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Phytoplanktonic communities are vital to marine ecosystems. These communities
constitute the basis of marine food webs throughout the planet, providing food for
filter-feeding organisms, such as bivalves and planktivorous fish and also a number
of vertebrate and invertebrate larval stages. Algal blooms are natural occurrences,
defined as the sudden overgrowth of microscopic algae under optimal environmental
conditions, reaching up to millions of cells per litre (Hallegraeff 1993). These
blooms are typically beneficial for the ecosystem, increasing feeding opportunities
for countless organisms. However, if toxin-producing microalgae undergo this
sudden overgrowth, it can lead to harmful algal blooms (HABs). Despite the fact that
approximately 2 percent of microalgae species produce toxins (Hallegraeff 2014,
Smayda 1997), HABs can significantly impact marine communities.
In the marine realm, the majority of HAB-toxins are produced by dinoflagellates
and diatoms (Table 1). Biochemically, phycotoxins are secondary metabolites that can
have a wide range of effects. They can act on the nervous system (brevetoxins), which
can induce permanent short-term memory loss (domoic acid) or cause sensorimotor
impairment, leading to death (paralytic shellfish toxins) and act on the digestive tract,
inducing gastrointestinal distress (diarrhetic shellfish toxins). During the last decades,
several new toxins and new toxin derivatives, such as gymnodimines, azaspiracids,
pterotoxins, pinnatoxins and hydroxybenzoate saxitoxin, okadaic and domoic acid
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Table 1. The most common toxins produced by marine phytoplankton.
Mode of action

Toxin family

Saxitoxins

Alexandrium sp.,
Gymnodinium catenatum,
Pyrodinium bahamense

Inhibition of voltage-gated
sodium channels in neural
cells

Paralytic
shellfish toxins

Domoic acid

Pseudo-nitzschia spp.,
Amphora coffaeaiformis,
Nitzschia sp.,

Binding to glutamate receptors
in neural cells causing
constant influx of Ca2+

Amnesic
shellfish toxins

Brevetoxins

Karenia brevis, Karenia sp.,
Chatonella cf. verrucosa,
C. antiqua, C. marina,
Fibrocapsa japonica,
Heterosigma akashiwo

Binding to voltage-sensitive
sodium channels causing
membrane depolarization

Neurotoxic
shellfish toxins

Dinophysis sp.,
Prorocentrum sp.

Inhibition of activity of
protein phosphatase 1 and 2
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analogues have been described, mostly due to scientific and technological advances
(Cruz et al. 2006, Miles et al. 2000, Negri et al. 2003, Satake et al. 1998, Takada
et al. 2000, Zaman et al. 1997). In addition, changes on global climate conditions
and anthropogenic pressures have been conducting several tropical and subtropical
endemic HAB-toxins, namely ciguatoxins, palytoxins and brevetoxins to expand
their geographical range into temperate waters (Botana et al. 2015, Villareal et al.
2007).
There is a great body of available information regarding the effects of these
toxins in marine organisms, although, the information is much dispersed. Therefore,
and with recent increases in HAB frequency and intensity, this chapter aims to update
and summarize the available information on the effects of different phycotoxins in
marine organisms.
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Toxin transfer can be foodborne or waterborne, that is via food web transfer or
through exposure to toxins dissolved in the water after their excretion or cell release
(Fig. 1). The most likely pathway of toxin transfer is when toxin-producing species
bloom, thus achieving massive concentrations in the water column. However, there
are many potential toxin vectors (Fig. 2), depending mostly on the ecology of the
toxin producer (pelagic or epibenthic) and the organism’s likelihood of exposure to
the toxin.
If an organism is exposed to a sudden bloom of toxin-producing microalgae, the
toxin concentrations will certainly trigger immediate physiological and behavioural
alterations and ultimately cause the death of the organism. In addition, the continuous
exposure to low HAB-toxin concentrations can lead to chronic effects.
Here, the pathways of exposure will be divided into direct and indirect contact
with the toxin-producer. Through ingestion of toxic phytoplanktonic cells by filterfeeding organisms, such as bivalve molluscs, zooplankton and planktivorous fish, the
toxins present inside the cell can accumulate in the predator’s viscera. This can create
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Fig. 1. Foodborne and waterborne exposure to HAB-toxins. Solid lines illustrate the well documented
route of dietary exposure; dashed lines illustrate the less studied routes of dissolved toxins exposure.
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Fig. 2. Schematic view of HAB-toxins food web transfer.
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a chain of vectors throughout the food web, potentially eliciting adverse effects in
marine communities. Depending on the vector, these toxins can be transferred to
humans and cause a variety of shellfish poisonings, due to the ingestion of contaminated
shellfish, such as Amnesic Shellfish Poisoning (ASP), Paralytic Shellfish Poisoning
(PSP), Neurotoxic Shellfish Poisoning (NSP), Diarrhetic Shellfish Poisoning (DSP)
and other syndromes (Table 1).
Some microalgae species produce exotoxins, or exudates, that are released into
the water column, causing other organisms to come inadvertently in contact with
these compounds. Similarly, when the bloom becomes senescent, the cells lyse and
release the toxins to the surrounding environment (Lefebvre et al. 2008), opening
another possible pathway to the organisms’ direct contact with the toxins. Lastly,
there are other HAB-species which segregate the toxin on the outer surface of their
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cells, potentially inducing damage upon contact. These toxins’ effects on marine
organisms will be discussed in detail in the following sections.

HAB-toxin Effects on Marine Organisms
Paralytic shellfish toxins
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Paralytic shellfish toxins (PSTs) are one example of phycotoxins produced by
dinoflagellates, and one of the most abundant and toxic phycotoxins in oceans
worldwide. Dinoflagellates from three genera, Alexandrium, Gymnodinium and
Pyrodinium, produce saxitoxin or a suite of over 50 derivatives (Anderson et al.
2012), which the most frequent can be divided according to their chemical structure
into carbamoyl, decarbamoyl and sulfamate toxins. These compounds block the
conduction of electrical impulses in neural cells through the inhibition of voltagegated sodium channels on these cell’s membranes. This leads to membrane
hyperpolarization and results in paralysis in muscle cells as determined in laboratory
animals (Kao and Nishiyama 1965, Ritchie and Rogart 1977). PSTs have shown to
elicit a wide range of effects on marine organisms, from sublethal and recoverable
effects to events of mass mortality in fish, marine mammals and seabirds (Tables 2a
and 2b).
PSTs producers inhabit the pelagic realm, the same habitat as many planktonic
species. Therefore, plankton species come in contact with PSTs through contact
with PST-producing cells or their exudates. It has been shown that many planktonic
organisms can be affected by these toxins. In some cases, PSTs inhibit the growth of
diatoms, haptophytes and heliozoans, and induce disruptions in swimming behaviour
leading to death in ciliates (Table 2a). Diatoms and haptophytes had reduced growth
rates after being placed in water previously conditioned by the PSTs producer
A. lusitanicum, presumably releasing the watersoluble toxins into the culture medium
(Blanco and Campos 1988).
Regarding the effects of PSTs on planktonic grazers, there are several studies
indicating that some species can selectively avoid ingestion of toxic dinoflagellates,
while others do not (Turner and Tester 1997). The latter group can present different
effects, with some species being less affected by the toxins, namely Euterpina
acutifrons, and other species, such as Acartia grani, presenting high mortality rates
(Costa et al. 2008, 2012).
Direct exposure of bivalve molluscs to PST-producers has been shown to
elicit negative effects, as summarized in Table 2a. Exposure to dinoflagellate cells
increased shell valve closure in many bivalve species (e.g., Crassostrea virginica,
Mytilus edulis), leading to decreased filtration rates, potentially impacting the
animal’s normal feeding behaviour. A. minutum and purified STX exposure in
C. gigas resulted in decreased phagocytic activity and ROS production in oyster
hemocytes (Mello et al. 2013), leading to higher susceptibility of contracting an
infection. Also, the presence of the toxic dinoflagellates decreased byssus production
in M. edulis and Geukensia demissa. However, byssus production in mussels
(M. edulis) that have been previously exposed to these toxins was less affected.

Favella
ehrenbergii

Acartia clausi

Crustaceans
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LL

A. lusitanicum
Exposure to
A. lusitanicum cells

Exposure to
A. ostenfeldii cells

A. ostenfeldii

C.

Exposure in preconditioned seawater
with A. lusitanicum
Exposure to
A. tamarense cells

A. lusitanicum
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costatum

Fr
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Backward
swimming, swelling
and death

Disruption of
swimming patterns,
immobilization,
swelling and death

Reduced growth rates

Reduced growth rates

Reduced growth rates

Effects

-

-

-

-

-

Seawater
previously
containing
A. lusitanicum
cultures

Observations

(Dutz 1998)

(Hansen et al.
1992)

(Hansen 1989)

(Blanco and
Campos 1988)

(Blanco and
Campos 1988)

(Blanco and
Campos 1988)
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Table 2a. Documented cases of marine invertebrates exposed to and affected by paralytic shellfish toxins (PSTs).
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Exposure to
A. minutum cells

Up to 0.7 µg
C ml–1

Alexandrium spp.

G. tamarensis
(now
A. tamarense)

Calanus
helgolandicus
Exposure to
A. tamarense cells

Exposure to
Alexandrium spp. cells

4

–1

3

-

Up to 25 pg
STX eq cell–1

4

–1

Ta
ylospp.
Up to 1 × 10
Alexandrium
Exposure to
r a Alexandrium
cells L
spp. cells
nd
Fr
an to
A. fundyense
Exposure
cis cells
A. fundyense
LL
C.
Co
nt
25 ×ri10
Protogonyaulax
Exposure to
bu–30L x
10 cells
tamarensis (now
A. tamarense cells
to
A. tamarense)
r’s

20
19

A. tonsa

A. hudsonica

©

A. minutum

Naïve populations
had decreased
somatic growth,
size at maturity,
egg production and
survival
Lower activity,
reduced feeding rates

-

-

C
Dinoflagellate Avoided feeding on
ocultures
toxic Alexandrium
py
spp.
fo
r P Reduced fecundity
er
so
na
lU
se
O
nl
y

Non-selectively fed
on Alexandrium spp.

Increased feeding
rates with increasing
dinoflagellate
densities, lower
hatching success and
nauplii production

-

A. minutum
cultures

-

-

-

-

-

-
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(Gill and Harris
1987)

(Teegarden
1999)

(Ives 1987)

(Colin and Dam
2004)

(Teegarden
et al. 2001)

(Frangopulos et
al. 2000)
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nd

Exposure to
A. tamarense cells
Exposure to
Alexandrium spp. cells

P. tamarensis
(now
A. tamarense)
Alexandrium spp.

G. tamarensis
(now
A. tamarense)

Pseudocalanus
sp.

Nauplii of
Semibalanus
balanoides

Temora
longicornis
Exposure to
A. tamarense cells

-

Up to 1 × 103
cells L–1

Up to 6 × 105
cells ml–1

’s

or

ut

Up to 1.2 ×
106 cells L–1
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nt

Up to 106
cells L–1 (A.
minutum) and
17.5 × 104
cells L–1 (G.
catenatum)

Up to 31 pg
STX eq cell–1

Co

-

-

py-

-

-

fo
r

Avoided feeding on
toxic Alexandrium
spp.

Avoided feeding on
toxic A. excavatum

Effects

feeding on
rAvoided
so Alexandrium
toxic
naspp.
lU
Reduced fecundity
se
O
nl
y

Lower activity,
reduced feeding rates

High mortality rates
following molting

Reduced naupliar
activity at low cell
densities, immobility
at higher cell
densities

Non-selectively fed
on Alexandrium spp.

Pe

Dinoflagellate
cultures

Dinoflagellate
cultures

Copepods

Tissues
analysed

-

-

-

-

-

-

-

-

Observations

(Gill and Harris
1987)

(Teegarden et
al. 2001)

(Ives 1987)

(Sievers 1969)

(Bagøein et al.
1996)

(Teegarden
1999)

(Teegarden
1999)

(Turriff et al.
1995)
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Exposure to
A. monilatum cells

45 µg STX
kg–1

Levels of
exposure

Up to 31 pg
STX eq cell–1

Co

Gonyaulax
monilata (now
A. monilatum)

C.

LL

Palaemonetes
pugio

cis

Exposure to
A. minutum and G.
catenatum cells

A. minutum and
G. catenatum

Euterpina
acutifrons

an

Exposure to
Alexandrium spp. cells

Fr

Exposure to
Alexandrium spp. cells

Exposure to
A. excavatum cells

Route of exposure

Alexandrium spp.

