, during the day in
parallel with photosynthesis in the vegetative cells. In some
cases nitrogen fixation continues into the night and this
continued activity is supported by the transfer of fixed carbon
from stores accumulated in the vegetative cells. However, at
non-saturating light intensities and in the dark, nitrogenase
activity can become energy limited (Stal 2009). In order to
optimise energy generation the O, influx into the heterocysts
needs to be as large as possible, but without exceeding
the respiration capacity, so that anoxic conditions can be main-
tained. As the cyanobacteria occur in dynamic environments

show idealised representation of day (unshaded) and night (shaded )
periods and rates of photosynthesis (solid lines) and nitrogen fixation
(dashed lines)

they need to respond quickly to changes in conditions in
order to perform optimally. The heterocysts have a thick cell
wall that carries extra glycolipid and polysaccharide layers
to reduce gas permeability (Walsby 1985), but this influences
both O, and N, fluxes and is unlikely to change quickly (Stal
2009). It has been suggested (Walsby 2007) that the diffu-
sion properties of the cell wall may slowly respond to growth
conditions, and that dynamic gas exchange is controlled by
the pores that connect the heterocyst with neighbouring veg-
etative cells.

N, fixation confers a significant competitive advantage
for cyanobacteria but its contribution to nitrogen inputs at a
system scale may vary. Nodularia spumigena contributed
more than 81% of the annual N inputs to a high altitude
hyposaline lake in the United States (Horne and Galat 1985).
Schindler et al. (2008) generalised that N inputs from fixation
could overcome deficiencies of N in lake phytoplankton
assemblages and advocated a phosphorus control paradigm
to manage cyanobacterial blooms. Scott and McCarthy
(2010) subsequently refuted the capacity for N fixation to
provide for N replete conditions in Lake 227, Canada, when
they showed that phytoplankton biomass decreased in
response to a reduction in total nitrogen concentration.
Translating conceptual models of N-fixation (e.g., Oliver and
Ganf 2000) into numerical formulations is challenged by the
temporal and spatial variability of N-fixation. Levine and
Lewis (1987) developed a model of N-fixation by heterocystous
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cyanobacteria for Lake Valencia, Venezuela, to estimate the
importance of fixation for lake N inputs. Their model is
closely linked to rates of photosynthesis to reflect a baseline
rate of N fixation at night which is ramped up with photosyn-
thesis during the day:

N,=N(-¢")e"+D

where N is the maximum rate of N, fixation per heterocyst in
the absence of light, a = o EN,' and b= BEN_" where I is
light intensity, « is a parameter for the slope of the rising
limb of the light response curve and 3 is a photoinhibition
parameter, and D is the rate of N, fixation per heterocyst in
the dark. Values for N, given by Levine and Lewis (1987) are
up to a maximum of nearly 0.04 pmol (10° heterocyst)™ h™'
which compares with a value of 7x 107"* g N heterocyst™' h™!
(or 0.05 umol (10° heterocyst)~'h™") given by Howarth et al.
(1993). For more general models of ecosystem processes
that include cyanobacteria, Howarth et al. (1999) present the
first known model that differentiates N fixing from non-N
fixing cyanobacteria. They use a multiplier term (N, ) to
enhance growth rates under low DIN concentrations:

DIN
N mult =
DIN + Kim,,

where Km,, is the half-saturation constant for uptake of DIN,
taken to be 20 uM by Howarth et al. (1999) (see also
Zevenboom and Mur 1978). The corresponding N uptake
from fixation is assumed to meet all of the N demand for
growth and there is no DIN assimilation from the water
column. Another multiplier term (Mo, ) is used to account
for the availability of molybdenum (Mo):

Mo

Mo =472

mult

Mo + Km,,, (1 + ;)
1

where Km,, is the half-saturation constant for uptake of
Mo, Ki is an inhibition constant for the effect of sulphate (S)
on Mo uptake and 4.2 is a scaling factor where Mo is
assigned a value of one for concentrations of Mo and S
encountered in freshwaters. Few ecosystem models deal with
potential for micronutrient limitation or explicitly include
micronutrients as state variables, but limitation by iron or
other trace elements such as molybdenum may potentially be
alleviated by periods when these micronutrients are present
in high concentrations (Donnelly et al. 1997), even in fresh-
water systems where their chelation by salts is greatly reduced
compared with estuarine or marine systems.

The N derived from fixation is assumed in the Howarth
et al. (1999) model to be in direct proportion to P assimilated,

171

at a molar ratio of 15:1, to maintain constant nitrogen content
per cell of 3.3x 107> mol N.

An alternative approach to modelling N, fixation has been
used by Stal and Walsby (1998) in which the rate of fixation
N, is expressed as a chlorophyll-specific value:

N,.=N,(1-e*)+D+d

where N is the maximum rate of N fixation at light satura-
tion, D is the rate of N fixation in darkness, c=—-0E/N_
and d (negative) is a phtoinhibition parameter (d = BE”).
This formulation is similar to that used by Levine and Lewis
(1987) except for an expression for the effects of photosyn-
thesis on N fixation. Stal and Walsby (1998) used values for
N, of 6.5 pmol N, (mg chl-a)"'h™" and D of 1.48 pmol N,
(mgchl-a)"'h™'. Other values of N  include up to 6.48 umol N,
(mg chl a)'h~! (Ohlendiek et al. 2000), and 4.59, 1.34-4.64
and 6.5 for Aphanizomenon sp., Nodularia spp. and a Baltic
Sea sample (Stal and Walsby 2000). A conversion between
these values and those given above by Levine and Lewis
(1987) and Howarth et al. (1993) would require several
assumptions including the ratio of heterocysts amongst the
vegetative cells, considered by Levine and Lewis (1987) to
be rarely more than 1:10, as a chlorophyll specific mass per
vegetative cell.

A different approach is used by Hense and Beckmann
(2006), recognising a threefold increase in energy require-
ments for growth using fixed N, to reflect the utilisation of at
least 16 ATP molecules per N, molecule reduced. According
to their model the heterocystous form of a four-stage cyanobac-
terial life cycle occurs when there is low DIN, but adequate
energy reserves in the cell. The fixation rate is given by
N, =0,0,C
where N, /, represents the accumulation rate of organic nitro-
gen in the cell as a result of fixation, o, is the growth rate
defined in terms of change in nitrogen, o, is a limitation
function for the internal energy store, represented by:

En n
o,=1- Zn

Where En and En  are equivalent to internal energy
storages and n is an assigned exponent. In this model an
internal energy quota regulates partitioning between growth
(when the internal N quota is large) and uptake (as the quota
decreases). Hense and Burchard (2009) analysed the sensi-
tivity of their four-compartment cyanobacterial life cycle
model, which included akinetes, recently germinated vegeta-
tive cells, and heterocystous and non-heterocystous stages,
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against simpler alternative models. They showed a 30%
variation in simulated annual N, fixation rates for the domi-
nant diazotroph, Nodularia spumigena, in the Baltic Sea.
The model of Hense and Burchard (2009) is one of the few to
include a benthic stage (akinetes), but in general mechanistic
modelling of overwintering (e.g. in Microcystis — see
Chap. 7) has either been ignored or is implicitly included in
the parameterisation of planktonic processes.

6.6 Nitrogen Storage
Cyanobacteria have the capacity to store significant amounts
of N in excess of their immediate requirements. The two
storage components are phycocyanin, a phycobiliprotein,
and cyanophycin, a co-polymer of aspartate and arginine.
Whereas phycocyanin is also a major pigment component of
the light harvesting antenna, the primary function of cyano-
phycin is to store nitrogen and perhaps energy (Allen 1984;
Kolodny et al. 2006). Cyanophycin and phycocyanin are both
at low concentrations in N-limited cells. Cyanophycin
occurs in low concentrations during balanced growth of
non-diazotrophic cyanobacteria, but it can occur in large
concentrations in diazotrophic cyanobacteria and acts as
a transient store for newly fixed nitrogen in heterocysts.
Cyanophycin accumulates in cyanobacteria when they are
grown under all unbalanced nutrient conditions except nitro-
gen starvation, and it is used as a nitrogen source before other
sources during N-starvation (Kolodny et al. 2006). In a
manner reminiscent of the P luxury storage phenomenon,
cyanophycin accumulates on the addition of a useable nitro-
gen source to N-limited cells (Simon 1987). Cyanophycin
synthesis peaks sometime after the addition of N and then
decreases to the levels found in typical exponentially growing
cells (Mackerras et al. 1990a, b; Kolodny et al. 2006). In
response to nitrogen starvation the cyanophycin granules
are first degraded, followed by cell bleaching due to degrada-
tion of components of the phycobilisome including phyco-
cyanin (Tandeau de Marsac and Houmard 1993). Nitrogen
stores are also utilised when low-light cells are shifted to high
light, with cyanophycin and phycocyanin both decreasing.
Control of cyanophycin formation is through the enzyme
for arginine biosynthesis, N-acetylglutamate kinase (NAGK).
NAGK is linked to cell N status through the signalling pro-
tein PII and its interaction with 2-oxo-glutarate and ATP/
ADP (Llacer et al. 2008). NAGK activity is strongly enhanced
by complex formation with the non-phosphorylated form of
PII that is produced when N is abundant and 2-oxo-glutarate
levels are reduced. This binding also releases NAGK from
arginine feedback inhibition. Under these conditions high
levels of arginine build up and cyanophycin synthetase can
produce cyanophycin stores (Flores and Herrero 2005;
Maheswaran et al. 2006; Llacer et al. 2008). When nitrogen
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is scarce, 2-oxo-glutarate accumulates and binds to PII in
the presence of ATP and this promotes dissociation of the
PII-NAGK complex decreasing activity and enabling arginine
inhibition. Under these conditions arginine levels are below
those required for cyanophycin formation by cyanophycin
synthetase (Maheswaran et al. 2006).

