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Summary

In coastal and offshore waters, harmful algal blooms (HABs) are recurrent events
affecting localized or widespread areas. In either case, they threaten human health,
marine ecosystems, and economic resources, such as tourism, fisheries, and aquaculture,
and as such are one of the major problems currently faced by coastal countries.
However, the challenge posed by HABs is complicated by the fact that they are the
product of diverse phenomena and are caused by organisms from multiple algal classes,
each with its own unique characteristics.

HAB dynamics also vary from one site to another, depending on hydrographic and
ecological conditions and on biological features of the causative organisms, including
the characteristics of their life histories. Understanding the life cycle of HAB producers
appears to be the key to the prediction of bloom initiation, maintenance and decline.
Most HAB-forming species display heteromorphic life cycles, and different life stages
of the same organism interact with the environment in highly distinct ways. Indeed, in
many species, planktonic stages are an ephemeral phase of the organism’s life cycle. By
contrast, resistant stages enable a species to withstand adverse conditions for prolonged
periods in addition to facilitating its dispersal.
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Moreover, the accumulation of resistant stages in coastal sediments provides dormant
reservoirs for eventual HABs. Although the relevance of the different life stages of a
species with respect to its population dynamics is well appreciated, the full life cycle
has only been determined for less than 1% of the described species and both the
dynamics of the dormant phases and their interactions with the surrounding
environment are poorly understood.

Likewise, the factors triggering transitions between the different phases have yet to be
identified, although knowledge of the transition rates between life cycle stages is
fundamental in efforts aimed at realistically predicting HABs. In this chapter, we review
current knowledge on life cycle strategies of major groups of HAB producers in marine
and brackish waters and summarize existing field observations. Next, we review
relevant field observations and finally, we present an overview of simple mathematical
models that have been used to explore the significance of life cycle characteristics for
bloom dynamics.

1. Harmful Algal Blooms as Recurring Events World Wide

Phytoplankton or microalgae are unicellular photosynthetic organisms that inhabit
freshwater, brackish water and seawater environments and are the most important
phototrophs in the aquatic systems of the Earth. In general, both eukaryotic protists and
prokaryotic cyanobacteria are considered within the microalgae. These organisms are
able to synthesize organic compounds from CO, and water using sunlight as energy and
are thus essential components of aquatic food webs.

Harmful algal blooms (HABs) are due to species that produce negative impacts by
different means. Some species produce toxins that are harmful through direct effects on
humans and others by killing fish species. Microalgal toxins are accumulated by marine
animals and bivalves that filter seawater to obtain food. The consumption of toxic
seafood by humans results in a number of disease syndromes, such as paralytic shellfish
poisoning (PSP), diarrheic shellfish poisoning (DSP), and amnesic shellfish poisoning
(ASP).

Ichthyotoxic species produce toxins that cause the death of fishes and other aquatic
organisms. Some other species produce high-biomass blooms that may exceed 10°-10°
cells I and are harmful not because of the release of toxins but mainly because the
intense production of organic matter may cause significant ecological damage to the
regional biota (anoxia, community and food-web alterations) as well as major economic
problems related to the deterioration of coastal recreational waters (discoloration, odor,
etc.). These blooms are commonly known as "red tides™ but they may, in fact, confer a
brown, green, or white discoloration to the affected waters (Figure 1). Some marine
planktonic dinoflagellates belong to all three of the above-listed categories of HABs. In
coastal and offshore waters, HABs are recurrent events that affect localized or
widespread areas. In either case, they threaten marine ecosystems, human health, and
activities such as tourism, fisheries, and aquaculture. Indeed, HABs pose a major
environmental threat to coastal countries. Some HABs are a response to the natural
physicochemical variability of the environment, such as changes in hydrodynamics,
turbulence, temperature, or nutrient availability.
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Figure 1. A dinoflagellate bloom at a NW Mediterranean beach. Foto by Agencia
Catalana de 1’ Aigua, Catalonia, Spain.

However, in other cases, the expansion of human activities is thought to underlie the
increase in HAB incidence. The relative contributions of these causes are still under
debate. It may be that recent regular monitoring of HAB outbreaks, to safeguard human
health, has improved the recording of these incidents, but it is also widely accepted that
anthropogenic factors promote HABs by: i) increasing the geographical range of
harmful species through human-mediated transport of resting cysts, e.g., during the
movement of shellfish stocks, in ballast water, or on floating plastic debris; ii)
increasing the number of confined water bodies where HABs can proliferate, such as
harbors and protected beaches in coastal areas; iii) nutrient enrichment of coastal waters
(anthropogenic eutrophication), e.g., by the runoff of fertilizers used in agricultural
fields; and iv) reducing the biomass of filter-feeding organisms through overfishing or
the disturbance of environmental conditions. Human-induced climatic change has also
been mentioned as a factor in the apparent increase of HABS, but the scarcity of data
from long-term monitoring does not allow definitive conclusion yet.