PST source
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1A.9excavatum
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Alexandrium
ra

Eurytemora
herdmani

Centropages
hamatus

Calanus
finmarchicus
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Molluscs

Annelids

Exposure to
A. catenella cells

Exposure to
A. minutum cells

G.
washingtonensis
(now
A. catenella)
A. minutum

Crassostrea
gigas

Exposure to
A. tamarense cells

A. tamarense

Larvae of
Chlamys
farreri

Exposure to

nd A. tamarense cells
Fr
an
cis
Exposure
Ltocells
G. catenatum L
C.

Exposure to
A. monilatum cells

Exposure to
A. monilatum cells

G. catenatum

20
19Gonyaulax
monilata
Ta (now
A. monilatum)
ylo
A. tamarense
ra

Gonyaulax
monilata (now
A. monilatum)

A. ventricosus

Larvae of
Argopecten
irradians
concentricus

Polydora
websteri

©

Neanthes
succinea
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ut

Up to 12 ×
104 cells L–1

5 × 104 cells
L–1

Up to 5.9 ×
109 g STX L–1

Co

Up to 4 × 106
cells L–1

Up to 11 pg
STX eq cell–1

Up to 1.2 ×
106 cells L–1

Up to 1.2 ×
106 cells L–1

Lower feeding
activity, paralysis,
increase in
hemocytes, epithelial
melanisation,
increase in
pseudofaeces
production

Activity and growth
inhibition, lower
attachment rates and
reduced climbing
rates

High mortality rates
following spawning

High mortality rates
following spawning

CA.otamarense High mortality rates,
lower hatching rates
cultures
py
fo
r P Reduced pumping
eractivity, increased
sovalve activity
na
l U valve
Decreased
se
activity, clearance
O
and filtration rates
nl
y

-

A. tamarense
cultures

-

-

-

-

Paralysis was
found to be
reversible

-

-

-
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(Lassus et al.
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(Yan et al.
2001)

(EscobedoLozano et al.
2012)
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2003)

(Sievers 1969)

(Sievers 1969)
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C.

LL

G. monilata (now
A. monilatum)
G. monilata (now
A. monilatum)

Brachiodontes
recurvus
Exposure to
A. monilatum cells

Exposure to
A. monilatum cells

Exposure to A. taylori
cells

A. taylori

Exposure to
A. minutum cells

Exposure to
A. tamarense cells

C. virginica

–1

6

–1

5 × 106 cells
L–1

Exposure to
A. minutum cells

Fr

Up to 12 ×
108 cells L–1

Exposure to
dinoflagellate cells

Up to 1.2 ×
106 cells L–1

Up to 1.2 ×
106 cells L–1

Up to 108
cells–1

Up to 108
cells–1

4

–1

cells
Co15 × 10
L
nt
Exposure to
2×
r10
ib cells
A. minutum cells and
L andu0.05
purified STX
µg STXtLor
’s

nd

Levels of
exposure

Route of exposure

A. tamarense

A. minutum

A. minutum

PST source
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A.1tamarense
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PeHigh mortality rates
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production
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-

-

-

Results
obtained in both
treatments

-

-

Observations

High mortality rates

Reduced hemocyte
phagocytic activity,
decreased ROS
production

Altered circadian
rhythm

Mono and
diacylglycerols
reduced in digestive
gland, inflammation
of gastrointestinal
tract, modified
spermatozoa and
mitochondria

Reduced clearance
rates

Effects

(Sievers 1969)

(Sievers 1969)

(Matsuyama et
al. 2001)

(Matsuyama et
al. 2001)

(Mello et al.
2013)

(Tran et al.
2015)

(Haberkorn et
al. 2010)

(Laabir and
Gentien 1999)
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Exposure to
A. tamarense cells
Exposure to
A. tamarense cells

Exposure to
A. tamarense cells

P. tamarensis
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A. tamarense

A. tamarense

Exposure to
A. tamarense cells

C.

Exposure to
A. tamarense cells

an

’s

or

ut

105 cells L–1

Up to 77 ×
104 µg STX
eq kg–1 in
viscera

-

and
CViscera
op tissues
other
y
fo
rP

-

rib

nt

2.5-5.5 × 105
cells L–1

Co

-

-

-

-

-

105 cells L–1

106 cells L–1

5 x 105 cells
L–1
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Mya arenaria
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cells L–1
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P. tamarensis
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A. tamarense)
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Reduced clearance
rates
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Naïve populations
had higher toxicity
and mortality,
reduced clearance
rates, oxygen
consumption rates
and burrowing
capacity

Inhibited cardiac
activity

Reduced clearance
rates
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Inhibition of byssus
production

Reduced clearance
rates, increased
mucus production

Reduced clearance
rates

Inhibited cardiac
activity
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-
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Up to 30.4 ×

Exposure to

Exposure to
A. tamarense cells
Exposure to
A. tamarense cells
Exposure to
A. tamarense cells

A. tamarense

P. tamarensis
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more severely
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Observations

Higher GST activity

Inhibited cardiac
activity

Larvae not affected,
post larvae exhibited
high mortalities,
paralysis, burrowing
incapacity

Burrowing incapacity

Soft tissue

Soft tissue

Reduced clearance
rates

Effects

-

Tissues
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G. catenatum

P. tamarensis
(now
A. tamarense)
A. tamarense

Ostrea edulis

Perna
canaliculus
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G. catenatum
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N. subnodosus

Nodipecten
subnodosus
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Oxygen

Effects
reversible

-

Effects
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three days
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h of exposure
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rate
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Soft tissue
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partial shell
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hemocyte reduction

Clearance rates,
ingestion of
organic matter, and
absorption efficiency
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of the experiment.

-

-

Soft tissue
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PST source
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Fr
an to
Exposure
cis cells
A. tamarense
LL
C.

Exposure to
A. tamarense cells

Route of exposure

rib

nt

105 cells L–1

’s

or

ut

2 × 105 cells
L–1

Co

Up to 170 µg
STX eq kg–1

5 × 105 cells
L–1

105 cells L–1

Levels of
exposure

Co
-

py

-

fo
r

Soft tissue

-

-

Tissues
analysed

Pe Reduced clearance
rs rates
on
al
Us
e
O
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y

Hepatic GPx, gill
LPO were positively
correlated with PSP
concentrations, GST
presented negative
correlation

Decreased absorption
efficiency and
reduced scope for
growth with higher
toxin concentration,
decreased clearance
and growth rates

Increased clearance
rates

Reduced clearance
rates

Effects

-

-

-

-

-

Observations

(Lesser and
Shumway 1993)

(Choi et al.
2006)

(Li et al. 2002)

(Shumway and
Cucci 1987)

(Lesser and
Shumway 1993)
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Spisula
solidissima

Ruditapes
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Placopecten
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Fish

d

PSTs extracted from
G. excavata (now
A. tamarense)

P. tamarensis (now
A. tamarense)

Dissolved STX

G. monilata (now A.
monilatum)
A. fundyense

PSTs extracted from
G. catenatum

Larval Clupea
harengus harengus

Larval Clupea
harengus pallasi

Cyprinodon
variegatus

Larval C. variegatus

Diplodus sargus

TA.aminutum
ylo
ra
n

PST source

Clupea harengus
harengus

fingerlings

20
19
Chanos chanos

Target species

©

cis

an
C.

LL

Co

Oral and IP
(intraperitoneal
injection)

Intracoelomic
injection (IC)

Prey (copepod
Coullana
canadensis)

Exposure to
A. monilatum cells

Uptake from
surrounding
seawater

Dinoflagellate cells
and extracts, via
prey

Fr

Dinoflagellate cells
and extracts

Route of exposure

rib

’s

or

ut

Co

15.2 µg STXeq
kg–1

9–12 µg STX
eq kg–1

Up to 1.2 × 106
cells L–1

4000 µg STX
eq kg–1/day for
7 days

nt

Exposure up to
15 × 105 cells
L–1

Up to 5240 µg
STX eq kg–1

-

Levels of
exposure

fo
r

-

Liver

Paralysis and erratic
swimming, increased
mortality

Irregular swimming
behaviour, loss of
balance, shallow and
arrhythmic breathing

Damage to the gills
(hyperplasia, edema
and necrosis)

Effects

al

e

Us

O

nl
y

Increased GST
activity and
erythrocyte nuclear
abnormalities

on

Death after
consuming 6–12
contaminated
copepods

100 percent mortality
rate

Reduced spontaneous
and touch-activated
swimming

rs

Pe
Whole body

py

-

-

Viscera

-

Tissues
analysed

-

Reduced
prey capture
and predator
avoidance

-

Effects
reversible

Heart stopped
20 min after
complete
immobilization

Death
occurred after
20–60 min of
exposure in
both routes

Exposure to
different cell
densities

Observations

Table 2b. Documented cases of marine vertebrates exposed to and affected by paralytic shellfish toxins (PSTs). IP – Intraperitoneal; IC – Intracoelomic.
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(Costa et al.
2012)

(Samson et al.
2008)

(Sievers1969)

(Lefebvre et
al. 2005)

(Gosselin et
al. 1989)

(White 1981)

(Chen and
Chou 2001)
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Oral and IP

Prey (copepod
Coullana
canadensis)

PSTs extracted from
G. excavata (now
A. tamarense)

A. fundyense

Pseudopleuronectes
americanus

Recently-settled
P. americanus

Co
’s

or

ut

Co

41–58 µg STX
eq kg–1

Up to 8370 µg
STX eq kg–1

Up to 3430 µg
STX eq kg–1

rib

nt

Up to 15 × 105
cells L–1

fo
r

Whole body

Effects

e

Us

O

nl
y

Death after
consuming 6–12
contaminated
copepods

al

Irregular swimming
behaviour, loss of
balance, shallow and
arrhythmic breathing

Irregular swimming
behaviour, loss of
balance, shallow and
arrhythmic breathing

Paralysis and erratic
swimming, increased
mortality

Death after
consuming 6–12
copepods and
following direct
ingestion of
dinoflagellate cells

Decreased c-Fos
expression, paralysis,
decreased activity,
floating

on

rs

Pe
Viscera

py

Viscera

-

Whole body

-

Tissues
analysed

Reduced
swimming
abilities

Death
occurred after
20–60 min of
exposure in
both routes

Death
occurred after
20–60 min of
exposure in
both routes

Heart stopped
20 min after
complete
immobilization

Reduction in
prey capture,
swimming
performance

-

Observations

(Samson et al.
2008)

(White 1981)

(White 1981)

(Gosselin et
al. 1989)

(Samson et al.
2008)

(Salierno et al.
2006)
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Oral and IP

PSTs extracted from
G. excavata (now
A. tamarense)

Pollachius virens

C.

LL

Exposure to
A. tamarense cells

cis

17–25 µg STX
eq kg–1

Prey (copepod
Coullana
canadensis) and
A. fundyense

an

0, 75,
and 150 ppb,
nominal
concentrations

Uptake from
surrounding
seawater

Fr

Levels of
exposure

Route of exposure

P. tamarensis (now
A. tamarense)

heteroclitus

PST source

20
19Dissolved STX
Fundulus
Ta
heteroclitus
ylo
ra
Larval Fundulus
A. fundyensen
d

©

Target species

Larval Mallotus
villosus
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Seabirds

cis

an
C.