6.6.1 Nitrogen Starvation

Prolonged nitrogen starvation causes a series of cellular
changes in cyanobacteria. Firstly, a rapid degradation of
phycobilisomes occurs before other proteins and pigments
are utilized. The cells finally become almost completely
depigmented and enter a survival mode (Schwarz and
Forchhammer 2005). These changes are reversible, and fol-
lowing the addition of a combined nitrogen source the cells
return to vegetative growth within a few days. Sauer et al.
(2001) analysed Synechococcus cells that were kept in nitro-
gen depleted conditions for more than 2 months. The cells
retained residual PSI and PSII activity at about 0.1% of
growing cells. Using protein labelling techniques it was
shown that the apparently dormant cells turned over proteins
associated with photosynthesis and redox homeostatis, but
not proteins involved in the translational machinery.

6.7  Cellular Elemental Stoichiometry

The Redfield ratio of 106C:16N:1P is the average cellular
mole ratio of carbon, nitrogen and phosphorus originally
derived from measurements of marine phytoplankton. It has
been used widely in aquatic studies to determine the nutrient
status of systems, to link biogeochemical models of these
elements, and to estimate cellular production (Geider and La
Roche 2002). For example, the N:P ratio of 16:1 is frequently
used to identify whether systems are more likely to be
phosphorus or nitrogen limited assuming that N:P<16 is
indicative of N limited conditions. The reliability of these
assumptions has been questioned frequently in view of the
large elemental fluctuations that have been observed in phyto-
plankton (Hecky et al. 1993). Geider and La Roche (2002)
reviewed the data on C:N:P ratios in cultures grown under
nutrient replete, nutrient limited and optimal growth condi-
tions. They also estimated elemental ratios based on the likely
biochemical composition of physiologically competent cells
in order to constrain the elemental ranges measured in
cultures. They concluded that the laboratory data do not
support the idea of a biochemically fixed C:N:P ratio in the
proportions defined as the Redfield ratio. They found the
N:P mole ratio in cultures to range from <5 to >100. Even
under optimal growth conditions the range was from 5 to 19
N:P with most measurements below the Redfield ratio.
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Biochemical calculations suggested likely N:P compositions
between 15 and 30. The transition between N and P limita-
tion was estimated from limited data to be more likely in the
range of 20-50 N:P, substantially higher than the Redfield
value of 16.

In contrast, the C:N mole ratio, although still variable, was
much more constrained, especially in optimally growing,
nutrient-replete cultures where it was on average close to the
Redfield ratio of 6.6. These observations support findings
from integrated studies of nitrogen assimilation and carbon
fixation suggesting that a range of mechanisms appear to be
targeted at maintaining the cellular C:N ratio within narrow
bounds during growth.

The variability in ratios, particularly of N:P and C:P,
reflects the known physiological plasticity of phytoplankton
and also the phenomenon of luxury consumption where non-
limiting nutrients can form intra-cellular stores. Cyanobacteria
store nitrogen as cyanophycin when phosphorus and other
growth requirements are limiting, and store phosphorus as
polyphosphate when nitrogen and other growth requirements
are limiting. Phosphorus storage as polyphosphate markedly
reduces the N:P and C:P ratios so broadening the range of
possible values. In contrast, nitrogen storage as cyanophycin
has a N:C mass ratio of ca. 0.5, which is not greatly different
from the typical values observed in cells, so it has a lesser
effect on overall cellular N:C stoichiometry. Carbohydrate
accumulation under nutrient-limited conditions will also
influence the carbon ratios.

6.8  Whole Lake Nutrient Influences
The classical work of a number of authors in the 1960s
(e.g. Sakamoto 1966; Vollenweider 1968) led to the recogni-
tion of the importance of increased phosphorus loadings
in the process of eutrophication of lakes. These studies on
phosphorus, and later studies on the interaction between
nitrogen and phosphorus (e.g. Smith 1983), led to ecological
research focused on the manipulation of whole lakes or
portions of them to explore the responses of phytoplankton
abundance and community structure to nutrient conditions
(Schindler 1971; Lund and Reynolds 1982). Many of these
studies have focused on total nutrients rather than bioavailable
forms. The bioavailable forms are commonly considered
to be in dissolved inorganic form but in some mesotrophic
lakes dissolved organic nutrients (e.g. for Aphanizomenon
flos-aquae in Lake Kinneret) can also constitute an important
component of the cellular nutrient uptake, particularly in the
presence of alkaline phosphatise to mobilise organic phos-
phorus (Berman 1997).

On the basis of the Redfield ratio, and the fact that many
of the bloom-forming cyanobacteria can fix nitrogen, it was
suggested that cyanobacteria should dominate in waters with
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low N:P ratios (Smith 1983; Downing et al. 2001). This was
supported by an analysis of 20 lakes largely from northern
Europe (Smith 1983), but the conclusion was questioned
because some samples were not considered to be independent
or representative of the lakes. Further analysis of these data
by Trimbee and Prepas (1987) suggested that the individual
nutrient concentrations, either total phosphorus or total
nitrogen, provided more reliable estimates of average cyano-
bacterial dominance than their ratio. Similarly, Downing
etal. (2001) carefully collected and prepared information from
published reports to create a dataset of 269 observations
from 99 lakes around the world. This was used to investigate
further the influence of nutrient stoichiometry (i.e. N:P ratio)
on cyanobacterial dominance, compared to nutrient concen-
trations (N or P), or algal biomass. They concluded that the
risk of water quality degradation by cyanobacteria blooms
was more strongly correlated with variation in total P, total
N, or standing algal biomass than the ratio of N:P. They
suggested that correlations between N:P and cyanobacterial
dominance were the result of a strong negative correlation
between nutrient enrichment and the N:P ratio due to nutrient
sources often being depleted in N relative to P (Downing
et al. 2001). These findings are in accord with doubts about
the reliability of the Redfield ratio for drawing conclusions
about system scale responses.

These outcomes are important to water quality management
as the notion that a TN:TP molar ratio above c. 15 indicates
a switch from a high to a low potential for cyanobacterial
dominance has been misinterpreted with major implications
for catchment scale nutrient management. Schindler et al.
(2008) were concerned that many studies in lakes and estuaries
were still concluding that N must be controlled as well as, or
instead of, P to reduce eutrophication. They described a
37-year whole lake experiment testing the effect of N reduc-
tion and concluded that to reduce eutrophication the focus of
management must be on decreasing P inputs. Downing et al.
(2001) concluded from their analyses that the most poten-
tially useful of the relationships was that based on total P,
which predicts phytoplankton biomass and clearly discrimi-
nates lakes dominated by cyanobacteria. They suggest that the
risk of dominance by cyanobacteria is only 0-10% between
0 and 30 pg L' total P, rising abruptly to about 40% between
30 and 70 ug L', and reaching an asymptote at around 80%
near 100 pg L. This does not mean that management of N
enrichment should be ignored, but that the principle focus
should be on phosphorus control (Carpenter 2008).

The relationship between eutrophication and an increased
biomass of gas-vacuolate cyanobacteria has been attributed to
the requirement that sufficient nutrients need to be available,
either in the water or from internal recycling, when physical
conditions eventually become suitable to provide the cyano-
bacteria with a competitive advantage. In temperate systems,
if nutrients are depleted by phytoplankton growth during
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spring and early summer, then the bloom-forming cyanobacteria
are faced with depauperate nutrient conditions when the
physical environment is most suitable for their growth.
Similar arguments can be made for tropical waters, but on
cycles driven by daily to weekly meteorological events as well
as seasonal conditions (Lewis 1978a, b). It is under these con-
ditions that resting stages such as akinetes or an overwintering
phase (Microcystis; Chap. 7) can be highly advantageous
and allow for rapid recolonisation of the water column when
conditions become favourable again.

6.9 Modelling Nutrient-Dependent

Growth Rates

Flynn (2003b) identified three modelling strategies to describe
nutrient uptake by phytoplankton. In order of increasing com-
plexity these are the Monod, quota and mechanistic modelling
approaches. The Monod model makes growth rate a direct
function of the external nutrient concentration. The quota
model makes the internal nutrient content (the quota) the
controlling factor, although the quota is itself a function of
the external nutrient supply. The more complex mechanistic
models, with feedback processes and perhaps multiple internal
pools, seek to simulate more closely biochemical reality
(Baird and Emsley 1999; Flynn 2003b).

The Monod model relates the nutrient specific steady-state
growth rate () to the external concentration of the nutrient
(x,) and a half saturation constant for growth (k,) according to
a rectangular hyperbolic function:

X,

i

= x; +k,

When multiple nutrients are being considered a thresh-
old approach is generally used with the nutrient giving the
slowest growth rate considered to be controlling. This is
often determined according to the Redfield ratio. Once a
nutrient is selected as limiting then others are ignored, or
assumed to respond in a fixed proportion which is again
frequently set by the Redfield ratio. This type of modelling
approach cannot account for alterations in internal nutrient
reserves or the changes in nutrient ratios that occur when
cells modify their responses to changing environmental
conditions.