HABs encompass a diverse range of phenomena and are caused by a number of species
in multiple algal classes. Consequently, the characteristics of each bloom are in many
ways unique. The dynamics of an outbreak also vary from one site to another,
depending on the physicochemical and hydrological conditions of the water column and
on the ecological and biological characteristics of the causative organism. In particular,
an understanding of the life cycle of harmful microalgal species is fundamental to
understand the occurrence and dynamics of HABs (Garcés et al., 2010). The life cycle
of many causative species includes a resistant stage that allows for survival under
adverse environmental conditions. The transitions from active growth to the resting
stage determine the timing of appearance of many HA species in the water column and
facilitates the successful dispersal of the organisms, thus giving rise to blooms in
previously unaffected waters.
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2. Life Strategies in Microalgal Species

Most HA species have complex life cycles during which the organism may adopt
radically different morphologies. Prior to the development of the appropriate techniques
for identification, this resulted in considerable confusion and numerous erroneous
classifications.

These life stages typically consist of vegetative planktonic cells and benthic resting
stages such as cysts, spores, etc. (Figs 2, 3). During the vegetative planktonic phase, a
species typically grows in the water column, where it can cause noxious blooms. The
timing and abundance of the planktonic stage has thus been intensively studied in
marine and freshwater ecosystems and the resulting information can tell us when, why
and for how long harmful blooms will occur.

By contrast, little is known about the resting stage of microalgae, which remains
dormant in the sediments on the sea bottom until environmental conditions are adequate
to re-establish the vegetative stage. Even less is known about the transitional processes
between these two stages.

Planktonic
stages

Figure 2. Schematic drawing of a dinoflagellate life cycle showing the planktonic (cell)
and benthic (cyst) stages and the transition between them (arrows).

Generally, the different life stages (vegetative cell and cyst) of a single species inhabit
distinct environments and are exposed to different ranges of variability. Indeed, for
many species, the planktonic phase accounts for only a brief period of the life cycle;
nonetheless, it is during this stage that the cells are exposed to the wide variability in
temperature, salinity, turbulence, and nutrient supply of the water column. By contrast,
the benthic stage, in which cysts or spores are buried in the marine sediments, accounts
for a large part of plankton organism existence. Furthermore, the sedimentary
environment is relatively stable: there is little, if any, penetration of light and the
temperature is relatively constant.
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Figure 3. Gametes (A and C) and resting cysts (B and D) from the dinoflagellates
Alexandrium minutum (A, B) and Alexandrium taylori (C, D). Photos R. I. Figueroa.

Based on their life histories, microalgae species can be classified into two groups: i)
holoplankton, which only include planktonic life stages and ii) meroplankton, which
spend only a part of their life cycle in the plankton and the rest in the sediments. It is
important to note that, even though resting stages are considered to provide a "seed
bank" for bloom recurrence, many harmful algal species appear to lack them. One
example of a potentially harmful holoplanktonic organism is the diatom Pseudo-
nitzschia multiseries, for which the ability to form a resting stage has not been
documented, neither in culture, nor in planktonic field samples, nor in sediments. This
species probably survives year-round always as a component of the plankton but at very
low cell densities. Meroplankton includes several dinoflagellates, with species of the
genera Alexandrium and Gymnodinium, the freshwater raphidophyte Gonyostomum, and
cyanobacteria such as Anabaena.

2.1. Dinoflagellates

Dinoflagellates are a phylum of marine and freshwater unicellular microalgae that can
present a highly diverse morphology. Among the characteristics of dinoflagellates, are
their two dimorphic flagella and certain features of their nuclei (e.g., high DNA-copy
number and permanently condensed chromosomes). Some of them are surrounded by an
armour-like structure called a theca. The nutritional modes of dinoflagellates can vary
from autotrophic (able to produce organic carbon through photosynthesis) to
mixotrophic (able to produce organic carbon but also to acquire it from outside) but
nearly half of the known extant dinoflagellate species are heterotrophic (using
externally produced organic carbon for growth). Many species are nearly ubiquitous and
are thus referred to as cosmopolitan. In addition, they occupy marine as well as
freshwater habitats, in pelagic (open water) or benthic zones. Some species are
symbionts, others are parasites. Several dinoflagellates produce toxins that contaminate
seafood and cause various syndromes (e.g. PSP, DSP) and some are poisonous to
aquatic organisms. Other species produce high-biomass proliferations, which, as
previously mentioned, cause discoloration of the water and other problems. In the
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vegetative planktonic stage of their life cycles, dinoflagellates usually multiply by
simple fission (asexual division). The vegetative cell’s response to the actual
environmental conditions (e.g., photoperiod, nutrient availability, temperature,
turbulence, grazing) determines its growth rate and thus the extent of the population
increase. In the planktonic stage, the motility and migration behavior is in itself an
important survival strategy. For example, vertical migration can allow the cells to avoid
predation and increase nutrient uptake, and chain formation enables faster swimming
speeds. These and other mechanisms have been proposed as adaptations that allow
dinoflagellates to maintain local cell concentrations and to produce blooms. Current
knowledge on the life cycle stages of harmful dinoflagellates is summarized in Table 1.
As can be appreciated, detailed life history information is available only for a few
dinoflagellate species; for some genera, such as Karenia and Gambierdiscus, almost
nothing is known about their essential life cycle aspects. Some species present self-
mating capability to complete the sexual process (homothallic behavior) while others
require gametes of a different mating group for successful sexual reproduction
(heterothallic behavior). This mating systems exhibited by the species during the sexual
process are also poorly known.