LL

Co

Prey (small fish and
crustaceans)
Likely Ammodytes
hexapterus

Likely A. hexapterus

G. catenella (now
A. catenella)
A. tamarense

G. excavata (now
A. tamarense)

Larus argentatus

’s

-

or

ut

970 µg STX eq
kg–1 in
A. hexapterus

py

for

-

Prey

al

e

Death

Us

Death

Death

Death

O

nl
y

Irregular swimming
behaviour, loss of
balance, shallow and
arrhythmic breathing

Loss of balance,
decreased respiration
rate, muscle bursts
and twitching

Elevated levels of
cortisol, decreased
attack latency times

on

rs

Pe

Viscera

-

-

Intestine and
brain of dead
birds

Co

1100
(intestine) and
480 (brain) µg
STX eq kg–1

rib

nt

-

Up to 9410 µg
STX eq kg–1

Oral and IP

Prey (small fish and
crustaceans)

Fr

10 µg STX
kg–1

1.752 µg kg–1

IP injection

IP injection

Gonyaulax
catenella (now
A. catenella)

A. tamarense)

20
19Dissolved STX
Ta
ylo
r
PSTs extractedafrom
n
G. excavata (nowd

Dissolved STX

Uria aalge
californica, Gavia
arctica pacifica,
Melanitta fusca
deglandi, Lunda
cirrhata, Puffinus
griseus, Fulmarus
glacialis, Diomedea
nigripes

Salmo salar

©

Onchorhynchus
mykiss

-

-

-

-

Death
occurred after
20–60 min of
exposure in
both routes

-

-

(Nisbet 1983)

(Levasseur et
al. 1996)

(Mckernan
and Scheffer
1942)

(Mckernan
and Scheffer
1942)

(White 1981)

(Bakke et al.
2010)

(Bakke et al.
2010)
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G. catenella (now
A. catenella)
G. catenella (now
A. catenella),
G. grindleyi (now
Protoceratium
reticulatum)

G. excavata (now
A. tamarense)

L. occidentalis

Haematopus moquini

L. atricila

PST source

20
19G. catenella (now
Tacatenella),
A.
G. grindleyi
ylo (now
Protoceratium
ra
reticulatum)
nd
G. catenella (now
A. catenella),
G. grindleyi (now
Protoceratium
reticulatum)

L. dominicus

©

Target species

L. hartlaubii
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LL

Prey (mussels)

an
Co

Likely A. hexapterus

Prey (mussels)

’s

-

utor
Co

970 µg STX eq
kg–1 in
A. hexapterus

rib

nt

-

-

Levels of
exposure

py

-

-

fo
r

-

-

-

on

rs

Pe

Tissues
analysed

al

e

Death

Us

Death

Death

Death

Death

O

Effects

nl
y

-

Some bird
populations
decreased
drastically
following
dinoflagellate
outbreak

-

Some bird
populations
decreased
drastically
following
dinoflagellate
outbreak

Some bird
populations
decreased
drastically
following
dinoflagellate
outbreak

Observations

(Nisbet 1983)

(Shumway
et al. 2003)

(Mckernan
and Scheffer
1942)

(Shumway
et al. 2003)

(Shumway
et al. 2003)
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Prey (small fish and
crustaceans)

Fr

Prey (mussels)

Route of exposure
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Marine
Mammals

Megaptera
novaeangliae
Horse mackerel
(Scomber scombrus)

Prey

A. minutum,
G. catenatum,
D. acuta

-

Prey

FrLikely A. hexapterus
an
cis
L- L
C.
Co

Prey (mussels)

-

G. catenatum
or Pyrodinium
bahamense var.
compressa

A. minutum

G. excavata (now
A. tamarense)

Ta
ylo (now
G. tamarensis
ra
A. tamarense)
nd

G. tamarensis (now
A. tamarense)

20
19

Monachus monachus

Sterna hirundo,
S. paradisaea,
S. dougallii

Anas rubripes

©

Phalacrocorax
aristotelis

-

Liver

-

-

-

fo
r

-

al

e

Death

Us

O

nl
y

Lethargy,
sensorimotor
impairments,
paralysis, death

Death

Death

Death

Death

Intestinal
hemorrhaging;
loss of balance and
stagger, vomiting,
death

on

rs

Pe

Liver, kidney,
muscle, brain

py

Liver, kidney,
muscle, brain

Co

2–280 µg
dcSTX kg–1
liver 8–64 µg
dcSTX kg–1
brain

–1

µg
rdcSTX
i6–900
bu kg
to
r’s

nt

3030–3390 µg
STX eq kg–1

970 µg STX eq
kg–1 in
A. hexapterus

20000–40000
µg STX eq
kg–1

Not determined
in birds. Up
to 6000 MU
(mouse units)
100 g–1 in
mussel meat

PST producer
uncertain,
analysis on
stranded
animals

PST producer
uncertain

PST producer
uncertain,
analysis on
stranded
animals

Analysis
on stranded
animals

-

Other bird
species
affected nearby

Drastic
population
decline

(Geraci et al.
1989)

(Hernández et
al. 1998)

(Reyero et al.
2000)

(Costas and
Lopez-Rodas
1998)

(Nisbet 1983)

(Shumway
et al. 2003)

(Armstrong
et al. 1978)
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Similar experiments performed on greenshell mussels (Perna canaliculus) showed
that mussels presented oxygen consumption and clearance rates similar to the control
group after 24 h exposure to A. tamarense (Marsden and Shumway 1992).
Exposure of M. chilensis to A. catenella for 21 days (Navarro and Contreras 2010)
resulted in lowered clearance rates, organic matter intake and absorption efficiency
at the start of the experiment, followed by an increase to levels similar to the ones
presented in the control group. The STX uptake steadily increased throughout the
experiment, similarly to the mussels’ excretion rates. Oxygen consumption rates
seemed unaffected by the ingestion of this toxic species, revealing that this species
may possess defence mechanisms that allow them to feed safely on this dinoflagellate.
On the other hand, some scallop and clam species presented negative effects
when exposed to this toxin. The scallop Nodipecten subnodosus presented paralysis of
the adductor muscle while maintaining the digestive tract functioning after receiving
intramuscular injections of GTX 2/3. Also, the hemocyte number decreased and they
presented mantle retraction and their shells remained open up to 40 days after the
exposure (Estrada et al. 2010). In a different study on the same species (Estrada
et al. 2007), exposure to G. catenatum cells resulted in the increased production
of mucus, pseudo-faeces, melanisation and hemocyte aggregation in gill tissue.
Biochemically, an antioxidative stress response to the toxin was shown in gill tissue,
this tissue being the first to come in contact with the toxin. There was an increase in
glutathione peroxidase (GPx) activity and lipid peroxidation, along with a decrease
in superoxide dismutase activity, indicating oxidative and cellular damage. Similar
results were obtained when feeding G. catenatum cultures to scallops (Argopecten
ventricosus) (Escobedo-Lozano et al. 2012). The scallops presented paralysis of
the adductor muscle, lower feeding activity, increased pseudo-faeces production,
increased number of hemocytes in gill, mantle and adductor muscle tissue and
epithelial melanisation in gill and mantle tissue. These results indicate that scallops
have efficient mechanisms that protect them against lethal effects from external
toxicants. Studies conducted in Ruditapes phillipinarum feeding on A. tamarense
cultures for 6 (Li et al. 2002) and 15 days (Choi et al. 2006) showed reduced scope
for growth, decreased absorption efficiency, clearance and growth rates after six
days of exposure, and increased activity of GPx in hepatopancreas and gill lipid
peroxidation with increasing toxin burden after 15 days of exposure.
PST effects on bivalve early stages are comparatively less understood. Bricelj et
al. (2010) addressed this issue by exposing larvae, post-larvae and juveniles of Mya
arenaria to A. tamarense. They showed that larvae were not significantly affected by
the dinoflagellate due to the fact that the cells were too large for prey capture; thus,
the larvae did not accumulate the toxin or displayed any intoxication symptoms. On
the other hand, the post-larvae presented decreased burrowing capacity, here used
as proxy of sensitivity to PSTs. Also, the post-larvae had increased mortality rates,
especially in populations that are not usually exposed to A. tamarense blooms, while
juvenile were less susceptible.
PST effects on bivalves are species-specific and seem to differ geographically
within the same species and life stages. Species that are usually exposed to toxic
dinoflagellate blooms seem to be more resistant, and appear to have developed
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defence mechanisms that allow them to cope with high PST levels, unlike other
species in areas less affected by blooms.
These studies reveal that bivalves are not immune to the effects of PST
contamination, and there are some species with higher sensitivity to these toxins.
This may pose additional concerns over the ecosystem’s health and elicit negative
economic impacts, since some of these species are commercially farmed in shellfish
aquacultures, and blooms may occur in farmed areas.
PSTs have long been associated with fish kills. Fish can be directly exposed to the
toxins, as is the case of planktivorous fish such as sardines, herring and anchovies, or
indirectly through feeding on vectors, affecting many levels of the marine food web,
from groupers and hake to sturgeons and artificially fed fish, such as farmed salmon.
Only a few events have been directly linked to PST contamination, since these
events are unpredictable and sporadic, many times leading to inconclusive data. For
a complete list of fish kills associated with PSTs refer to Costa (2016, Table 1).
When studying PST’s effect on fish, it is procedurally simpler to inject the toxin
intracoelomically (IC), in order to closely control the given concentration. Standard
STX is the toxin most commonly administered. However, despite the benefits, these
methods are less ecologically relevant, since the toxins do not enter directly in
the coelom, and STX is but a fraction of the toxins produced by the dinoflagellate
species. Nevertheless, these studies provide windows into the symptoms presented
by fish and insight into the effects of these neurotoxins.
STX’s effects on killifish (Fundulus heteroclitus) were quantified regarding the
expression of c-Fos protein (Salierno et al. 2006), responsible for regulating neural
cells’ survival, and is associated with long term memory (Sadananda and Bischof
2002). It was shown that the expression of this protein decreased, and the fish
presented behavioural alterations including paralysis, lethargy and loss of balance.
STX most likely affects the neural pathways responsible for swimming. In Atlantic
salmon (Salmo salar), it was shown that STX crosses the blood-brain barrier and
that sublethal doses of this toxin affect the activity of brain subregions in the central
nervous system (CNS), possibly affecting the organism’s cognitive abilities (Bakke
and Horsberg 2007). Intracoelomic injections of STX in white seabream (Diplodus
sargus) resulted in an increase of glutathione-S-transferase (GST) activity, an
enzyme responsible for removing xenobiotics, among many other roles. STX also
induced DNA damage (chromosome breaks or loss) and increased erythrocyte
nuclear abnormalities (Costa et al. 2012).
In order to simulate bloom conditions, milkfish (Chanus chanus) fingerlings were
exposed to STX extract and A. minutum cells in increasing concentrations and cell
density, respectively (Chen and Chou 2001). After 24 h, the fish presented oedema,
hyperplasia and necrosis in gill lamellae. The exposure also resulted in increased
mortality rates in the treatments with higher cell density and STX concentrations, due
to increasing oxygen demand following gill damage. Similar results reporting gill
damage following fish exposure to PST-producing dinoflagellate cells were found in
salmon and trout (Mortensen 1985). White (1981) reported high mortality rates after
20 to 60 minutes in Atlantic herring (Clupea harengus harengus), American pollock
(Pollachius virens), winter flounder (Pleuronectes americanus), Atlantic salmon
(S. salar) and cod (Gadus morhua) when dosed intraperitonially (IP) or orally with
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toxin extracts from A. tamarense cultures. Prior to death, the fish presented loss of
balance, immobilization and arrhythmic breathing, consistent with the symptoms
described here in adult fish.
In early stages of development, some fish species present different ecologies than
the adults, starting out as planktonic larvae, and thus occupying the same niche as the
pelagic dinoflagellate PST-producers. Also, earlier stages of development are likely
more vulnerable to the effects of these toxins as they possess higher mass-specific
metabolic rates and they lack fully developed detoxification systems (Vasconcelos
et al. 2010).
Overall, when fish early stages are exposed to bloom simulations in experimental
conditions, it resulted in extremely high mortality rates, nearing the totality of
the experimental population, besides the sublethal effects displayed by the young
(Table 2b). Fish early stages can be exposed to the toxin through feeding on
zooplanktonic vectors, such as copepods, or through direct exposure to the dissolved
toxins. Recently settled flounders (P. americanus), sheepshead minnow (Cyprinodon
variegatus) and mummichog larvae (F. heteroclitus) were fed with contaminated
copepods, acting as vectors of A. fundyense (Samson et al. 2008). After consuming
6–12 contaminated copepods, the fish died. In this study, the fish were also fed with
fewer copepods, resulting in a variety of effects, such as reduced swimming abilities,
prey capture success, predator avoidance and overall activity (Table 2b).
Gosselin et al. (1989) exposed capelin and herring larvae to three different
treatments to ascertain the effects of PSTs through different routes of exposure,
recurring to both direct exposure through feeding the larvae with A. tamarense cells
in increasing densities, and placing toxin extracts in the experimental tanks. Indirect
exposure was achieved by feeding the larvae with contaminated microzooplankton.
Capelin and herring larvae fed on A. tamarense swam erratically, lost motility and
sank to the bottom paralysed, dying after 20 minutes of exposure, contrary to the
lack of effect when exposed directly to the toxin dissolved. Feeding these larvae
with contaminated zooplankton elicited similar results as feeding directly on the
dinoflagellate, resulting in paralysis and high mortality rates. However, exposure
of herring larvae to dissolved STX resulted in a reversible dose-dependent suite of
sensorimotor impairments (Lefebvre et al. 2005), such as spontaneous swimming and
tactile response inhibition. Also, it was shown that older larvae were more susceptible
to the dissolved toxin, likely due to the degree of gill and body maturation leading to
higher toxin uptake.
Monk seal populations have been greatly impacted by PST outbreaks. In
the late 1990s in Cape Blanc Peninsula over 100 monk seals died following PST
intoxication. Tissue analysis revealed PSTs in brain tissue, suggesting that these
toxins were present in the seal’s nervous system (Costas and Lopez-Rodas 1998,
Reyero et al. 2000). The cause has been attributed to PSTs since there were high
levels of these toxins in many fish species that the seals prey upon (Reyero et al.
2000). Dying organisms presented many behavioural alterations, lethargy, paralysis
and sensorimotor discoordination (Hernández et al. 1998).
Earlier, in 1987, over a dozen humpback whales washed ashore dead along
Nantucket Sound. The cause of the stranding was ascertained by analysing fish
and whale tissues. It was determined that one of the fish species analysed, Atlantic
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mackerel (Scomber scombrus), presented high levels of STX and stomachal content
analysis revealed that the whales were previously feeding on this species. It was
worth noting that the time-lapse between the onset of the first symptoms and death
(approximately 90 minutes, Geraci et al. 1989), suggesting a very quick process,
characteristic of severe STX intoxication.
Seabird deaths due to HAB-toxins have been comparatively overlooked.
However, there have been countless events where many seabird species died
following the ingestion of contaminated fish and shellfish (Table 2b). Shumway
et al. (2003) extensively reviewed all the registered seabird deaths that were linked
with HAB-toxins, including PSTs. PSTs were reported to cause loss of motor
coordination and paralysis, resulting in the bird’s inability to feed and thus, causing
death by starvation. Female terns presented an inability to lay eggs due to sublethal
onset of paralysis, resulting in the egg breaking inside the body and causing fatal
haemorrhages. Other species presented severe inflammation of the gastro-intestinal
tract and haemorrhages in the intestines and brain.
Understanding the effects of PSTs, which are produced worldwide, is of vital
importance, since, as reviewed here, the range of possible consequences is very
wide. In some cases, the toxins directly affect the species, causing high mortalities,
and in other cases the toxin accumulates and is transferred throughout many levels
of the marine food web, causing indirect damage to the ocean’s health, communities
and human populations.
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Domoic acid (DA) is a potent neurotoxin produced by some species belonging to
two genera of diatoms, Pseudo-nitzschia and Nitzschia. This toxin is known to cause
Amnesic Shellfish Poisoning (ASP), and the attention on this toxin and its possible
consequences was focused after an incident involving the death of three people in
1987 following the ingestion of mussels contaminated with DA. Afterwards, most
coastal countries developed monitoring programs, regularly analysing bivalve
tissue for DA and other phycotoxins in order to prevent foodborne illnesses. These
monitoring programs have been successful at avoiding further human casualties.
Nevertheless, there have been many events of DA intoxication in marine organisms.
DA acts in neural cells, competing for the same receptors as glutamate, an
excitatory neurotransmitter. By having less affinity for these receptors, glutamate
fails to bind normally, causing excessive concentrations of glutamate outside the
synapses, triggering AMPA, kainate and NMDA receptors’ activation, permanently
opening the neural cell’s membrane, leading to excessive influx of Ca2+ (Berman and
Murray 1997). This causes membrane depolarization and subsequent degeneration of
neural cells. The higher concentration of glutamatergic receptors in the hippocampus,
the brain region responsible for memory acquisition and learning, is the cause for the
memory loss.
In Table 3 we summarized the effects of DA in marine organisms. Bivalves
are common vectors of this toxin and the effects of this toxin seem somewhat
overlooked. DA seems to affect haemolymph chemistry, increase the number of
hemocytes as well as increase cholinesterase activity and DNA damage. On the other