In comparison the quota model (Droop 1968) relates
growth to the internal concentration of a nutrient, which
means that growth can continue at the expense of previously
accumulated nutrient stores. In the quota model the nutrients
can be described in relation to cellular carbon levels so that
the model can also simulate carbon biomass or it can be
formulated on a cellular basis. One form of the model is that
described by Caperon and Meyer (1972):
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Xc — Xcu

Me=HMyy o
X(,' - Xr'o + qu

Where u_is the carbon-specific growth rate, X the carbon
based nutrient quota (nutrient:C ratio), X, the minimum car-
bon based cell quota of the nutrient at which growth is zero,
k,,x is a curve fitting constant similar to the half saturation
constant, and ¢ _ the maximum theoretical growth rate when
using nutrient X. As with the Monod equation, the usual
method to address multiple nutrient influences has been the
threshold approach, although multiplicative interactions have
been investigated. Neither the multiplicative or threshold
formulations have a firm mechanistic basis.

Both the Monod and quota models are only valid under
conditions of balanced growth, when the specific rates of
change of all cellular components are equal. This occurs
when nutrient uptake, light harvesting and carbon fixation
are directly coupled giving a fixed cell stoichiometry.
Consequently these models are restrictive when modelling
multi-nutrient interactions, or light nutrient interactions.
The models cannot describe the uncoupled rates of nutrient
assimilation or carbon fixation that occur in response to rapid
fluctuations in environmental conditions (Geider et al. 1998).
As the elemental composition of phytoplankton does not nec-
essarily conform to the Redfield ratio (Geider and La Roche
2002), it is no longer acceptable to assume that knowledge of
one element enables the concentration of other elements to be
calculated (Baklouti et al. 2006). As a result it has become
necessary to develop multi-nutrient models and to explore the
possibilities of multi-nutrient limitation and co-limitation.

6.10 Modelling Metabolic Interactions
and Cellular Growth

Whereas many models disaggregate the functions of photo-
synthesis, nutrient uptake and cellular composition, it is
apparent that these are closely linked, and a major improve-
ment in modelling has come from the consideration of
integrated energy and material fluxes through the cellular
machinery (Shuter 1979; Behrenfeld et al. 2008; Singh et al.
2008). This considers that various cellular mechanisms are
involved in trying to maximise cellular growth through linked
homeostatic interactions (Behrenfeld et al. 2008). It is sug-
gested that the pigment concentration is adjusted to optimise
delivery of ATP and reductant under the available light
conditions, but modified in response to the overall cellular
demand created by the particular growth environment.
The required supply of ATP and reductant is influenced by
the balance between the demand for carbon fixation to provide
new carbon components in metabolic pathways, the necessity
to support other cellular metabolic activities directly from
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Fig. 6.10 Major cellular components and fluxes that have been
included in compartment models to describe fluctuations in cellular
composition during unbalanced growth. The series of figures depict the

the photosystem, and the requirement for storage products.
These alternatives are influenced by alterations in the
dominating metabolic pathways and their ATP and reductant
requirements. There is a constant adjustment to minimise
differences in the production and demand ratios for ATP and
reductant (Behrenfeld et al. 2008). Such physiologically
based models that describe cell function can include feed-
back mechanisms that more closely reflect reality.

If the variability in cell stoichiometry is considered to be
largely due to stored nutrients while the structural compo-
nents remain relatively constant (Klausmeier et al. 2004;
Baklouti et al. 2006), then distinguishing between cellular
pools is important. This concept identifies the need for more
physiological modelling to describe these components pools.
This approach has been explored in several models (Shuter
1979; Geider et al. 1996; Rabouille et al. 2006; Ross and
Geider 2009) and appears to be promising (Fig. 6.10).

In the various cellular compartment models the com-
ponents have been identified in different ways depending
on the purpose of the model. Rabouille et al. (2006) in devel-
oping a physiological growth model to describe nitrogen
fixation in Trichodesmium recognised four compartments.
Cellular carbon was divided into three pools; the low molecular
weight carbohydrates from photosynthesis, the internal carbon
reserves, and the structural biomass. In this formulation, the
low molecular weight pool has a short turnover time and is

effects of decreasing light intensity followed by increasing periods of
dark. Respiration (R), Low molecular weight carbohydrates (LMW ),
resistance to pathway flux (W)

the intermediate for all metabolic processes. It is consumed
either to build carbon reserves, or for incorporation into
structural components, or to supply energy through respira-
tion for maintenance and biosynthesis. The low molecular
weight pool is supplied by photosynthesis or by catabolism
of carbohydrate reserves. The presence of a carbohydrate
reserve enables a cell to continue biosynthesis for some
time into the night using carbon fixed during the day. In this
model cellular nitrogen was also described in terms of
an internal storage pool that grouped glutamine and the
nitrogen reserve components cyanophycin and phycobilip-
roteins and was fed by the uptake of external nitrogen. This
provided the intracellular nitrogen pool available for the syn-
thesis of structural biomass through biosynthesis with carbon
(Fig. 6.8). By incorporating two separate reserves of carbon
and nitrogen with unbalanced dynamics the fluctuations in
cellular composition could be investigated and the effects of
these on nitrogen fixation assessed (Rabouille et al. 2006).
Ross and Geider (2009) used a similar but simpler approach
to model photosynthesis and photoacclimation under nutrient
replete conditions. Their model contains only two carbon
pools, a functional and a reserve pool. Their model alludes
to, but does not describe, the dynamics of a low molecular
weight component. The Ross and Geider (2009) model has
nitrogen in the functional pool occurring at a fixed ratio with
carbon and alterations in the cellular N:C ratio are attributed
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to the accumulation or catabolism of carbohydrate reserves.
This model also incorporates consideration of the light
harvesting apparatus so that photosynthesis and photoaccli-
mation can be included.

These cellular compartment models are in their infancy,
but provide a framework for integrating the new molecular
and biochemical information that more clearly describes the
interactions in cellular photochemistry and metabolism that
operate to maximise cell growth while minimising damage.
The models have further attributes that will be useful in con-
sidering the growth and ecology of cyanobacteria as well as
phytoplankton generally. They are likely to be of particular
value to the modelling of planktonic cyanobacteria because
of: (i) the roles that different forms of carbohydrate play in
buoyancy regulation and the interactions with nutrients and
light (Oliver 1990; Oliver and Ganf 2000); (ii) the cellular dif-
ferentiation, often associated with nitrogen fixation, that
requires individual cell conditions to be modelled within the
context of colonial responses (Adams and Duggan 1999);
(iii) the complex lifestyles of different groups that can include
resting stages that overwinter in the sediments (Hense and
Beckmann 2006). As they are cell based the physiological
functions can be connected with cell size and geometry, a
powerful link that has been used in empirical models simu-
lating light-nutrient interactions (Reynolds et al. 2001).
This approach can be taken further with a more theoretical
consideration of the geometrically dependent physical pro-
cesses influencing cellular functions as in the biomechanical
approach described in Baird and Emsley (1999).

6.11 Buoyancy and Its Regulation

The success of gas-vacuolate cyanobacteria is often attributed
to their ability to regulate buoyancy in response to changing
environmental conditions (Reynolds and Walsby 1975;
Ganf and Oliver 1982; van Rijn and Shilo 1985; Walsby
1987, 1994; Reynolds et al. 1987). Buoyancy and its regula-
tion confers a competitive advantage for cyanobacteria over
the sedimentation losses of many other negatively buoyant
phytoplankton (Reynolds 1984), increased access to irradi-
ance (Humphries and Lyne 1988; Walsby et al. 1997), and an
ability to bridge the vertical separation that develops in
stratified waters between higher availability of nutrients at
depth and greater illumination in surface layers (Ganf and
Oliver 1982).

6.11.1 Gas Vacuole Structure
Gas vacuoles are comprised of numerous cylinders known as

gas vesicles (Bowen and Jensen 1965). These structures are
hollow but rigid, proteinaceous cylinders capped at either
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end by a cone. Specific gas vacuole genes encode for the
various proteins used in their synthesis (Walsby 1994; Oliver
1994). Gas vesicles are permeable to gas and therefore
contain air of composition similar to that of the surrounding
liquid, but the air is not required to maintain the hollow space
as the gas vesicle walls are rigid. However, the gas vesicle
wall is impermeable to water due to the presence of hydro-
phobic amino acids on the inner side.

Gas vesicles are ordered into gas vacuoles to occupy
minimal space and provide maximum buoyancy. The cylin-
drical gas vesicles are stacked in hexagonal arrays with the
cones interdigitating. In Anabaena where the gas vesicle den-
sity is 120 kg m3, if the intervening space (15%) is filled with
water at a density of 1,000 kg m=, then the overall gas vacuole
density will be 252 kg m™, one-fourth the density of water
and an efficient mechanism to provide lift (Walsby 1994).

6.11.2 Pressures Acting on Gas Vesicles

The wall of gas vesicles is subjected to hydrostatic and turgor
pressures. If the combination of these pressures exceeds the
strength of the wall then the gas vesicle will collapse and the
cell will lose buoyancy (Walsby 1971). Hydrostatic pressure
increases at a rate of 0.1 MPa per 10 m water depth. Episodic
deep mixing can potentially entrain cells to greater depths
where, in order to retain buoyancy, these cells will need to
have gas vesicle walls with sufficient strength to withstand
the increase in hydrostatic pressure. Increases in turgor
pressure result from increased levels of soluble organic inter-
mediates from photosynthesis (Grant and Walsby 1977),
coupled with light-dependent uptake of potassium salts
(Allison and Walsby 1981).

Turgor pressure can be measured as the difference in the
critical applied pressure (p ) required to collapse vesicles of
cells suspended in 0.5 M sucrose which removes the turgor
pressure, compared with the pressure (p,) required for turgid
cells suspended in filtered lake water or culture medium:
p,=p.—p,. Turgor pressures can vary from 0 to 0.5 MPa in
different organisms (Walsby 1994) and increases can lead to
gas vesicle collapse.