Species Harmful effect Life history
Resting | Pelli | He | Chai
cysts cle | /ho n
cyst forme
rs
Alexandrium andersoni Paralytic shellfish +
poisoning
A. catenella Paralytic shellfish + + he +
poisoning
A. cohorticula Paralytic shellfish + +
poisoning
A. hiranoi Goniodomin producer + +
A. margalefi Ichthyotoxic + + he
A. minutum Paralytic shellfish + + he
poisoning
A. monilatum Ichthyotoxic + +
A. ostenfeldii Spirolide, Paralytic + + | he/h
shellfish poisoning 0
A. peruvianum Spirolide producer + + he
A. tamarense Paralytic shellfish + + he
poisoning
A. tamiyavanichi Paralytic shellfish +
poisoning
A. taylori Discoloration + + ho
Amphidinium carterae Ichthyotoxic haemolytic ho
Cochlodinium Ichthyotoxic +
polykrikoides
Coolia monotis Cooliatoxin producer + ho
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Dinophysis acuminata Diarrheic shellfish ?
poisoning
D. acuta Diarrheic shellfish ?
poisoning
D. caudata Diarrheic shellfish ?
poisoning
D. tripos Diarrheic shellfish ?
poisoning
Gymnodinium catenatum Paralytic shellfish + + | ho/h
poisoning e
G. pulchellum Ichthyotoxic
Gyrodinium corsicum Ichthyotoxic
Heterocapsa Ichthyotoxic +
circularisqguama
Karenia brevis Neurotoxic shellfish + ho/h| +
poisoning e
Lingulodinium polyedrum Yessotoxin producer + + he
Noctiluca scintillans Discoloration anoxia
Ostreopsis heptagona Ciguatera?
O. lenticularis Ostreotoxin producer
O. mascarenensis Toxic compound
producer
O. ovata Palytoxin and ovatoxin-a + ?
O. siamensis Ostreocine/ palytoxin + ?
Pfiesteria piscicida Neurotoxic ichthyotoxic + + ho
P. shumwayae Neurotoxic ichthyotoxic + he
Prorocentrum lima Diarrheic shellfish +
poisoning
P. minimum Ichthyotoxic +
Protoceratium reticulatum Yessotoxin producer +
Protoperidinium crassipes Azaspiracid producer
Pyrodinium bahamense v. Paralytic shellfish + + |he? +
compressum poisoning

Table 1. Life cycles of dinoflagellate HAB species. The information is rewritten from
the report of the LIFEHAB workshop and scientific references therein. (http : / / www .
icm . csic . es/ bio / projects / lifehab / LIFEHAB . pdf ). The harmful effect of a
species is listed, as are the known stages of its life history, such as resting or pellicle
cysts. he = heterothallic; ho = homothallic.

In most of the investigated HAB dinoflagellates, resting cysts, or benthic stages, derive
from sexual reproduction. However, generally, this is not the only route of cyst
production in dinoflagellates, as asexual resting cysts have been documented for several
species (Kremp and Parrow, 2006, Figueroa et al. 2009). In some dinoflagellate species,
sexuality is facultative but in some others is an essential process in which a resting cyst
is produced (Figure 2). Resting cyst formation is initiated by the fusion of two
compatible gametes, forming a zygote that after some variable time in the water
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column, loses its mobility, encysts, and sinks to the sea floor, where it can survive in the
sediments for several years ( Figueroa and Garcés, 2010 ). Not only is the benthic
environment more stable than the pelagic one, but the resting stage is much more
resistant than the vegetative stage to unsuitable environmental conditions.
Consequently, cysts can remain viable in the sediments for years, until biological and
environmental conditions favor germination. Indeed, recent studies showed that cells
retain the ability to germinate from resting stages even after a century of dormancy
(Ribeiro et al., 2011). Certain species produce a different kind of cysts with thinner
walls than resting cysts and less resistant to adverse environmental conditions. These
cysts are referred to in the literature as temporal, pellicle, or ecdysal cysts (Bravo et al.,
2010).
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