Molluscs

Crustaceans

DA source

P. pungens
f. multiseries
Dissolved DA

Dissolved DA

Dissolved DA

M.
californianus
M. edulis

Larvae of
P. maximus
P. maximus

P. pungens
f. multiseries
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9
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Ta DA
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Decreased growth and
survival

Decreased growth,
shell length and
survival

Cholinesterase activity,
DNA damage and
number of hemocytes
increased, phagocytic
activity decreased

Increased haemolymph
pH, decreased PO2,
decreased PCO2

Respiratory acidosis,
haemolymph
hypercapnia and
increased bicarbonate,
low haemolymph PO2
levels

rs

Pe
Whole body

Co

-

Soft tissue

Soft tissue

Soft tissue

-

Tissues
analysed

-

Exposure of
25 days

-

Effects
reversible

Haemolymph
PO2 and pH
returned to
normal

Effects
reversible

-

Observations

(Liu et al.
2008)

(Liu et al.
2007)

(Dizer et al.
2001)

(Jones et al.
1995)

(Jones et al.
1995)

(Jones et al.
1995)

(Shaw et al.
1997)
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diatom cells

Up to 0.86 µg
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8.62 µM

Toxicity

Exposure to
diatom cells

Uptake from
seawater

Route of
exposure

Table 3. Documented cases of marine organisms exposed to and affected by domoic acid (DA). IP – Intraperitoneal; IC – Intracoelomic.
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-
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-
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-

Table 3 contd. ...

(Wang et al.
2008)

(Nogueira
et al. 2010)

(Salierno et al.
2006)

(Bakke and
Horsberg
2007)

(Lefebvre
et al. 2001)

(Bakke et al.
2010)

(Lefebvre
et al. 2007)
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-

-
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occurred after
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exposure
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occurred after
~ 60 min of
exposure

150 birds dead
in 5 days

-

Observations

(Fire et al.
2009)

(Lefebvre et
al. 2010)

(Fire et al.
2010)

(Fritz et al.
1992)

(Work et al.
1993)

(Fritz et al.
1992)

(Work et al.
1993)

(SierraBeltrán et al.
1997)

(PerezMendes et al.
2005)
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lesions, death

-
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Premature births,
abortions and
reproductive failure

Maternal urine
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-

-

-

-

-

-

-
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(Lefebvre et
al. 1999)

(Zabka et al.
2009)

(Silvagni et al.
2005)

(Brodie et al.
2006)

(Goldstein et
al. 2009)

(Scholin et al.
2000)

(Bargu et al.
2011)

(Fire et al.
2009)
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hand, exposure to this toxin decreased phagocytic activity, growth and survival rates.
In some cases, the effects of exposure to the DA-producing diatoms were reversible
and the organisms recovered after a short period of time (up to 24 h), emphasizing
the notion that bivalves are quite resilient to DA and other toxins.
Information regarding the effects of DA in wild animals is very scarce and
limited to marine mammals and seabirds. Domoic acid’s effects on fish have been
studied through IC injection (Table 3). This technique allows the use of known
DA concentrations without dispersal throughout the organism’s body. However,
this method does not always allow for ecologically relevant DA concentrations to
be used or for natural DA uptake and transfer between body tissues to take place
naturally. Regarding the effects of DA in fish, most studies concluded that it causes
abnormal swimming behaviour, including spiral, circle and upside-down swimming,
and ultimately death. Other effects that can escalate DA toxicosis are inability to
school in Engraulis mordax (Lefebvre et al. 2001), possibly making the fish easier
targets for predators, disrupting the balance of the food web during diatom blooms.
Killifish (F. heteroclitus) IC injected with up to 9 mg DA kg–1 showed that c-Fos
activity, a protein associated with long term memory (Sadananda and Bischof 2002),
increased in several brain regions, indicating neuronal stress following exposure.
Variations in c-Fos expression can lead to effects at the behavioural levels, as
observed in Salierno et al. (2006), such as disorientation and loss of equilibrium.
One of the main groups affected by domoic acid are marine mammals, more
specifically sea lions. There is an extensive record of sea lion deaths going back
nearly two decades, when over 400 sea lions (Zalophus caifornianus) were found
stranded or displayed neurological symptoms associated with DA intoxication, later
confirmed by detecting DA in sea lions’ tissues (Scholin et al. 2000). The cause
of death was attributed to ingestion of contaminated anchovies, a common food
source for these mammals. Behavioural tests and magnetic resonance imaging
(MRI) performed on sea lions displaying intoxication symptoms revealed abnormal
behaviours, such as head weaving, ataxia and severe disorientation. The MRIs
showed hippocampal lesions damaging hippocampal-thalamic networks. Also, DA
has been detected in the stomach contents of premature pups and shown to elicit
premature births, abortions and death of pregnant sea lions (Brodie et al. 2006)
due to the consumption of contaminated prey, possibly endangering this species’
populations. Throughout the years, many other events of sea lion mortality have been
attributed to DA intoxication (Table 3).
Studies regarding the interaction of HAB-toxins occurring simultaneously is very
scarce. However, between February–April 2008, over 100 dolphins (T. truncatus)
were found stranded along the coast of Texas, and their tissues were positive for DA,
brevetoxins and okadaic acid (Fire et al. 2011), although in different proportions and
only a small percentage was positive for more than one toxin. The mass stranding
may be linked to an interaction of these three toxins, but without historical data and
means of comparison, it may not be safe to conclude so.
DA, as mentioned above, acts on glutamatergic receptors, mainly present in
organisms with developed brains, possibly explaining the discrepancy between
the effects caused in vertebrates and invertebrates. Invertebrates are likely less
affected by this toxin, since they mostly lack complex brains and possess effective
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elimination systems, as in the case of bivalve molluscs. The fact that bivalves seem
to be less affected and are efficient at eliminating DA does not exclude the sublethal
effects that it may cause in other organisms higher up the food web, through chronic
ingestion of contaminated prey.
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Brevetoxins (BTXs—PbTx1-10, BTX 1-4) are produced by dinoflagellates and
raphidophytes and can cause Neurotoxic Shellfish Poisoning (NSP). These toxins
are a group of complex polycyclic polyether compounds that alter the properties
of membranes in excitable cells by binding to voltage sensitive sodium channels in
nerve cells, leading to membrane depolarization and disrupting normal processes
in nerve cells (Landsberg 2002, Lopes et al. 2013). The term “red tides” is mainly
associated with blooms of Karenia brevis (= Gymnodinium breve), which proliferate
in great concentrations and their pigments discolour the surrounding seawater. This
dinoflagellate is mainly responsible for causing many events of mass mortality in
marine organisms, with reports dating back to the 19th century (Glennan 1887).
Although no human deaths have been related to brevetoxins, human populations are
affected at the sublethal level, mostly through consumption of contaminated shellfish
or aerosol inhalation during red tide events (Landsberg 2002). Effects of brevetoxins
in marine organisms, from copepods to marine mammals, are summarized in Table 4.
Brevetoxins can have allelopathic effects on other species of phytoplankton,
as shown in Prince et al. (2008), where cultures of Asterionellopsis glacialis,
Prorocentrum minimum and Skeletonema costatum presented decreased growth rates
when their individual cultures were mixed with K. brevis cultures and exudates.
Studies on copepods revealed that these organisms are very sensitive to
K. brevis, by presenting accelerated heart rates, loss of motor control, suppressed
swimming behaviour, lethargy, paralysis, regurgitation and decreased survival and
growth (Cohen et al. 2007, Huntley et al. 1987, Huntley et al. 1986, Sykes and
Huntley 1987, Turner et al. 1996). Other BTXs producers have elicited negative
impacts upon feeding in copepods (Uye 1986, Uye and Takamatsu 1990).
Bivalves, as one of the main vector of phycotoxins, also accumulate high
concentrations of BTX, with very few studies regarding its effect. Leverone et al.
(2007) showed that when exposed to K. brevis cells and extracts caused reduced
clearance rates in A. irradians, C. virginica, Mercenaria mercenaria and P. viridis.
Recruitment of bay scallop (A. irradians concentricus) in North Carolina was greatly
affected by K. brevis blooms, jeopardizing the sustainability of scallop beds in the
region (Summerson and Peterson 1990).
Red tides can also affect the species’ abundance and richness of the impacted
areas, in some cases nearly wiping out many important benthic infaunal species
(Simon and Dauer 1972), decreasing richness in fish species by 50 percent and
causing a decrease in invertebrate species’ abundance in general (Dupont et al. 2010).
Knowledge on the effects of BTXs in fish is very scarce beside the numerous
accounts of fish kills associated with BTXs (Gunter et al. 1948, 1947, Rounsefell and
Nelson 1966, Thronson and Quigg 2008). Flaherty and Landsberg (2011) reported
reduced annual recruitment in Cynoscion nebulosus, C. arenarius, and Sciaenops
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Table 4. Documented cases of marine organisms exposed to and affected by okadaic acid (OA) and dinophysistoxins (DSTs).
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2014)
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et al. 2015)
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2014)
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ocellatus and Riley et al. (1989) revealed that upon hatching, larvae of S. ocellatus
were negatively affected by BTXs, developing deformities, swimming erratically and
being paralysed before dying. Seabird deaths attributed to brevetoxicosis date back
to the early 70’s, when thousands of lesser scaup (Athya affinis) died concurrently
in a red tide event (Forrester et al. 1977), along with many other seabird species
throughout the years (Landsberg et al. 2009). Also, a number of sea turtles strandings
have been positively linked to red tide events, as the number of strandings increases
during red tides (Landsberg et al. 2009).
The highly endangered Florida manatees (Trichechus manatus latirostris) have
suffered great impacts from red tides. In 1996, over a hundred manatees died following
a red tide caused by K. brevis (Bossart et al. 1998), likely through prolonged exposure
to BTX aerosols or ingestion of contaminated seawater. Recently, Flewelling et al.
(2005) showed that seagrass (Thalassia testudinum) accumulates high concentrations
of BTXs, the main manatee food source, opening a likely pathway for manatees’
BTX uptake. Since 1996, many other events of marine mammal mortality have been
attributed to BTXs intoxication (reviewed in Landsberg et al. 2009). What is worth
noting is the death of 107 bottlenose dolphins (Tursiops truncatus), following a red
tide in 2002. Again, Flewelling et al. (2005), analysed dolphin tissues and undigested
fish remains, and concluded that both had very high levels of BTXs, enough to
cause brevetoxicosis and death. Until then, fish were not considered likely vectors
of this toxin, as it caused the fish to die in a very short period of time, limiting the
toxin transfer higher up the food chain. Several mass fish kills followed red tides
(Landsberg 2002, 2009, Steidinger et al. 1973), drawing attention to this toxin’s
ichthyotoxic potential. Many studies have revealed that fish are more sensitive to
BTXs dissolved in seawater than ingestion of K. brevis cells. It was shown that fish
survive direct exposure to the dinoflagellate cells, whereas exposure to the dissolved
toxin leads to death (Landsberg et al. 2009).
The effects of BTXs are still poorly understood, especially in marine
invertebrates, despite the great impact red tides have on ecosystems worldwide.
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Diarrhetic Shellfish Toxins (DSTs) are produced by many species of Dinophysis
and Prorocentrum, both cosmopolitan genera occurring worldwide. Dinophysis are
pelagic species, whereas Prorocentrum are typically epibenthic. DSTs are lipophilic
toxins, comprising okadaic acid (OA) and dinophysistoxins (DTX).
OA was first isolated from the marine sponge Halichondria melanodocia. It was
later discovered that this toxin was produced by a dinoflagellate that was accumulated
in the sponge through filter-feeding. OA specifically inhibits the activity of protein
phosphatase 1 and 2, two of the main protein phosphatases in mammals, increasing
protein phosphorylation. Gastrointestinal distress symptoms may arise from the loss
of balance in membrane transport and substance secretion, resulting in loss of fluids.
The effects of OA and dinophysistoxins on marine organisms are summarized
in Table 5. DSP outbreaks are not caused any human fatalities (Hallegraeff et al.
2003), and of all the other shellfish poisonings, it can be considered the mildest,
with patients fully recovering after few days. However, OA has been identified as a
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tumour promoting compound (Suganuma et al. 1988), posing additional threats to
human health and marine life alike.
OA has been documented to be actively accumulated in sponges, which increases
the sponge’s immune system against parasites and bacterial infections (Schröder
et al. 2006, Wiens et al. 2003).
It is worth noting that, although greatly lacking supportive evidence, P. lima has
been shown to elicit allelopathic effects when grown in culture with other microalgal
species. OA and DTX-1 produced by P. lima inhibit the growth of the other species
present, and, at lower concentrations it enhanced growth in P. lima cultures (Windust
et al. 1996). Similarly, when exposed to OA, Dunaliella tertiolecta cultures decreased
cell density and increased oxidative stress response. Additionally, OA inhibited the
ability for electron transport in photosystem II, impairing photosynthesis (Perreault
et al. 2012).
Regarding other marine organisms, OA has been found to accumulate in
numerous shellfish species, the main vectors of this toxin. Blue mussels have been
reported to accumulate high concentrations of OA for long periods of time (up to
five months, Shumway 1990). Typically, bivalves are not directly affected by the
toxins, most likely due to their rapid clearance rates and the fact that many species
can convert the parent compound into less toxic derivatives (Suzuki et al. 1999).
Most studies regarding OA toxicity beyond DSP symptoms have been performed in
mice and human cell lines. The toxic effects of OA on marine organisms is still fairly
unknown. Recently it was shown that OA induced genotoxic and cytotoxic effects
on bivalves (McCarthy et al. 2014). OA has been shown to elicit the formation of
micronuclei and nuclear lesions in mussel hematocytes (Carvalho Pinto-Silva et al.
2003, 2005) and up-regulation of gene transcripts associated with stress response
(Manfrin et al. 2010). In clams (R. decussatus), OA induced higher DNA damage to
clams’ gills than in hemocytes when exposed to lower OA concentrations, as opposed
to when they were exposed to high OA concentrations for a shorter period of time
(Flórez-Barrós et al. 2011). Mussels (M. galloprovincialis) presented similar results,
with hemocytes having less DNA damage than gill tissue when exposed to OA, and
gills presenting increased DNA damage at lower OA concentrations (Prego-Faraldo
et al. 2015). Gills are the first tissue to come in contact with the toxin, and the lack of
response when exposed to higher concentrations suggests: (i) very efficient defence
mechanism in bivalves and (ii) detoxification pathways by metabolizing OA into less
toxic compounds.
While the target protein phosphatases are as sensitive to OA in vitro exposure
in blue mussels (M. edulis) as they are in other organisms (Svensson and Förlin
1998), there are no records of mussel mortalities due to OA exposure. Mussels can be
exposed to OA throughout the year; thus, it is proposed that they possess detoxification
mechanisms. Svensson et al. (2003), found that M. edulis can accumulate OA in the
lysosomal system, therefore, preventing cellular damage in hematocytes.
Marine turtles have been found to accumulate OA in their tissues, produced by
the epibenthic Prorocentrum spp., likely present on the surface of the algae that the
turtles consume. Coincidentally, two DSP-producing Prorocentrum species (P. lima
and P. concavum) occur where there is high risk of fibropapillomatosis, a neoplastic
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Table 5. Documented cases of marine organisms exposed to and affected by brevetoxins (BTXs).
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Effects