The collapse of gas vesicles is dependent on their strength,
which may be described by the pressure exerted on them
(Walsby 1994):

p. =275(r)™""

where p_ is the critical collapse-pressure (MPa) and r is the
cylinder radius (nm). The balance between efficient provision
of buoyancy and capacity to withstand hydrostatic pressures
appears to be the basis for variations in r amongst species
(Hayes and Walsby 1986; Walsby and Bleything 1988;
Brookes et al. 1994).
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6.11.3 Buoyancy Regulation

Buoyancy regulation occurs in cyanobacteria in response to
different environmental stimuli and in turn, allows cyanobac-
teria to regulate these environmental gradients through vertical
movement in the water column (Reynolds and Walsby 1975;
Walsby and Reynolds 1980; Reynolds 1987; Oliver 1994;
Walsby 1994; Wallace and Hamilton 1999). Buoyancy can
be adjusted through changes in the extent of gas vacuolation
or by the balance of cellular constituents of different den-
sity such as carbohydrates (density, p~1,600 kg m~) and
proteins (p~ 1,300 kg m~). Metabolic processes that rapidly
alter the size of carbohydrate reserves will be of major
significance to buoyancy regulating cyanobacteria as these
reserves provide ballast to offset the lift due to gas vesicles.
The accumulation of cellular carbohydrate reserves through
photosynthesis, or depletion through respiration and conver-
sion to less dense constituents, is one of the most important
short-term influences on buoyancy. Changes in other cellular
constituents of varying density, including storage materials
such as polyphosphate granules, can also affect buoyancy
(Romans et al. 1994).

Gas vacuolation can play an important role in buoyancy
regulation through changing the extent to which gas vesi-
cles counteract the density of other cellular constituents.
Gas vacuolation may be altered through increased turgor
pressure acting to collapse gas vesicles, or through the dilut-
ing effect of growth and cellular replication (Oliver 1994;
Walsby 1994).

N limitation can affect gas vesicle assembly by restricting
the production of essential proteins resulting in a loss of
buoyancy (Klemer et al. 1982; Chu et al. 2007). The results
of laboratory studies (Turpin 1991; Garcia-Gonzalez et al.
1992; Tapia et al. 1996) suggest that where cyanobacteria
move between the well illuminated, nutrient-poor surface
layers and nutrient-rich aphotic zones, the source of available
nitrogen at depth can have a significant effect on rates of
buoyancy regulation. For example, the increased availability
of ammonium common in the hypolimnion of stratified lakes
may cause a reduction in the carbohydrate reserves of sedi-
menting cyanobacteria leading to a quicker reversal of cell
buoyancy and a reduction in the extent of vertical migration.
Detailed studies of this interaction are required.

The interplay of limitation by light and macronutrients
strongly regulates buoyancy regulation (Konopka et al.
1987b). For example, the accumulation of carbohydrate as
polysaccharide occurs in response to excess photosynthate
production (Gibson 1978; Kromkamp and Mur 1984),
leading to sinking. By contrast carbon limitation leading to
depletion of carbohydrate reserves may lead to periods of
buoyancy though prolonged carbon limitation and will
result in a reduction in buoyancy with reductions in
gas vesicle synthesis. This balance between carbohydrate
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accumulation and incorporation into other compounds is
regulated by light availability and cellular nutrient status
(Healey 1978).

When light and nutrient supply rates are balanced then the
relative growth rate given by @/i  is high even if the specific
growth rate is low. Under these conditions carbohydrate use
is optimised for growth and storage is reduced. If growth is
restricted by a limiting nutrient then energy capture exceeds
utilisation and carbohydrate is stored when the light supply
exceeds that required to achieve the maximum relative growth
rate for the nutrient limited growth rate, RGR . Konopka
and Schnur (1980) obtained carbohydrate to protein ratios
four to seven times higher in cultures limited by nitrogen,
phosphorus or sulphur, than in non-limited cultures or those
limited by carbon. In general, when major nutrients such as
phosphorus or nitrogen limit cell growth, buoyancy decreases
because carbohydrate accumulates, resulting in greater diurnal
changes in buoyancy compared with nutrient replete cells
(Chu et al. 2007). However associated turgor pressure
increases can also collapse gas vesicles, especially if there is
an accompanying rise in hydrostatic pressure due to sedimen-
tation of cells to greater depths (Reynolds and Walsby 1975;
Klemer 1978, 1991; Walsby 1987). The degree of gas vacu-
olation may also be reduced through molecular controls on
gas vesicle production but this is species-specific. If nutri-
ent limitation greatly depresses growth rate, then carbohy-
drate accumulation and buoyancy loss can occur even at low
light intensities. Under severe and sustained nitrogen limita-
tion reduced gas vesicle synthesis results in reduced
buoyancy.

When all nutrients, including carbon, are present in
abundance then buoyancy is largely a function of the irradi-
ance intensity relative to the growth requirements of the cells.
If the irradiance captured is less than that required to achieve
maximum growth rate under the prevailing environmental
conditions, then energy supply will be low relative to what
could be utilised, carbohydrate reserves will be reduced, and
cell buoyancy increased. In organisms like Aphanizomenon
flos-aquae, where the degree of gas vacuolation is a function
of the limiting energy supply, molecular processes will
increase gas vesicle synthesis and enhance the positive buoy-
ancy response (Utkilen et al. 1985; Konopka et al. 1987a;
Kromkamp et al. 1988; Damerval et al. 1991). As discussed
earlier for Microcystis aeruginosa, not all organisms show this
molecular response to changes in illumination, suggesting
species-specific.

When nutrient replete cells are exposed to irradiances close
to saturating then they will grow at rates close to maximum
and cellular elemental composition will approach the Redfield
ratio (106C:16N:1P by atoms) (Hecky and Kilham 1988;
Hecky et al. 1993). Under these conditions Aphanizomenon
flos-aquae is generally negatively or neutrally buoyant
(Konopka et al. 1987a; Kromkamp et al. 1988) whereas
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Microcystis aeruginosa is positively buoyant (Kromkamp
et al. 1988; Chu et al. 2007).

When nutrient sufficient cells are exposed to irradiance,
carbohydrate stores increase with irradiance up to a maximum
when photosynthesis is saturated. The enlarged carbohydrate
store increases cell density, but molecular controls may
decrease the rate of gas vesicle synthesis in some species.
Gas vesicle collapse can occur from the resulting buildup
of turgor pressure under light exposure, although this most
often occurs synergistically with other buoyancy reducing
mechanisms under normal light:dark cycles (Oliver and
Walsby 1984; Kromkamp et al. 1986).

One of the first models to consider buoyancy was devel-
oped by Okada and Aiba (1983a, b). This model related
density to rates of change of cell turgor pressure as follows:

dpP
E = a(])mwc - P)QO2 - ﬁ(P - Pmin)

where P is the turgor pressure of the cells (kN m™), P
and P . are the maximum and minimum assigned values of
the turgor pressure, respectively, O, is the photosynthetic
activity of the cells (ml O, (g cel)'h™"), and & and f3 are
proportionality constants for the respective rates of increase
(g cell (ml O,)™") or decrease (h™) in turgor pressure. Okada
and Aiba (1983a) give values of P _and P, of 760 and
360 kN m™, respectively. While turgor pressure generated by
osmotically active photosynthates or potassium ions is strong
enough to collapse gas vesicles in some species (Allison
and Walsby 1981; Oliver and Walsby 1984) cell density
is altered most rapidly by the accumulation or loss of
dense polysaccharides during photosynthesis and respiration
(Kromkamp and Mur 1984; Utkilen et al. 1985; Kromkamp
and Walsby 1990).

6.11.4 Sinking or Floating

The change in cell, colony or filament polysaccharide con-
centration alters cell density which then changes the rate of
sinking or floating. In quiescent waters, i.e. under laminar
flow conditions, the sinking or floating rate of phytoplankton
can be calculated from the Stokes equation which describes
sinking as the balance between the downward gravitational
force from excess density and the buoyant viscous force pro-
vided by water:

, =28 (p=p,)
S one
where the terminal velocity of the organism (v ) is dependent

on gravitational acceleration (g), the size of the organism
estimated as the radius (r) of a sphere of equal volume, the
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density of the organism (p), and the density (p, ) and viscosity
(1) of the medium. A ‘form factor’ (¢) is included to adjust
for the non-spherical shape of some organisms. This is defined
as v /v 0 where v s is the terminal velocity of a sphere of
equal volume and density to that of the organism. For some
shapes the form factor is known from empirical relationships
(McNown and Malaika 1950; Davey and Walsby 1985) but
generally it has to be determined after measuring all other vari-
ables (Oliver et al. 1981). The Stokes equation is suitable for
calculating sinking and floating velocities if the assumption of
laminar flow is not violated, with particle-Reynolds number
(Re=2rv p/n) not exceeding 0.5 (Walsby and Reynolds 1980;
Reynolds 1987). As a consequence the equation will not be
reliable for large phytoplankton colonies where r>300 um
(Reynolds 1987).

The Stokes function indicates that velocity is related to
the square of the particle radius and is greatly enhanced by
increased size. The direction of movement, as well as the
velocity, is a function of the density difference between the
particle (cells, trichomes or colonies) and the surrounding
medium, while the shape of the particle may enhance or
retard its motion. The large size range of the cyanobacte-
ria, coupled with their ability to alter density, results in a
wide range of floating and sinking velocities. In contrast,
most freshwater eukaryotic micro-algae have a cell density
greater than that of water and only the motile, flagellate
species have any means of negating their propensity to
sink. A notable exception to this is the green alga
Botryococcus that can become buoyant after producing
and accumulating oils.