(Kreuder et al.
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(Schreiber et al.
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(Quick and
Henderson 1974)

(Forrester et al.
1977)

(Landsberg et al.
2009)

(Landsberg et al.
2009)

(Landsberg et al.
2009)
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dolphins died
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dolphins died

Over 100
dolphins died
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(Fire et al. 2007)

(Mase et al. 2000)

(Geraci 1989)

(Flewelling et al.
2005)
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disease specific to sea turtles. Therefore, OA may play an important role in this
disease’s etiology (Landsberg 2002, Landsberg et al. 1999).
Although not positively linked to DSTs, many seabird deaths occurred after DSP
and other toxin’s outbreaks (Shumway et al. 2003). The presence of DSTs is likely
to decrease the organism’s fitness and well-being, making them more vulnerable to
other toxicants.
Despite being regarded as a less dangerous toxin, OA has been shown to cause a
wide array of responses and effects in marine organisms, highlighting the potential of
this toxin to affect many other organisms, including human populations chronically
ingesting low doses of a tumour promoting toxin.
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It is predicted that many changes in the world’s oceans will occur. Increasing
temperature and CO2 concentrations are but two of the many factors affecting HAB
distribution, frequency and intensity. HAB ecology is complex, and it is dependent
on the interaction of many factors, including ocean stratification, oceanic currents,
nutrient availability and precipitation (Wells et al. 2015). Currently, there are a
number of studies on the effect of climate change in HABs. However, the interactions
simulated are scarce and do not allow for species adaptation and plasticity.
Temperature fluctuations directly affect phytoplankton communities. Typically, with
increasing temperatures, phytoplanktonic species tend to have higher growth rates
until a species-specific temperature threshold is met (Wells et al. 2015). There is
growing evidence that HABs are increasing in frequency and intensity throughout
the globe (Dolah 2000), and further studies are needed to better understand the shifts
in HAB ecology and physiology in these new conditions.
It is evident from the present work that there is a great lack of knowledge on
the effects that HAB toxins have on early stages of development, a very sensitive
and critical stage in an organism’s life. Moreover, most toxins may be chronically
accumulated and, in many cases, not elicit outward signs of toxicity. Here, we
reviewed the effects that HAB toxins have on marine organisms, more specifically,
the four main groups of toxins (PSP, ASP, NSP and DSP). Still, there has been growing
evidence that in addition to the increasing intensity and toxicity of these blooms, new
and emerging toxins, such as palytoxins, cyclic imines, tetrodotoxins and ciguatoxins,
are occurring in regions previously undetected (Soliño et al. 2014). Also, the cooccurrence of emerging toxins with endemic HAB-toxins may lead to additive,
synergistic or antagonistic effects on marine organisms; however, the available data
is not sufficient to confirm and characterize such effects. Multidisciplinary studies
are necessary to comprehensively understand the effects of exposure to multiple
toxins. Thus, there is great need to reach out to policy makers and work alongside
with the monitoring programs already implemented in many countries worldwide, to
better understand the risk faced by organisms exposed to marine toxins in the natural
environment, the consequences on an ecosystem’s stability and to develop models of
biotoxins kinetics useful to predict the toxic effects highlighted in this study.

Effects of Harmful Algal Bloom Toxins on Marine Organisms

79

Acknowledgements

al

Us

e

O

nl
y

This study had the support of Fundação para a Ciência e Tecnologia (FCT),
through the strategic project UID/MAR/04292/2013 granted to MARE and UID/
Multi/04326/2019 granted to CCMAR. The research leading to these results has
received funding from the project Cigua (PTDC/CTA-AMB/30557/2017) supported
by the Portuguese Foundation for Science and Technology (FCT) and FEDER.
The authors would like to thank the Portuguese Foundation for Science and
Technology for the “Investigador FCT” grants to RR for a project grant PTDC/BIABMA/28317/2017, and the Ph.D. and PRC and the Ph.D. scholarship to V.M. Lopes
(SFRH/BD/97633/2013).

rs

on

References

©

20
19

Ta
ylo
ra

nd

Fr

an

cis

LL

C.

Co

nt

rib

ut

or

’s

Co

py

fo
r

Pe

Ajuzie, C.C. 2007. Palatability and fatality of the dinoflagellate Prorocentrum lima to Artemia
salina. J. Appl. Phycol. 19: 513–519. doi:10.1007/s10811-007-9164-9.
Anderson, D.M., Alpermann, T.J., Cembella, A.D., Collos, Y., Masseret, E. and Montresor, M.
2012. The globally distributed genus Alexandrium: multifaceted roles in marine ecosystems
and impacts on human health 1410. doi:10.1016/j.hal.2011.10.012.
Armstrong, H., Coulson, J.C., Hawkey, P. and Hudson, M.J. 1978. Further mass seabird deaths from
paralytic shellfish poisoning. British Birds 71: 58–68.
Bagøein, E., Miranda, A., Reguera, B. and Franco, J.M. 1996. Effects of two paralytic shellfish
toxin producing dinoflagellates on the pelagic harpacticoid copepod Euterpina acutifrons.
Mar. Biol. 126: 361–369. doi:10.1007/BF00354618.
Bakke, M.J. and Horsberg, T.E. 2007. Effects of algal-produced neurotoxins on metabolic activity in
telencephalon, optic tectum and cerebellum of Atlantic salmon (Salmo salar). Aquat. Toxicol.
85: 96–103. doi:10.1016/j.aquatox.2007.08.003.
Bakke, M.J., Hustoft, H.K. and Horsberg, T.E. 2010. Subclinical effects of saxitoxin and domoic
acid on aggressive behaviour and monoaminergic turnover in rainbow trout (Oncorhynchus
mykiss). Aquat. Toxicol. 99: 1–9. doi:10.1016/j.aquatox.2010.03.013.
Bargu, S., Goldstein, T., Roberts, K., Li, C. and Gulland, F. 2011. Pseudo-nitzschia blooms, domoic
acid, and related California sea lion strandings in Monterey Bay, California. Mar. Mammal
Sci. 28: 237–253. doi:10.1111/j.1748-7692.2011.00480.x.
Beltrán, A.S., Palafox-Uribe, M., Grajales-Montiel, J., Cruz-Villacorta, A. and Ochoa, J.L. 1997. Sea
bird mortality at Cabo San Lucas, Mexico: evidence that toxic diatom blooms are spreading.
Toxicon. 35: 447–453.
Berman, F.W. and Murray, T.F. 1997. Domoic acid neurotoxicity in cultured cerebellar granule
neurons is mediated predominantly by NMDA receptors that are activated as a consequence of
excitatory amino acid release. J. Neurochem. 69: 693–703. doi:9231729.
Blanco, J. and Campos, M.J. 1988. The effect of water conditioned by a PSP producing dinoflagellate
on the growth of four algal species used as food for invertebrates. Aquaculture 68: 289–298.
Bossart, G.D., Baden, D.G., Ewing, R.Y., Roberts, B. and Wright, S.D. 1998. Brevetoxicosis
in Manatees (Trichechus manatus latirostris) from the 1996 Epizootic: Gross,
Histologic, and Immunohistochemical Features. Toxicol. Pathol. 26: 276–282.
doi:10.1177/019262339802600214.
Botana, L.M., Louzao, C. and Vilariño, N. (eds.). 2015. Climate Change and Marine and Freshwater
Toxins. De Gruyter, Germany.
Bricelj, V.M., Cembella, A.D., Laby, D., Shumway, S.E. and Cucci, T.L. 1996. Comparative
physiological and behavioral responses to PSP toxins in two bivalve molluscs, the softshell
clam, Mya arenaria, and surfclam, Spisula solidissima. Harmful Toxic Algal Bloom. 405–408.