Kromkamp and Walsby (1990) conceived a model to
explain buoyancy regulation in a culture of Oscillatoria
which had previously been incubated at an irradiance flux E
of 10 pmol m™2 s7!:

dp E
=g
dr K, +E

E

3

where dp/dr is the rate of density change (kg m™ min™"),
c, is the rate coefficient for rate of increase in density
with time (given as 0.132 kg m™ min™), ¢, is the mini-
mum rate of decrease in density with time (given as
0.023 kg m™ min™') and K, is the half saturation constant
for the density response to irradiance (kg m™). The
Michaelis-Menten form of this equation produces a
hyperbolic response of rate of change of density with
increasing irradiance up to a maximum assigned rate of
density increase (c,=0.109 kg m~ min™'). When trans-
ferred to the dark the change in density of the culture can
be described by:
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where E_is the previous irradiance (umol m~ s™') and c, is
the light dependent rate coefficient for density change.
Howard et al. (1996) and Visser et al. (1997) included
intracellular carbon dynamics to connect irradiance to
carbohydrate accumulation and density fluctuations. Visser
et al. (1997) hypothesised that the Kromkamp and Walsby
(1990) model did not adequately describe density change
at high light intensities because photoinhibition was not
considered. Further experimentation by Visser et al. (1997)
involving exposure of Microcystis to light intensities up to
1,500 pmol m~ s7! revealed photoinhibition of carbohydrate
accumulation at £> 1,374 pmol m~2 s7!, described by:

dp _( Ny
dr \ 60

where N, is a ‘normative factor’ (0.0945 kg m™ (umol
photon) X m?®), E is the value of E where p(E) is maximal
(umol m™s7") and ¢, has been defined above but was assigned
a value of 0.0165 kg m~® min™! to represent density change at
E=0 (Visser et al. 1997) compared with the value of c, of
0.023 kg m~® min™! used for Oscillatoria by Kromkamp and
Walsby (1990). The above equation of Visser et al. (1997)
was applied for values of photon irradiance above compen-
sation levels (E, assigned as 10.9 pmol m~ s™') while for
E<E, the rate of density change was given as:

d
d_f:flpi—i_fz

where p, is the initial density (kg m™), f, regulates the rate of
decrease in density (kg m™ h™') and f, is a value correspond-
ing to the rate of density change with no carbohydrate stor-
age in the cells (kg m= h!). This equation takes into account
that the rate of carbohydrate loss, and hence density decrease,
is dependent upon the previous light history and the concen-
tration of carbohydrate stored within cells (Stone and Ganf
1981). Beardall et al. (1994) observed that an increase in
dark respiration following light exposure was dependent
upon both the photon flux and the duration of light exposure;
processes that are implicitly included in the model of Visser
etal. (1997). Howard et al. (1996) used the change in density
equations of Kromkamp and Walsby (1990) coupled with a
simple hydrodynamic model as the basis for a model of
cyanobacterial bloom formation known as SCUM. They
considered the generation of ballast in response to “excess”
carbohydrate accumulation (B) as:

B=P,—-R-K

where P is the photosynthetic rate for a given light intensity
(mol C (mol C)7's7™"), R is the respiration rate (assigned a
value of 0.55 % 10° mol C (mol C)~' s~ according to Reynolds
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(1990)) and K is growth (assigned a maximum value of
5.5%107°mol C (mol C)~!s™! from Reynolds (1990)). Once B
is assigned it is possible to determine the change in cell den-
sity resulting from the addition of carbohydrate as ballast:

dpcell (B C“?]l )
dr 67

where p_, is cell density (g Cum™ s™'), B is 2.38B (mol C
(mol C)™), C_, is the carbon content per cell (14x107° g C)
and 67 (um®) represents an assigned cell volume for
Microcystis. If there is not sufficient photosynthetic carbohy-
drate generated then ballast is not accrued to increase den-
sity, and the carbohydrate is used to support growth and
offset losses from respiration.

The increased rate of respiration following high irradi-
ance can lead to cells with different rates of density change
and productivity at a given irradiance, depending upon prior
light history (Beardall et al. 1994; Ferris and Christian 1991).
Patterson et al. (1994) used a particle tracking model to
attempt to include previous light history in a model of
cyanobacterial growth but they did not explicitly include a
dynamic component of buoyancy regulation in their model.

Wallace and Hamilton (1999) extended the previous
buoyancy models of Kromkamp and Walsby (1990), Howard
et al. (1996), Visser et al. (1997) by including two additional
terms; a transient response term 7, and a dependence on the
previous rate of density change (dp(0)/d¢). The induced
density changes represent a physiological adjustment time
for cells to respond to variations in irradiance, observed to be
¢. 20 min (7 =20 min). Their equation for change in density
with time for the case where D(0)=0 (i.e., starting conditions
in which density is constant) took the form:

d —(t/t
(T (CR

Their model was calibrated with measured data to give
¢,=0.0427 kg m™ min™', ¢,=4.6 x10° kg m~ min™" and
K, =530 umol m~s™".

One of the major difficulties with the idealised representa-
tions of buoyancy regulation presented above is the ability to
include a light history term for cells as they are advected and
diffused between the layers or compartments that are typi-
cally used in hydrodynamic models. To begin with, a model
is required to describe the irradiance at a given water depth:

E(z)=E(0)e™™

Where E(0) is the surface irradiance corrected for
albedo, z is water depth (positive downward) and € is the
vertical attenuation coefficient for broadband photosyn-
thetically available radiation (400-700 nm). Various formulae
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(e.g., Luo et al. 2010) are commonly used to distribute both
total daily irradiance and albedo in a sinusoidal pattern as
a function of time of day, as well as to construct irradiance
from measurements based on, for example, global horizontal
radiation, cloud cover and an assigned fraction of photosyn-
thetically active radiation (0.46; Kirk 1991).

The vertical attenuation coefficient, & is affected by five
constituents of natural water, that is water itself, dissolved
organics, phytoplankton, detritus and inorganic solids. The
way in which cyanobacteria affect € can be described by:

e=¢,+K.C

where ¢, is the vertical attenuation contributed by water and
other natural constituents including other phytoplankton, C is
a variable describing biomass of cyanobacteria and K. is a
specific attenuation coefficient normalised for the cyanobac-
terial biomass unit. The literature on specific light attenuation
coefficient values for cyanobacteria and other phytoplankton
is characterised by both a wide range of units and values.

Litchman (2003) gives species-specific light attenuation
coefficients derived in the laboratory of 5.2x 1076 cm? filament™!
for Phormidium luridum and 1.7x107% cm? filament™ for
Anabaena flos-aquae. Different units have been used in
modelling studies; 3.4 mm? cell! for Microcystis (Johnk
et al. 2008) and 10 m? g~' phytoplankton phosphorus for
filamentous cyanobacteria (Scheffer et al. 1997). Values of
K_ vary not only between species but also within species.
Ganf et al. (1989) found that values of K. when Microcystis
aeruginosa was the dominant species in an artificial
lake varied at 0.2 m depth from 0.0138 to 0.0106 m? mg™'
chlorophyll a for individual cells and colonies, respectively.
At greater depths they found K. values of 0.14 and 0.11 m* mg™'
for cells and colonies, and 0.029 and 0.020 m? mg™! for
non-vacuolate cells and colonies, respectively. They attrib-
uted gas vacuoles to be responsible for around 80% of the
light scattering arising from their observed Microcystis
cells and colonies.

6.11.5 Colony Formation and the Effect
on Buoyancy

Sinking/floating velocity increases with the square of the
radius, according to Stokes Law, and so colony size plays an
important role in determining the vertical position of colo-
nies and filaments in the water column. While carbohydrate
accumulation and loss occur in response to light this may not
be expressed as large diurnal migrations in small colonies
that barely move in the water column (Visser et al. 1997). As
colony size increases, the amplitude of migration increases
and in a quiescent water body colonies may oscillate between
the surface and depth several times within a single day
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(Kromkamp and Walsby 1990; Visser et al. 1997). Slow
vertical migration has several implications for small colonies.
Cells stranded near the surface can experience photoinhibi-
tion which decreases the ability for vertical migration as
carbohydrate ballast accumulation is impaired (Ibelings and
Maberly 1998; Brookes et al. 2000; Wallace and Hamilton
1999). Cells at depth may experience extended light limi-
tation. In both cases there is an inability to overcome the
vertically separated resources of light and nutrients (Ganf
and Oliver 1982).

Typical vertical migration velocities for cyanobacteria
range from 7 um s' for Planktothrix rubescens up to
3,000 um s7' for Microcystis aeruginosa (Reynolds et al.
1987), influenced strongly by the size of filaments or
colonies. In filamentous forms, the length of filaments can
increase with growth and the production of new cells
within the trichome. This mechanism of increasing filament
size is limited by the rate of cell division and is relatively
slow. The aggregation of filaments to produce larger units
offers the potential to rapidly change the size of the unit and
significantly increase the floating velocity. Filaments of
Anabaena circinalis have been observed to aggregate at low
light intensities (Brookes et al. 1999). The greatest axial
linear dimension increased in the dark from 90.3 to 202.9 pm
which effectively increased the floating velocity from 0.39 to
202.9 mh™ (108-56,360 um s™).

The aggregation of cells into colonies may result from
modification of charge or hydrophocity and increases in col-
ony size are generally associated with increased exuda-
tion of polysaccharides (Yang et al. 2008). Studies have
demonstrated that microcystin and lectins (Kehr et al. 2006)
or the microcystin-related protein MrpC (Zilliges et al. 2008)
may play a role in inter-cellular aggregation in Microcystis.
Not only does colony formation enable large vertical migra-
tions, but it may also be a mechanism by which to avoid
grazing losses (Sect. 6.12).