80

Ecotoxicology of Marine Organisms

©

20
19

Ta
ylo
ra

nd

Fr

an

cis

LL

C.

Co

nt

rib

ut

or

’s

Co

py

fo
r

Pe

rs

on

al

Us

e

O

nl
y

Bricelj, V.M., MacQuarrie, S.P., Doane, J.a.E. and Connell, L.B. 2010. Evidence of selection for
resistance to paralytic shellfish toxins during the early life history of soft-shell clam, Mya
arenaria, populations. Limnol. Oceanogr. 55: 2463–2475. doi:10.4319/lo.2010.55.6.2463.
Brodie, E.C., Gulland, F.M.D., Greig, D.J., Hunter, M., Jaakola, J., Leger, J.St., Leighfield, T.A. and
Van Dolah, F.M. 2006. Domoic acid causes reproductive failure in california sea lions (Zalophus
californianus). Mar. Mammal Sci. 22: 700–707. doi:10.1111/j.1748-7692.2006.00045.x.
Carvalho Pinto-Silva, C.R., Ferreira, J.F., Costa, R.H.R., Belli Filho, P., Creppy, E.E. and Matias,
W.G. 2003. Micronucleus induction in mussels exposed to okadaic acid. Toxicon. 41: 93–97.
doi:10.1016/S0041-0101(02)00214-3.
Carvalho Pinto-Silva, C.R., Creppy, E.E. and Matias, W.G. 2005. Micronucleus test in mussels
Perna perna fed with the toxic dinoflagellate Prorocentrum lima. Arch. Toxicol. 79: 422–426.
doi:10.1007/s00204-004-0645-1.
Chen, C.Y. and Chou, H.N. 2001. Ichthyotoxicity studies of milkfish Chanos chanos fingerlings
exposed to a harmful dinoflagellate Alexandrium minutum. J. Exp. Mar. Bio. Ecol.
262: 211–219. doi:10.1016/S0022-0981(01)00291-X.
Choi, N.M.C., Yeung, L.W.Y., Siu, W.H.L., So, I.M.K., Jack, R.W., Hsieh, D.P.H., Wu, R.S.S.
and Lam, P.K.S. 2006. Relationships between tissue concentrations of paralytic shellfish
toxins and antioxidative responses of clams, Ruditapes philippinarum. Mar. Pollut. Bull.
52: 572–578. doi:10.1016/j.marpolbul.2006.01.009.
Cohen, J.H., Tester, P.A. and Forward, R.B. 2007. Sublethal effects of the toxic dinoflagellate
Karenia brevis on marine copepod behavior. J. Plankton Res. 29: 301–315. doi:10.1093/
plankt/fbm016.
Colin, S.P. and Dam, H.G. 2004. Testing for resistance of pelagic marine copepods to a toxic
dinoflagellate. Evol. Ecol. 18: 355–377. doi:10.1007/s10682-004-2369-3.
Costa, P.R., Pereira, P., Guilherme, S., Barata, M., Nicolau, L., Santos, M.A., Pacheco, M. and
Pousão-Ferreira, P. 2012. Biotransformation modulation and genotoxicity in white seabream
upon exposure to paralytic shellfish toxins produced by Gymnodinium catenatum. Aquat.
Toxicol. 106: 42–47.
Costa, P.R., Pereira, P., Guilherme, S., Barata, M., Nicolau, L., Santos, M.A., Pacheco, M. and
Pousão-Ferreira, P. 2012. Biotransformation modulation and genotoxicity in white seabream
upon exposure to paralytic shellfish toxins produced by Gymnodinium catenatum. Aquat.
Toxicol. 106: 42–47.
Costa, P.R. 2014. Impact and effects of paralytic shellfish poisoning toxins derived from harmful
algal blooms to marine fish. Fish Fish. 226–248. doi:10.1111/faf.12105.
Costa, R.M. Pereira, L.C.C. and Ferrnández, F. 2012. Deterrent effect of Gymnodinium catenatum
Graham PSP-toxins on grazing performance of marine copepods. Harmful Algae 17: 75–82.
doi:10.1016/j.hal.2012.03.002.
Costas, E. and Lopez-Rodas, V. 1998. Paralytic phycotoxins in monk seal mass mortality. Vet. Rec.
142: 643–644. doi:10.1136/vr.142.23.643.
Cruz, P.G., Daranas, A.H., Fernández, J.J., Souto, M.L. and Norte, M. 2006. DTX5c, a new OA
sulphate ester derivative from cultures of Prorocentrum belizeanum. Toxicon. 47: 920–924.
doi:10.1016/j.toxicon.2006.03.005.
Dizer, H., Fischer, B., Harabawy, A.S.A., Hennion, M.C. and Hansen, P.D. 2001. Toxicity of domoic
acid in the marine mussel Mytilus edulis. Aquat. Toxicol. 55: 149–156.
Dolah, F.M. Van. 2000. Marine algal toxins: Origins, health effects, and their increased occurrence.
Environ. Health Perspect. 108: 133–141. doi:10.1289/ehp.00108s1143.
Dupont, J.M., Hallock, P. and Jaap, W.C. 2010. Ecological impacts of the 2005 red tide on artificial
reef epibenthic macroinvertebrate and fish communities in the eastern Gulf of Mexico
415: 189–200. doi:10.3354/meps08739.
Dupuy, J.L. and Sparks, A.K. 1967. Gonyaulax washingtonensis, its relationship to Mytilus
californianus and Crassostrea gigas as a source of paralytic shellfish toxin in Sequim Bay,
Washington. Proc. Natl. Shellfish. Assoc. 58: 2.

Effects of Harmful Algal Bloom Toxins on Marine Organisms

81

©

20
19

Ta
ylo
ra

nd

Fr

an

cis

LL

C.

Co

nt

rib

ut

or

’s

Co

py

fo
r

Pe

rs

on

al

Us

e

O

nl
y

Dutz, J. 1998. Repression of fecundity in the neritic copepod Acartia clausi exposed to the toxic
dinoflagellate Alexandrium lusitanicum: Relationship between feeding and egg production.
Mar. Ecol. Prog. Ser. 175: 97–107. doi:10.3354/meps175097.
Escobedo-Lozano, A.Y., Estrada, N., Ascencio, F., Contreras, G. and Alonso-Rodriguez, R. 2012.
Accumulation, biotransformation, histopathology and paralysis in the Pacific calico scallop
Argopecten ventricosus by the paralyzing toxins of the dinoflagellate Gymnodinium catenatum.
Mar. Drugs 10: 1044–1065. doi:10.3390/md10051044.
Estrada, N., de Jesús Romero, M., Campa-Córdova, A., Luna, A. and Ascencio, F. 2007. Effects of
the toxic dinoflagellate, Gymnodinium catenatum on hydrolytic and antioxidant enzymes, in
tissues of the giant lions-paw scallop Nodipecten subnodosus. Comp. Biochem. Physiol.—C
Toxicol. Pharmacol. 146: 502–510. doi:10.1016/j.cbpc.2007.06.003.
Estrada, N., Rodríguez-Jaramillo, C., Contreras, G. and Ascencio, F. 2010. Effects of induced
paralysis on hemocytes and tissues of the giant lions-paw scallop by paralyzing shellfish
poison. Mar. Biol. 157: 1401–1415. doi:10.1007/s00227-010-1418-4.
Fire, S.E., Fauquier, D., Flewelling, L.J., Henry, M., Naar, J., Pierce, R. and Wells, R.S. 2007.
Brevetoxin exposure in bottlenose dolphins (Tursiops truncatus) associated with Karenia
brevis blooms in Sarasota Bay, Florida 827–834. doi:10.1007/s00227-007-0733-x.
Fire, S.E., Wang, Z., Leighfield, T.A., Morton, S.L., McFee, W.E., McLellan, W.A., Litaker, R.W.,
Tester, P.A., Hohn, A.A., Lovewell, G., Harms, C., Rotstein, D.S., Barco, S.G., Costidis, A.,
Sheppard, B., Bossart, G.D., Stolen, M., Durden, W.N. and Van Dolah, F.M. 2009. Domoic acid
exposure in pygmy and dwarf sperm whales (Kogia spp.) from southeastern and mid-Atlantic
U.S. waters. Harmful Algae 8: 658–664. doi:http://dx.doi.org/10.1016/j.hal.2008.12.002.
Fire, S.E., Wang, Z., Berman, M., Langlois, G.W., Morton, S.L., Sekula-Wood, E. and BenitezNelson, C.R. 2010. Trophic transfer of the harmful algal toxin domoic acid as a cause of
death in a Minke whale (Balaenoptera acutorostrata) stranding in Southern California. Aquat.
Mamm. 36: 342–350.
Fire, S.E., Wang, Z., Byrd, M., Whitehead, H.R., Paternoster, J. and Morton, S.L. 2011.
Co-occurrence of multiple classes of harmful algal toxins in bottlenose dolphins (Tursiops
truncatus) stranding during an unusual mortality event in Texas, USA. Harmful Algae
10: 330–336. doi:10.1016/j.hal.2010.12.001.
Flaherty, K.E. and Landsberg, J.H. 2011. Effects of a Persistent Red Tide (Karenia brevis) Bloom
on Community Structure and Species-Specific Relative Abundance of Nekton in a Gulf of
Mexico Estuary 417–439. doi:10.1007/s12237-010-9350-x.
Flewelling, L.J., Naar, J.P., Abbott, J.P., Baden, D.G., Barros, N.B., Bossart, G.D., Bottein,
M.-Y.D., Hammond, D.G., Haubold, E.M. and Heil, C.A. 2005. Brevetoxicosis: Red tides and
marine mammal mortalities. Nature 435: 755–756.
Flewelling, L.J., Naar, J.P., Abbott, J.P., Baden, D.G., Barros, N.B., Bossart, G.D., Bottein,
M.-Y.D., Hammond, D.G., Haubold, E.M., Heil, C.A., Henry, M.S., Jacocks, H.M., Leighfield,
T.A., Pierce, R.H., Pitchford, T.D., Rommel, S.A., Scott, P.S., Steidinger, K.A., Truby, E.W.,
Van Dolah, F.M. and Landsberg, J.H. 2005. Brevetoxicosis: Red tides and marine mammal
mortalities. Nature 435: 755–756. doi:10.1038/nature435755a.
Flórez-Barrós, F., Prado-Alvarez, M., Méndez, J. and Fernández-Tajes, J. 2011. Evaluation
of genotoxicity in gills and hemolymph of clam Ruditapes decussatus fed with the toxic
dinoflagellate Prorocentrum lima. J. Toxicol. Environ. Health. A 74: 971–979. doi:10.1080/
15287394.2011.582025.
Forrester, D.J., Gaskin, J.M., White, F.H., Thompson, N.P., Quick, J.A., Henderson, G.E., Woodbard,
J.C. and Robertson, W.D. 1977. An epizootic of waterfowl associated with a red tide episode in
florida. J. Wildl. Dis. 13: 160–167. doi:10.7589/0090-3558-13.2.160.
Frangopulos, M., Guisande, C., Maneiro, I., Riveiro, I. and Franco, J. 2000. Short-term and longterm effects of the toxic dinoflagellate Alexandrium minutum on the copepod Acartia clausi.
Mar. Ecol. Prog. Ser. 203: 161–169. doi:10.3354/meps203161.
Fritz, L., Quilliam, M.A. and Jeffrey, L.C.W. 1992. An outbreak of domoic acid poisoning attributed
to the pennate diatom Pseudonitzschia australis. J. Phycol. 28: 439–442.

82

Ecotoxicology of Marine Organisms

©

20
19

Ta
ylo
ra

nd

Fr

an

cis

LL

C.