6.11.6 Within-Population Variability

In populations where buoyancy loss is observed often a
significant proportion of the population retains buoyancy as
some cells have sufficient gas vesicles to counteract the
accumulation of dense polysaccharide. Persistently buoyant
Anabaena lemmermannii and Anabaena minutissima
filaments were observed in Lake Windermere (Walsby et al.
1991) and Lake Rotongaio, respectively (Walsby et al. 1987,
1989). It is interesting to note that the majority (88.9%)
of Anabaena minutissima suspended in bottles at the
water surface retained buoyancy following 9 h of daylight,
while at the end of the light period on the second day of
incubation 44.9% of filaments still remained buoyant
(Walsby et al. 1991).
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Persistent buoyancy is often associated with nutrient
enrichment. Brookes et al. (1999) found that nutrient enriched
Anabaena circinalis displayed significantly attenuated buoy-
ancy loss relative to a treatment with no nutrients added.
Similarly, Aphanizomenon with nutrients added maintained
buoyancy after a 5 h light incubation (Klemer et al. 1995).
Brookes et al. (2000) used flow cytometry to investigate gas
vesicle volume and metabolic activity of individual cells of
Microcystis aeruginosa. Even in culture populations, which
are generally considered to be homogeneous, there was
considerable variability of both gas vesicle volume and
photosynthetic rate, presumably a function of cell age and
stage of cell division.

The variation in buoyancy response highlights the consider-
able physiological variability in individuals in natural popula-
tions. Accounting for this variability in models is challenging
because the attributes of individual colonies need to be
predicted through time. This is possible with particle tracking
models. Attributes such as photosynthesis, buoyancy regula-
tion, nitrogen-fixation and growth can be predicted for the
individual cells or colonies using this method, not only for an
‘average population’. Furthermore these models enable the
modelling of vertical particle trajectories in turbulent aquatic
environments where the turbulent mixing is non-uniform (Ross
and Sharples 2004). Beckman and Hense (2004) have devel-
oped a model of vertical migration that is dependent upon
internal nutrient stores which when linked to a particle tracking
model could predict the buoyancy response of individuals based
on the cellular nutrient status. Advances with this modelling
strategy would satisfy the need to move toward a more physi-
ologically based approach rather than assigning rate constants
for populations irrespective of cellular nutrient status.

Buoyancy may also play a role in recruitment and loss of
colonies from sediments. Temperature controls on the respi-
ration rate can lead to more accumulation of carbohydrate in
cooler water bodies. The accumulation of glycogen results
from a lower rate of protein synthesis at low temperatures
and has been implicated in the loss of colonies from the water
column in autumn as water temperatures decrease (Visser
et al. 1994). The recruitment of cells from sediments may
also be facilitated by buoyancy although Verspagen et al.
(2004) suggest that recruitment is more likely to result from
wind-driven resuspension.

6.11.7 Effects of Turbulence

Buoyancy maintains cyanobacterial cells in suspension while
its regulation enables them to move vertically through the
water in response to changing growth conditions. However
the extent to which gas-vacuolate cyanobacteria can control
their vertical distribution is also a function of the turbulent
mixing regime. Steinberg and Hartmann (1988) analysed
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cyanobacterial distributions across a number of waterbodies
and concluded that turbulence in lakes and rivers should be
regarded as a special quasi-resource that can be differentially
exploited by various phytoplankton in a manner analogous to
nutrients or light (Reynolds and Walsby 1975; Harris 1986).
Consequently, research into hydrodynamics has significantly
advanced our understanding of the effects of turbulent mixing
on the growth and distribution of phytoplankton, and particu-
larly in selecting for gas-vacuolate cyanobacteria.

6.12 Population Losses

Factors promoting algal blooms are relatively well docu-
mented, but bloom collapse is often less clear. For example,
Thompson et al. (2003) were able to document the bloom
formation of Anabaena spp. in the Canning River, Western
Australia, but were unable to ascertain the reasons behind
the collapse of the bloom except to say that low dissolved
inorganic phosphorus, low inorganic carbon, low light and
high oxygen concentrations were probable causes. Such
outcomes are not uncommon where investigations focus on
the abiotic factors that promote blooms in anticipation that
reversal of these factors will cause the demise of a bloom.
Grazing by zooplankton and protozoans impact upon phyto-
plankton populations (Canter and Lund 1968; Oliver and
Ganf 2000; Sommer et al. 2003; Reichwaldt and Stibor 2005)
whilst the impact of infection by cyanophages, whether by
bacteria, bacteriophages, fungi, or viruses can also be significant.
As noted also in Chap. 7, copepods, cladoerans and rotifers
can graze phytoplankton, but many cyanobacteria have
specific features that make them less palatable to grazing
than other phytoplankton. Large filamentous or colonial
cyanobacteria may mechanically interfere with grazers as a
result of their size or mucilage, while toxins produced by
some cyanobacteria have also been implicated in having an
allelopathic function against grazers (Chap. 7). Yang et al.
(2006) propose that colony formation in M. aeruginosa is a
defense strategy against grazing flagellates due to a mismatch
in size between the colonies and the grazers and may be
considered as an inducible defense against flagellate grazing.
It appears that while toxins may be effective against metazoan
zooplankton (Yang et al. 2006; Liu et al. 2005; Ghadouani
et al. 2003) colony size may also play a role. The palatability
and capacity for grazers to exert significant controls of very
dense, potentially toxic blooms in which cells are mostly
aggregated into large colonies, such as Microcystis blooms in
Lake Taihu, China (Fig. 6.11), is questionable. There is,
however, some indication that Microcystis cells can also
respond to grazers by aggregating into colonies in the presence
of purified microcystin toxin (Sedmak and Elersek 2006),
and in cultures exposed to spent Daphnia media and disrupted
Microcystis cells (Becker 2010).
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Fig. 6.11 Bloom of Microcystis spp. in Lake Taihu, Jiangsu Province,
China, in October 2007. This followed a massive lake-wide spring-
summer (May—July) bloom, which severely interfered with the water
supply for several million residents in nearby Wuxi City. Lake Taihu is
well known for such Microcystis blooms at this time of year

Shilo (1970, 1971) drew attention to biological agents that
cause cell lysis in cyanobacteria and Daft and Stewart (1971)
suggested that over 40 cyanobacterial strains, including
bloom forming species, were susceptible to bacterial isolates
that cause cell lysis. A combination of abiotic factors and
pathogens may elicit cellular responses such as differentia-
tion, cell death, cell-cycle arrest, formation of resting stages
and asymmetric cell division leading to death of the older
cell (Franklin et al. 2006; Chap. 21).

Several researchers (e.g. Mann 2006; Raven 2006;
Middelboe et al. 2008) have recognised recently that bloom
collapse may be due to biotic as well as abiotic factors or a
combination of both. Biotic factors include fungal infection,
viruses, bacteriophages, programmed cell death and glyco-
gen accumulation that decrease rates of photosynthesis but
increase respiration. There are a myriad of terms to describe
cell death but Franklin et al. (2006) provide a useful set of
definitions: natural cell death, programmed cell death, apop-
tosis, lysis, necrosis, paraptosis and senescence.

6.12.1 Chytrid Infections

Chytrids, mainly aquatic fungi, belong to the phylum
Chytridiomycota, class Chytridiomycetes, order Chytridiales.
Two groups of zoosporic fungi once included among chytrids
are now classified as separate phyla, Blastocladiomycota
and Neocallimastigomycota. The importance of these
fungi is illustrated by the discovery of the frog chytrid
(Batrachochytrium dendrobatidi) that has caused the wide-
spread death of amphibians in Australia (Berger et al. 1998).
Chytrids typically have a haploid (n) and a diploid (2n)

phase. It is the flagellated diploid zoospore that attacks algal
cells. Kagami et al. (2007) have reviewed fungal parasitism
on phytoplankton and provide some interesting insights into
identification, visualisation and culturing of chytrids, as well
as information on the likelihood of infection, host specificity
and fungal epidemics. They describe how fungal parasitism
may influence food chains and introduce a new pathway
termed the ‘Mycoloop’. This explains how large and often
inedible phytoplankton are infected by parasitic fungi
(particularly Chytrids) whose zoospores consume nutrients
from their phytoplankton hosts which are subsequently eaten
by zooplankton, thus extending our knowledge of both algal
death and nutrient cycling. They conclude that estimates of
zoospore abundance and the prevalence to infection of
phytoplankton are urgently needed if the collapse of algal
blooms is to be understood, and advocate the adoption of the
model parameters described by Brunning et al. (1992).

Anabaena flos-aquae is a common bloom-forming cyano-
bacteria of freshwaters and is susceptible to infection by a
chytrid. Sigee et al. (2007) used a simple dye (Evans Blue) to
ascertain whether cells present in a eutrophic lake (Rostherne
Mere, UK) were alive, senescent or dead. Vegetative cells
and akinetes were susceptible to infection with filamentous
colonies disintegrating and 30% of the akinetes died. In the
same paper the authors investigated the death of Microcystis
aeruginosa and came to the conclusion that death was pri-
marily a response to adverse conditions with no evidence of
fungal infection, but moribund cells underwent programmed
cell death.

Although chytrids may infect various algae their presence
does not always lead to significant decreases in cell numbers.
Takano et al. (2008) showed that in Lake Shumarinai, Japan,
two chytrid types infected Anabaena smithii, one on akinetes
and the other on heterocysts. Although maximum parasitism
of filaments was 20.6%, the abundance of A. smithii did not
decrease. They suggested that nitrogen fixation could be
affected but the concentration of available nitrogen was too
high to detect any effect.