Co

nt

rib

ut

or

’s

Co

py

fo
r

Pe

rs

on

al

Us

e

O

nl
y

Gainey, L.F. and Shumway, S.E. 1988. Physiological effects of Protogonyaulax tamarensis on
cardiac activity in bivalve molluscs. Comp. Biochem. Physiol. Part C, Comp. 91: 159–164.
doi:10.1016/0742-8413(88)90182-X.
Geraci, J.R. 1989. Clinical investigation of the 1987–88 mass mortality of bottlenose dolphins along
the U.S. central and south Atlantic coast. Natl. Mar. Fish. Serv. U.S. Navy, Mar. Mammal
Commmission 1–63.
Geraci, J.R., Anderson, D.M., Timperi, R.J., St. Aubin, D.J., Early, G.A., Prescott, J.H. and Mayo,
C.A. 1989. Humpback Whales (Megaptera novaeangliae) fatally poisoned by dinoflagellate
Toxin. Can. J. Fish. Aquat. Sci. doi:10.1139/f89-238.
Gill, C.W. and Harris, R.P. 1987. Behavioral responses of the copepods Calanus helgolandicus and
Temora longicornis to dinoflagellate diets. J. Mar. Biol. Assoc. United Kingdom 67: 785–801.
doi:10.1017/S0025315400057039.
Glennan, A.H. 1887. Fish killed by poisonous water. Bull. United States Fish Comm. 6: 10–11.
doi:10.1126/science.11.265.149.
Goldstein, T., Zabka, T.S., DeLong, R.L., Wheeler, E.A., Ylitalo, G., Bargu, S., Silver, M.,
Leighfield, T., Van Dolah, F., Langlois, G., Sidor, I., Dunn, J.L. and Gulland, F.M.D. 2009.
The role of domoic acid in abortion and premature parturition of california sea lions (Zalophus
californianus) on San Miguel island, California. J. Wildl. Dis. 45: 91–108.
Gosselin, S., Fortier, L. and Gagné, J.A. 1989. Vulnerability of marine fish larvae to the toxic
dinoflagellate Protogonyaulax tamarensis. Mar. Ecol. Prog. Ser. 57: 1–10.
Gubbins, M.J., Guezennec, E.A., Eddy, F.B., Gallacher, S. and Stagg, R.M. 2001. Paralytic shellfish
toxins and glutathione s-transferases in artificially intoxicated marine organisms. pp. 387–391.
In: Hallegraeff, G., Blackburn, S., Bolch, C.J. and Lewis, R.J. (eds.). Harmful Algal Blooms
2000. Intergovernmental Oceanographic Commission of UNESCO.
Gunter, G., Smith, W. and Williams, R.H. 1947. Mass mortality of marine animals on the lower west
coast of Florida, November 1946–January 1947. Science 105(2723): 256–257.
Gunter, G., Williams, R.H., Davis, C.C. and Smith, F.G.W. 1948. Catastrophic mass mortality of
marine animals and coincident phytoplankton bloom on the west coast of Florida, November
1946 to August 1947. Ecol. Monogr. 18: 309–324. doi:10.2307/1948575.
Haberkorn, H., Lambert, C., Le Goic, N., Guéguen, M., Moal, J., Palacios, E. Lassus, P. and Soudant, P.
2010. Effects of Alexandrium minutum exposure upon physiological and hematological
variables of diploid and triploid oysters, Crassostrea gigas. Aquatic Toxicology, Elsevier
97(2): 96–108.
Hallegraeff, G.M. 1993. A review of harmful algal blooms and their apparent global increase.
Phycologia 32: 79–99.
Hallegraeff, G.M., Anderson, D.M. and Cembella, A.D. 2003. Manual on Harmful Marine
Microalgae. Unesco Publishing, Paris, France.
Hallegraeff, G.M. 2014. Harmful algae and their toxins: Progress, paradoxes and paradigm shifts.
pp. 3–20. In: Rossini, G.P. (ed.). Toxins and Biologically Active Compounds from Microalgae.
CRC Press. doi:10.1201/b16569-3.
Hansen, P. 1989. The red tide dinoflagellate Alexandrium tamarense: effects on behaviour and
growth of a tintinnid ciliate. Mar. Ecol. Prog. Ser. 53: 105–116. doi:10.3354/meps053105.
Hansen, P.J., Cembella, A.D. and Moestrup, Øjvind. 1992. The marine dinoflagellate Alexandrium
Ostenfeldii: Paralytic shellfish toxin concentration, composition, and toxicity to a tintinnid
ciliate. J. Phycol. doi:10.1111/j.0022-3646.1992.00597.x.
Hernández, M., Robinson, I., Aguilar, A., González, L.M., López-Jurado, L.F., Reyero, M.I.,
Cacho, E., Franco, J., López-Rodas, V. and Costas, E. 1998. Did algal toxins cause monk seal
mortality? Nature 393: 28–29. doi:10.1038/29906.
Huntley, M., Sykes, P., Rohan, S. and Marin, V. 1986. Chemically-mediated rejection of
dinoflagellate prey by the copepods Calanus pacificus and Paracalanus parvus: mechanism,
occurrence and significance. Mar. Ecol. Prog. Ser. 28: 105–120. doi:10.3354/meps028105.
Huntley, M.E., Ciminiello, P. and Lopez, M.D.G. 1987. Importance of food quality in determining
development and survival of Calanus pacificus (Copepoda: Calanoida). Mar. Biol.
113: 103–113.

Effects of Harmful Algal Bloom Toxins on Marine Organisms

83

©

20
19

Ta
ylo
ra

nd

Fr

an

cis

LL

C.

Co

nt

rib

ut

or

’s

Co

py

fo
r

Pe

rs

on

al

Us

e

O

nl
y

Ives, J.D. 1987. Possible mechanisms underlying copepod grazing responses to levels of toxicity
in red tide dinoflagellates. J. Exp. Mar. Bio. Ecol. 112: 131–144. doi:10.1016/00220981(87)90113-4.
Jones, T.O., Whyte, J.N.C., Ginther, N.G., Townsend, L.D. and Iwama, G.K. 1995. Haemocyte
changes in the Pacific oyster, Crassostrea gigas, caused by exposure to domoic acid in the
diatom Pseudonitzschia pungens f. multiseries 101.
Jones, T.O., Whyte, J.N.C., Townsendb, L.D., Gintherb, N.G. and Iwamaa, G.K. 1995. Effects of
domoic acid on haemolymph pH, PCO, and PO, in the Pacific oyster, Crassostrea gigas and
the California mussel, Mytilus californianus 31: 43–55.
Kao, C.Y. and Nishiyama, A. 1965. Actions of saxitoxin on peripheral neuromuscular systems. J.
Physiol. 180: 50–66. doi:10.1016/0041-0101(66)90089-4.
Kreuder, C., Mazet, J.A., Bossart, G.D., Carpenter, T.E., Holyoak, M., Elie, M.S. and Wright, S.D.
2002. Clinicopathologic features of suspect brevetoxicosis in double-crested cormorants
(Phalacrocorax auritus) along the Florida Gulf coast. J. Zoo. Wildl. Med. 33: 8.
Laabir, M. and Gentien, P. 1999. Survival of the toxic dinoflagellates after gut passage in the Pacific
oyster Crassostrea gigas Thunberg. J. Shellfish Res. 18: 217–222.
Landsberg, J. 2002. The effects of harmful algal blooms on aquatic organisms. Rev. Fish. Sci.
10(2): 113–390.
Landsberg, J.H., Balazs, G.H., Steidinger, K.A., Baden, D.G., Work, T.M. and Russell, D.J. 1999.
The potential role of natural tumor promoters in marine turtle fibropapillomatosis. J. Aquat.
Anim. Health 11: 199–210.
Landsberg, J.H., Flewelling, L.J. and Naar, J. 2009. Karenia brevis red tides, brevetoxins in the food
web, and impacts on natural resources: Decadal advancements. Harmful Algae 8: 598–607.
doi:10.1016/j.hal.2008.11.010.
Lassus, P., Bardouil, M., Beliaeff, B., Masselin, P., Naviner, M. and Truquet, P. 1999. Effect of
a continuous supply of the toxic dinoflagellate Alexandrium minutum Balim on the feeding
behavior of the Pacific oyster (Crassostrea gigas Thunberg). J. Shellfish Res. 18: 211–216.
Lefebvre, K.A., Powell, C.L., Busman, M., Doucette, G.J., Moeller, P.D.R., Silver, J.B., Miller,
P.E., Hughes, M.P., Singaram, S. and Silver, M.W. 1999. Detection of domoic acid in northern
anchovies and California sea lions associated with an unusual mortality event. Nat. Toxins
7: 85–92.
Lefebvre, K.A., Dovel, S.L. and Silver, M.W. 2001. Tissue distribution and neurotoxic effects of
domoic acid in a prominent vector species, the northern anchovy Engraulis mordax. Mar. Biol.
138: 693–700. doi:10.1007/s002270000509.
Lefebvre, K.A., Noren, D.P., Schultz, I.R., Bogard, S.M., Wilson, J. and Eberhart, B.T.L. 2007.
Uptake, tissue distribution and excretion of domoic acid after oral exposure in coho salmon
(Oncorhynchus kisutch). Aquat. Toxicol. 81: 266–274. doi:10.1016/j.aquatox.2006.12.009.
Lefebvre, K.A., Bill, B.D., Erickson, A., Baugh, K.A., O’Rourke, L., Costa, P.R., Nance, S. and
Trainer, V.L. 2008. Characterization of intracellular and extracellular saxitoxin levels in both
field and cultured Alexandrium spp. samples from Sequim Bay, Washington. Mar. Drugs
6: 103–116. doi:10.3390/md20080006.
Lefebvre, K.A., Robertson, A., Frame, E.R., Colegrove, K.M., Nance, S., Baugh, K.A.,
Wiedenhoft, H. and Gulland, F.M.D. 2010. Clinical signs and histopathology associated with
domoic acid poisoning in northern fur seals (Callorhinus ursinus) and comparison of toxin
detection methods. Harmful Algae 9: 374–383. doi:10.1016/j.hal.2010.01.007.
Lefebvre, K., Dovel, S. and Silver, M. 2001. Tissue distribution and neurotoxic effects of domoic
acid in a prominent vector species, the northern anchovy Engraulis mordax. Mar. Biol.
138: 693–700.
Lefebvre, K., Elder, N., Hershberger, P., Trainer, V., Stehr, C. and Scholz, N. 2005. Dissolved
saxitoxin causes transient inhibition of sensorimotor function in larval Pacific herring (Clupea
harengus pallasi). Mar. Biol. 147: 1393–1402. doi:10.1007/s00227-005-0048-8.
Lesser, M.P. and Shumway, S.E. 1993. Effects of toxic dinoflagellates on clearance rates and
survival in juvenile bivalve molluscs. J. Shellfish Res. 12: 377–381.

84

Ecotoxicology of Marine Organisms

©

20
19

Ta
ylo
ra

nd

Fr

an

cis

LL

C.