6.12.2 Programmed Cell Death

Marine cyanobacteria of the genera Trichodesmium often
form extensive blooms that may disappear abruptly within
1-2 days as cell lysis and decomposition occur. Ohki (1999)
has suggested that this is due to bacteriophage infection.
However, Berman-Frank et al. (2004) have implicated auto-
catalytic cell death triggered by nutrient stress (Segovia et al.
2003) as a likely mechanism. Autocatalytic cell death is
analogous to programmed cell death (PCD) in multi-cellular
organisms and refers to an active, genetically controlled,
cellular self-destruction mechanism driven by a series of
biochemical events. They showed that in cultures consisting
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primarily of Trichodesmium erythraeum programmed cell
death was initiated by a combination of Fe and P limitation
at high irradiances.

Franklin et al. (2006) suggest that freshwater environ-
ments are ideal habitats for the investigation of PCD because
phytoplankton are relatively abundant and blooms are fre-
quent and more accessible than in the marine environment.
They found that the death of Anabaena flos-aquae appeared
to be related to oxidative stress and nutrient limitation lead-
ing to PCD. It appears as though PCD is correlated with oxi-
dative stress; an imbalance between the synthesis of reactive
oxygen and the cell’s ability to maintain a normal internal
redox potential. This can be caused by nutrient deficiency,
viral infection or other stressors. For example in Saint Lucie
River Estuary, Florida, a population of Microcystis aerugi-
nosa became stressed due to an increase in salinity with
detectable toxin levels rising by 90%. This was accompanied
by a significant increase in the production of hydrogen per-
oxide compared with unstressed cells, with levels similar to
those that have induced PCD elsewhere (Ross et al. 2006).
Franklin et al. (2006) suggest that free radicals such as hydro-
gen peroxide may act as internal signals promoting PCD.

6.12.3 Cyanophages

Viruses are very abundant in freshwater and can reach con-
centrations of 10°~10° cells mL™". They are known to cause
the death of both eukaryotic and prokaryotic, marine and
freshwater phytoplankton as well as macroalgae (Brussaard
2004; Chap. 21). They were thought to be host specific, but
Deng and Hayes (2008) have shown that cyanophages
isolated from Lake Zurich, Switzerland and Cotswold Water
Park, U.K., had a very broad host range and were able to
infect Anabaena, Microcystis and Planktothrix. Viruses can
control cyanobacterial populations. Tucker and Pollard
(2005) isolated Microcystis aeruginosa from Lake Baroon,
Queensland, Australia. The growth rate of M. aeruginosa
under optimal conditions of light and nutrients was 0.023 h™'
(0.552 day™") and reached a density of 1.09x 107 cells mL™"
after 6 days. When M. aeruginosa was incubated with a
series of tenfold dilutions of the natural viral community the
final concentration of M. aeruginosa cells fell. At the natural
lake viral concentration the final biomass of cells was
reduced by 95% and this was correlated (1*=0.95) with the
final number of viral like particles (10" mL™!) present.
However, not all viral infections produce the anticipated
result. Cell numbers of Cylindrospermopsis raciborskii from
Lake Samsonvale in southeast Queensland, Australia,
incubated with natural viral like particles (VLP) decreased
by 85% after 5 days and this was correlated with a step-wise
increase in VLP (Pollard and Young 2010). However, as the
cells lysed the filaments of cells split into smaller units which
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still had viable cells. They suggest that this process may aid
in the re-distribution of C. raciborskii throughout the lake.
Further, phytoplankton may have a defence mechanism
against parasitic viruses that is dependent upon the release of
dissolved organic matter which attracts flagellates that eat
the parasitic viruses (Murray 1995).

Viral ecology is an expanding science (Chap. 21) and
viruses can be a major agent for the death of host phyto-
plankton. However, whether or not viral ecology can be used
to manage cyanobacterial blooms is still problematic because
of the rapid selection of resistant host strains (Wilhelm and
Matteson 2008) and the only examples of artificial control of
cyanobacteria by phages is at an experimental system scale
(Chap. 21). Similarly, models of effects of cyanophages are
still in their infancy, but have yielded useful hypotheses
about the dependence of viral impacts on the physiological
status of cells (Gons et al. 2006; Chap. 21).

6.13 Water Movement and Blooms

It is possible to separate three main categories of models that
characterise the effects of water movement on cyanobacteria
populations. One category includes the application of hydro-
dynamic models to explicitly quantify the effects of advective
transport and turbulent mixing processes on cyanobacteria
populations. The resulting models are considered in more
detail in Sect. 6.14. Another category uses various numerical
indices to denote, in combination with phytoplankton physi-
ological attributes, when water stability may be conducive to
formation of blooms. The last uses conceptual models as
simple as asking are hydrodynamic/light conditions ‘correct’
for a noxious cyanobacteria bloom (Elser 1999). This type of
conceptual model has been used as part of a decision support
tree approach to help step through a set of prequisite environ-
mental conditions that might promote a bloom (Elser 1999;
Oliver and Ganf 2000). Exploration of the ‘correctness’ of
the hydrodynamic environment and light climate for
blooms leads naturally to the approach used in category two
of seeking numerical indicators.

A process based model of bloom potential of cyanobacteria
is given by Humphries and Lyne (1988). Their model was
the first to consider positive buoyancy (i.e. rising particles) in a
growth-diffusion model application to the vertical dimension.
The model examines the interplay of turbulence in the sur-
face mixed layer and positively buoyant cells or colonies of
Microcystis. At short time scales buoyancy plays a far more
important role in determining the vertical concentration
profile. If turbulent mixing is intense then populations of
both positively-buoyant and negatively-buoyant phytoplank-
ton will be homogenised through the surface mixed layer.
If turbulent mixing is weak, then populations can become
disentrained from the predominant turbulent eddies and
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strong concentration discontinuities ensue. Humphries and
Lyne (1988) used a non-dimensional time scale for diffusion
in the mixed layer relative to the sinking or floating time
scales of populations. This diffusion or mixing time scale
T . was given as:

mix

where 7, is the depth of the surface mixed layer (m) and K is
the vertical coefficient of eddy diffusivity (m? s™!). The char-
acteristic time scale T, (s) for cells sinking or rising over the
water depth is:

where v is the sinking or rising velocity (m s71). The variable
Pe, known as the Péclet number, gives a value for the rate of
diffusion relative to sinking or rising:

T
Pe =it
T

v

A value of Pe>1 defines when the influence of sinking or
floating begins to dominate the vertical distribution of cells,
as opposed to the homogenising effect of turbulent diffu-
sion. Huisman and Hulot (2005) suggested that at Pe>10
Microcystis will completely disentrain from the turbulence
and can then form surface blooms. Values of the Péclet number
also have relevance to artificial mixers or destratification for
control of cyanobacterial blooms (see Reynolds et al. (1984)
and Visser et al. (1996), for applications of artificial mixing
for this purpose). Increasing the rates of vertical mixing
through artificial mixing or destratification effectively reduce
T, and therefore Pe, with the outcome that Pe will remain
sufficiently low so as to prevent cells or colonies from accu-
mulating at the surface.

Another approach to assessing the effect on cyanobacteria
distributions of water movement in the surface mixed layer is
used by Howard et al. (1996) in the “SCUM” model. This
model uses the Wedderburn number (W) which reflects the
balance between surface wind stress and the energy inherent
in the water density gradient (Imberger and Hamblin 1982),
to attempt to capture the temporal dynamics of the depth of
the surface mixed layer (%) using the equation:

_Wp,v.L
gAp

hZ

where p is a standard reference density for water, Ap is the
density gradient that separates water of uniform density at
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the water surface from the water density at the base of the
gradient, L is the fetch length (the length of the lake or reser-
voir at the density gradient in the direction of the wind), g is
the gravitational acceleration constant and v, is the average
turbulent water velocity given by:

VZ — Cd pa U120
pH’

where C, is the drag coefficient (1.3x107), p_ is the density
of air (1.2 kg m~) and U is the wind velocity at 10 m eleva-
tion (m s7!). When the calculated value of W falls below 1,
the mixed layer depth is recalculated with W=1 (i.e. wind
stress and buoyancy forces are approximately equal). Within
this mixed layer the cyanobacteria colonies are redistributed
with a random-walk model to reflect the dominant influence
of turbulent mixing over the rising velocities of colonies
within this layer. A random walk model for cyanobacteria
motion in the surface mixed layer has been used in a similar
way by Patterson et al. (1994) and Wallace and Hamilton
(2000) but for those cases the transport and mixing of water
was accomplished with the hydrodynamic model DYRESM
(Imberger and Patterson 1981). Wallace and Hamilton
(1999) examined other theoretical cases of cyanobacteria
movement within the surface mixed layer represented by
coherent paths of Langmuir circulation, using a model by
Buranathanitt et al. (1982), as well as a case with no water
movement at all. Each of these cases demonstrated the
critical role of colony size where larger colonies were more
easily able to become disentrained from the turbulent mix-
ing to form surface blooms. The entrainment of cyanobacte-
ria can also be related more directly to wind speed (Webster
and Hutchinson 1994), with values above a critical value of
2-3 ms™! defining when colonies are entrained into the
turbulent surface layer rather than floating to the surface.
Otherwise, colonies can float within a surface film and
marked horizontal gradients ensue that can lead to blooms
on leeward shores under continuous directional forcing by
wind (Figs. 6.1c and 6.1h). This exponential accumulation
of colonies downwind has a length scale that is inversely
proportional to the colony flotation speed (Hutchinson and
Webster 1994).

Turbulent mixing itself can also play a role in colony size,
as shown in grid-stirred tank experiments with Microcystis
aeruginosa by O’Brien et al. (2004). They obtained a
significant relationship (r?=0.85, p<0.01) between turbulent
dissipation and colony size corresponding to occurrence of
smaller colonies with increasing turbulence. The variability
of, and interactions amongst wind speed, water turbulence,
and cyanobacteria buoyancy (Sect. 6.11) and colony size,
make it highly challenging to adapt process based models for
prediction of blooms and hence the application of simpler
indicators of bloom potential discussed above.
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6.14 Ecosystem Models That Include
Water Movement

In a review of lake ecosystem models Mooji et al. (2010)
indicate the large number and wide diversity of approaches
that have been used to model phytoplankton biomass at the
ecosystem scale. A smaller subset of these models has
been used to model explicitly the biomass or chlorophyll a
associated with particular species of cyanobacteria or of the
phylum collectively. Many of these models have an under-
pinning hydrodynamic model to account for the effects of
advection and diffusion in transporting cyanobacteria. The
most complex of these models is three-dimensional (3-D) and
generally represents a lake ecosystem by Cartesian coordi-
nates (X, y, z) in an orthogonal coordinate system where the
coordinates are perpendicular to each other. In a curvilinear
coordinate system the orthogonal coordinate system is
modified by transforming lines to curves. Several applica-
tions of 3-D hydrodynamic models (e.g. ELCOM) have used
mathematical formulae to transform between orthogonal
and curvilinear coordinate systems (Hodges and Imberger
2001; Venkatesh et al. 2005). A non-Cartesian coordinate
system allows for flexibility of coordinate positions so that
the model can be adapted to better resolve specific areas
within a model domain and reduce distortion of the physical
domain, but with considerable increase in mathematical
complexity. Dispersion of a pollutant or flow in spatially
constricted areas such as channels provide examples where
non-Cartesian coordinates can better capture the dynamics
than a Cartesian coordinate system for a given computational
effort. In the case of cyanobacteria it would be expected that
these models may be more suitable for capturing fine-scale
shoreline accumulations often characterising blooms in
lentic waters.

Most 3D models have a set of governing equations for
transport of mass and momentum, and surface thermody-
namics. Commonly the transport terms are based on numerical
solutions of the unsteady Reynolds-averaged Navier-Stokes
(RANS) equations which describe the velocity of a fluid
in 3D space. The numerical approximation in the RANS
equations commonly requires closure via a turbulence model
in order to include the turbulent properties of the flow.
With increasing computational power applications of these
models for hindcasting or predicting cyanobacterial blooms
are becoming more routine (Robson and Hamilton 2004) and
circumvent some of the issues associated with models of
reduced dimension which have used vertical or horizontal
averaging and will not capture horizontal wind transport
of colonies (Burger et al. 2007) or surface blooms associ-
ated with short-term stratification events (Maclntyre 1993),
respectively. Nevertheless these models of reduced dimen-
sion have yielded important insights into bloom dynamics
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including applications with the 1D (horizontally averaged)
DYRESM model to understand interactions amongst water
movement and cyanobacteria colony size and density change
(Wallace and Hamilton 1999, 2000; Wallace et al. 2000) and
a 1D model to examine competition amongst cyanobacteria
and negatively buoyant phytoplankton (Huisman et al. 2004).
It is impossible to do justice to the many coupled hydro-
dynamic-ecological models that could potentially be used
for the purpose of modelling cyanobacteria. A few of the
better known models are discussed briefly below, with limited
examples of applications for cyanobacteria populations.
ELCOM-CAEDYM is a 3D model that has been used to sim-
ulate a major bloom of Microcystis aeruginosa in the Swan
River estuary in Western Australia (Robson and Hamilton
2004). The model was used to capture a transition following
a major rainfall event of brackish water displacement by
freshwater and the resulting bloom. The seven-compartment
phytoplankton model used in CAEDYM allows for specific
species or groups of cyanobacteria to be simulated concur-
rently with other phytoplankton groups, to capture seasonal
patterns of succession (Bruce et al. 2006; Burger et al. 2007)
or changes that may be expected with a warming climate
(Trolle et al. 2010). Figure 6.12 shows an application of the
ELCOM-CAEDYM model to Lake Rotorua, New Zealand,
with daily simulation output of surface concentrations of
cyanobacteria (represented as equivalent chlorophyll a
concentration) changing rapidly. These rapid changes are
induced mostly by wind acting on the surface mixed layer
where buoyant populations of cyanobacteria accumulate.
Some evidence of a mid-lake concentration is also some-
times observed within this lake (Fig. 6.13). In this figure
cyanobacteria (Microcystis sp.) were numerically dominant
in the phytoplankton population and chlorophyll fluorescence
readings across the lake (vertically and horizontally) were
interpreted as representative of the relative biomass of
cyanobacteria. PROTECH (Phytoplankton RespOnses To
Environmental CHange) is a phytoplankton model that has
most commonly been used with a one-dimensional model of
mixing and transport to examine the seasonal succession
of different phytoplankton groups in lakes (Reynolds et al.
2001). Simulations have demonstrated the likelihood of
increasing relative abundance of cyanobacteria in a warmer
climate (Elliot et al. 2005, 2006), which has subsequently been
reinforced in modelling by Trolle et al. (2010). PROTECH
can simulate up to 10 phytoplankton species or groups but
has the most extensive phytoplankton parameter library that
includes over 100 phytoplankton species. Many of these
parameters make use of a morphological trait of surface area
to volume of individual cells or colonies in order to assign key
physiological characteristics such as growth and respiration
rates to individual species (Kruk et al. 2010). Delft3D-ECO
is a 3-D hydrodynamic-ecological model that can incorpo-
rate an additional model known as BLOOM (Los et al.
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Fig.6.12 Daily output (midday, T
21-26 December 2007) of
cyanobacteria (as chlorophyll

a concentration) derived

from a 3-dimensional
hydrodynamic-ecological model
(DYRESM-CAEDYM) of Lake "
Rotorua, North Island, -
New Zealand. A colour scale I
is on the right and represents
cyanobacteria as equivalent

chlorophyll a concentration. b

.

) ' ug L?
21 Dec 22 Dec
! r 10

The lake has an area of 80 km? J

2008; Los 2009) which explicitly includes state variables
of Microcystis, Aphanizomenon and Planktothrix. SALMO
(Simulation of an Analytical Lake Model)-HR is a 1D
(horizontally averaged) model that includes at least three
functional phytoplankton groups (Recknagel et al. 2008).
There are many models of various levels of complexity and
resolution which have different levels of parameterisation
either inherent in the model (e.g. PROTECH) or provided by
a user as part of the calibration process based on assigned
ranges. Many of the current models seek some balance
between lumping phytoplankton into one or a few biomass
categories and seeking to capture dynamics of species that
are of intense interest; for example particular species of
cyanobacteria that may form blooms and be toxic. As noted
by Harris (1994), however, these two models can be of very
different types, pointing to the difficulty of generalising
phytoplankton populations as a group for ease of para-
meterisation versus attempting mechanistic descriptions to
capture the characteristics of the many different species
and their interactions found in an ecosystem. Thus capturing
the seasonal succession of cyanobacteria through a growing
season still remains a challenge for the foreseeable future for

aquatic ecosystem models attempting quantitative predictions
of cyanobacterial blooms. Furthermore, life cycle strategies
of overwintering and akinete formation and germination are
mostly poorly captured and yet are critical to the survival
strategy of many cyanobacteria (Chap. 7). Quantitative
modelling of the environmental triggers for benthic life cycle
stages is largely unexplored and should be addressed for
a more complete understanding of the triggers leading to
cyanobacterial blooms.

6.15 Conclusions

Cyanobacteria have a number of key attributes that enable
them to be able to accumulate in large concentrations and
form surface blooms under certain conditions. A coalescence
of favourable conditions for bloom formation includes, but is
not limited to: adequate nutrients to support cell replication
including nitrogen fixation in a subset of cyanobacteria when
cellular nitrogen demands are not met; buoyancy imparted by
gas vacuoles; alterations in photosynthetically-fixed carbo-
hydrate that acts as ballast; aggregations of cells as colonies
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Fig. 6.13 Cross-sectional profile (depth 21 m, distance across
lake c. 10 km) of chlorophyll fluorescence in Lake Rotorua, North
Island, New Zealand on 10 March 2004 (lower). Anabaena sp. was
strongly dominant amongst the phytoplankton assemblage and the

or filaments to enhance buoyancy; and disentrainment from
turbulent motions in the surface mixed layer of waterbodies.
Furthermore the cyanobacteria are characterised by substan-
tial capacity for photoacclimation and photoadaptation that
enables them to maintain light harvesting efficiency and to
avoid increased risk of photodamage associated with high
surface irradiances that may occur in blooms. The complexity
and diversity of these processes and their variability within
and between species represents an enormous challenge for
models attempting to forecast the occurrence of cyanobacte-
rial blooms at the scale of whole waterbodies. At best these
models can capture only a subset of the processes and species
parameters necessary to predict successional sequences within
and between cyanobacterial species and other phytoplankton.
Nevertheless, as knowledge of cyanobacterial physiology
grows, and with increases in computational power, models
will extend beyond tools to test theoretical concepts and
single response factors, and yield integrated, quantitative
estimates of the timing, frequency and magnitude of cyano-
bacterial blooms. Models that incorporate the collapse of
blooms when mediated by biotic factors (e.g. infection and or
grazing) will be particularly useful. This degree of realism will
allow these models to be used more routinely for quantitative

colour scale is an indicative concentration in pg chlorophyll a L.
Note the high concentration (bloom) at a horizontal location of
2.5 km (The photo (upper) was taken at this location (D. Burger, with
permission))

predictions of cyanobacterial biomass with applications for
strategies that could be used to influence the timing and
magnitude of populations.
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