Co

nt

rib

ut

or

’s

Co

py

fo
r

Pe

rs

on

al

Us

e

O

nl
y

Levasseur, M., Michaud, S., Bonneau, E., Cantin, G., Auger, F., Gagne, A. and Claveau, R. 1996.
Overview of the August 1996 red tide event in the St. Lawrence, effects of a storm surge. pp. 76.
In: Penney, R.W. (ed.). Proceedings of the Fifth Canadian Workshop on Harmful Marine Algae
No. 2138, Canadian Technical Report of Fisheries and Aquatic Science.
Leverone, J.R., Shumway, S.E. and Blake, N.J. 2007. Comparative effects of the toxic dinoflagellate
Karenia brevis on clearance rates in juveniles of four bivalve molluscs from Florida, USA.
Toxicon. 49: 634–645. doi:10.1016/j.toxicon.2006.11.003.
Li, S.-C., Wang, W.-X. and Hsieh, D.P.H. 2002. Effects of toxic dinoflagellate Alexandrium
tamarense on the energy budgets and growth of two marine bivalves. Mar. Environ. Res.
53: 145–160. doi:10.1016/S0141-1136(01)00117-9.
Liu, H., Kelly, M.S., Campbell, D.A., Dong, S.L., Zhu, J.X. and Wang, S.F. 2007. Exposure to
domoic acid affects larval development of king scallop Pecten maximus (Linnaeus, 1758).
Aquat. Toxicol. 81: 152–158. doi:10.1016/j.aquatox.2006.11.012.
Liu, H., Kelly, M.S., Campbell, D.A., Fang, J. and Zhu, J. 2008. Accumulation of domoic acid
and its effect on juvenile king scallop Pecten maximus (Linnaeus, 1758). Aquaculture
284: 224–230. doi:10.1016/j.aquaculture.2008.07.003.
Lopes, V.M., Lopes, A.R., Costa, P. and Rosa, R. 2013. Cephalopods as vectors of harmful algal
bloom toxins in marine food webs. Mar. Drugs 11. doi:10.3390/md11093381.
MacQuarrie, S.P. and Bricelj, V.M. 2008. Behavioral and physiological responses to PSP toxins in
Mya arenaria populations in relation to previous exposure to red tides. Mar. Ecol. Prog. Ser.
366: 59–74. doi:10.3354/meps07538.
Manfrin, C., Dreos, R., Battistella, S., Beran, A., Gerdol, M., Varotto, L., Lanfranchi, G., Venier, P.
and Pallavicini, A. 2010. Mediterranean mussel gene expression profile induced by okadaic
acid exposure. Environ. Sci. Technol. 44: 8276–8283. doi:10.1021/es102213f.
Marsden, I.D. and Shumway, S.E. 1992. Effects of the toxic dinoflagellate Alexandrium tamarense
on the greenshell mussel Perna canaliculus. New Zeal. J. Mar. Freshw. Res. 26: 371–378.
Mase, B., Jones, W., Ewing, R., Bossart, G., Van Dolah, F., Leighfield, T., Busman, M., Litz, J.,
Roberts, B. and Rowles, T. 2000. Epizootic in bottlenose dolphins in the florida panhandle:
1999–2000. pp. 522–525. In: International Association for Aquatic Animal Medicine
Conference.
Matsuyama, Y., Usuki, H., Uchida, T. and Kotani, Y. 2001. Effects of harmful algae on the early
planktonic larvae of the oyster, Crassostrea gigas. pp. 411–415. In: Hallegraeff, G., Blackburn,
S., Bolch, C.J. and Lewis, R.J. (eds.). Harmful Algal Blooms 2000 Intergovernmental
Oceanographic Commission of UNESCO.
McCarthy, M., O’Halloran, J., O’Brien, N.M. and van Pelt, F.F.N.A.M. 2014. Does the marine
biotoxin okadaic acid cause DNA fragmentation in the blue mussel and the pacific oyster?
Mar. Environ. Res. 101: 153–160. doi:10.1016/j.marenvres.2014.09.009.
Mckernan, D.L. and Scheffer, V.B. 1942. Unusual numbers of dead birds on the Washington coast.
Condor. 44: 264–266.
Mello, D.F., Silva, P.M. Da, Barracco, M.A., Soudant, P. and Hégaret, H. 2013. Effects of the
dinoflagellate Alexandrium minutum and its toxin (saxitoxin) on the functional activity and
gene expression of Crassostrea gigas hemocytes. Harmful Algae 26: 45–51. doi:10.1016/j.
hal.2013.03.003.
Miles, C.O., Wilkins, A.L., Stirling, D.J. and MacKenzie, A.L. 2000. New analogue of gymnodimine
from a Gymnodinium species. J. Agric. Food Chem. 48: 1373–6.
Mortensen, A.M. 1985. Massive fish mortalities in the Faroe Islands caused by a Gonyaulax
excavata red tide. pp. 165–170. In: Anderson, D.M., White, A.W. and Baden, D.G. (eds.).
Toxic Dinoflagellates. Elsevier, New York.
Navarro, J.M. and Contreras, A.M. 2010. An integrative response by Mytilus chilensis to the toxic
dinoflagellate Alexandrium catenella. Mar. Biol. 157: 1967–1974. doi:10.1007/s00227-0101465-x.
Negri, A., Stirling, D., Quilliam, M., Blackburn, S., Bolch, C., Burton, I., Eaglesham, G., Thomas,
K., Walter, J. and Willis, R. 2003. Three novel hydroxybenzoate saxitoxin analogues isolated

Effects of Harmful Algal Bloom Toxins on Marine Organisms

85

©

20
19

Ta
ylo
ra

nd

Fr

an

cis

LL

C.

Co

nt

rib

ut

or

’s

Co

py

fo
r

Pe

rs

on

al

Us

e

O

nl
y

from the dinoflagellate Gymnodinium catenatum. Chem. Res. Toxicol. 16: 1029–1033.
doi:10.1021/tx034037j.
Nisbet, I.C.T. 1983. Paralytic shellfish poisoning: Effects on breeding terns. Condor. 85: 338.
doi:10.2307/1367071.
Nogueira, I., Lobo-da-Cunha, A., Afonso, A., Rivera, S., Azevedo, J., Monteiro, R., Cervantes, R.,
Gago-Martinez, A. and Vasconcelos, V. 2010. Toxic effects of domoic acid in the seabream
Sparus aurata. Mar. Drugs 8: 2721–2732. doi:10.3390/md8102721.
O’Shea, T.J., Rathbun, G.B., Bonde, R.K., Buergelt, C.D. and Odell, D.K. 1991. An epizootic of
Florida manatees associated with a dinoflagellate bloom. Mar. Mammal Sci. 7: 165–179.
Perez-mendes, P., Cinini, S.M., Medeiros, M.A., Tufik, S. and Mello, L.E. 2005. Behavioral and
Histopathological Analysis of Domoic Acid Administration in Marmosets 46: 148–151.
Perreault, F., Matias, M.S., Oukarroum, A., Matias, W.G. and Popovic, R. 2012. Okadaic acid
inhibits cell growth and photosynthetic electron transport in the alga Dunaliella tertiolecta.
Sci. Total Environ. 414: 198–204. doi:10.1016/j.scitotenv.2011.10.045.
Prego-Faraldo, M.V., Valdiglesias, V., Laffon, B., Eirín-López, J.M. and Méndez, J. 2015. In vitro
analysis of early genotoxic and cytotoxic effects of okadaic acid in different cell types of the
mussel Mytilus galloprovincialis. J. Toxicol. Environ. Heal. Part A 78: 814–824. doi:10.1080
/15287394.2015.1051173.
Prince, E.K., Lettieri, L., Mccurdy, K.J. and Kubanek, J. 2006. Fitness consequences for copepods
feeding on a red tide dinoflagellate: deciphering the effects of nutritional value, toxicity, and
feeding behavior. Oecologia. 479–488. doi:10.1007/s00442-005-0274-2.
Prince, E.K., Myers, T.L. and Kubanek, J. 2008. Effects of harmful algal blooms on competitors:
Allelopathic mechanisms of the red tide dinoflagellate Karenia brevis. Limnol. Oceanogr.
53: 531–541. doi:10.4319/lo.2008.53.2.0531.
Quick, J.A. and Henderson, G.E. 1974. Effects of Gymnodinium breve red tide on fishes and birds:
a preliminary report on behavior, anatomy, hematology and histopathology. pp. 85–113.
In: Amborski, R.L., Hood, M.A. and Miller, R.R. (eds.). Proceedings of the Gulf Coast
Regional Symposium on Diseases of Aquatic Animals. Louisiana State University, Louisiana
Sea Grant.
Reyero, M., Cacho, E., Martõ, A. and Marina, A. 2000. Evidence of Saxitoxin Derivatives as
Causative Agents in the 1997 Mass Mortality of Monk Seals in the Cape Blanc Peninsula
315: 311–315.
Riley, C.M., Holt, S.A., Holt, G.J., Buskey, E.J. and Arnold, C.R. 1989. Mortality of larval red
drum (Sciaenops ocellatus) associated with a Ptychodiscus brevis red tide. Contrib. Mar. Sci.
31: 137–146.
Ritchie, J.M. and Rogart, R.B. 1977. The binding of saxitoxin and tetrodotoxin to excitable tissue.
Rev. Physiol. Biochem. Pharmacol. 79: 1–50. doi:10.1007/BFb0037088.
Rounsefell, G.A. and Nelson, W.R. 1966. Red-tide research summarized to 1964 including an
annotated bibliography. Special Scientific Report No. 535, United States Department of
Interior.
Sadananda, M. and Bischof, H.-J. 2002. Enhanced fos expression in the zebra finch (Taeniopygia
guttata) brain following first courtship. J. Comp. Neurol. 448: 150–164. doi:10.1002/
cne.10232.
Salierno, J.D., Snyder, N.S., Murphy, A.Z., Poli, M., Hall, S., Baden, D. and Kane, A.S. 2006.
Harmful algal bloom toxins alter c-Fos protein expression in the brain of killifish, Fundulus
heteroclitus. Aquat. Toxicol. 78: 350–357. doi:10.1016/j.aquatox.2006.04.010.
Samson, J.C., Shumway, S.E. and Weis, J.S. 2008. Effects of the toxic dinoflagellate, Alexandrium
fundyense on three species of larval fish: a food-chain approach. J. Fish. Biol. 72: 168–188.
doi:10.1111/j.1095-8649.2007.01698.x.
Satake, M., Ofuji, K., Naoki, H., James, K.J., Furey, A., McMahon, T., Silke, J. and Yasumoto, T.
1998. Azaspiracid, a new marine toxin having unique spiro ring assemblies, isolated from irish
mussels, Mytilus edulis. J. Am. Chem. Soc. 120: 9967–9968. doi:10.1021/JA981413R.

86

Ecotoxicology of Marine Organisms

©

20
19

Ta
ylo
ra

nd

Fr

an

cis

LL

C.

Co

nt

rib

ut

or

’s

Co

py

fo
r

Pe

rs

on

al

Us

e

O

nl
y

Scholin, C.A., Gulland, F., Doucette, G.J., Benson, S., Busman, M., Chavez, F.P., Cordaro, J.,
DeLong, R., De Vogelaere, A. and Harvey, J. 2000. Mortality of sea lions along the central
California coast linked to a toxic diatom bloom. Nature 403: 80–84.
Schreiber, R.W., Dunstan, F.M. and Dinsmore, J.J. 1975. Lesser scaup mortality in tampa Bay
Florida 1974. Florida F. Nat. 3: 13–15.
Schröder, H.C., Breter, H.J., Fattorusso, E., Ushijima, H., Wiens, M., Steffen, R., Batel, R. and
Müller, W.E.G. 2006. Okadaic acid, an apoptogenic toxin for symbiotic/parasitic annelids in
the demosponge Suberites domuncula. Appl. Environ. Microbiol. 72: 4907–4916. doi:10.1128/
AEM.00228-06.
Shaw, B.A., Andersen, R.J. and Harrison, P.J. 1997. Feeding deterrent and toxicity effects of
apo-fucoxanthinoids and phycotoxins on a marine copepod (Tigriopus californicus) 273–280.
Shumway, S. and Cucci, T.L. 1987. The effects of the toxic dinoflagellate Protogonyaulax
tamarensis on the feeding and behaviour of bivalve molluscs. Aquat. Toxicol. 10: 9–27.
doi:10.1016/0166-445X(87)90024-5.
Shumway, S.E., Pierce, F.C. and Knowlton, K. 1987. The effect of Protogonyaulax tamarensis on
byssus production in Mytilus edulis L., Modiolus modiolus Linneaeus, 1758 and Geukensia
demissa Dillwyn. Comp. Biochem. Physiol. 87: 1021–1023.
Shumway, S.E. 1990. A review of the effects of algal blooms on shellfish and aquaculture. J. World
Aquac. Soc. 21: 65–104. doi:10.1111/j.1749-7345.1990.tb00529.x.
Shumway, S.E., Allen, S.M. and Dee Boersma, P. 2003. Marine birds and harmful algal blooms:
sporadic victims or under-reported events? Harmful Algae 2: 1–17. doi:10.1016/S15689883(03)00002-7.
Sievers, A.M. 1969. Comparative toxicity of Gonyaulax monilata and Gymnodinium breve to
annelids, crustaceans, molluscs and fish. J. Protozool. 16: 401–404.
Sierra-Beltrán, A., Palafox-Uribe, M., Grajales-Montiel, J., Cruz-Villacorta, A. and Ochoa, J.L.
1997. Sea bird mortality at Cabo San Lucas, Mexico: evidence that toxic diatom blooms are
spreading. Toxicon. 35(3): 447–453.
Silvagni, P.A., Lowenstine, L.J., Spraker, T., Lipscomb, T.P. and Gulland, F.M.D. 2005. Pathology
of domoic acid toxicity in California sea lions (Zalophus californianus). Vet. Pathol.
42: 184–91. doi:10.1354/vp.42-2-184.
Simon, J.L. and Dauer, D.M. 1972. A quantitative evaluation of red-tide induced mass mortalities of
benthic invertebrates in Tampa Bay, Florida. Environ. Lett. 3: 229–234.
Smayda, T.J. 1997. What is a bloom? A commentary. Limnol. Oceanogr. 42 (5, par 2): 1132–1136.
Smayda, T.J. 1997. Harmful algal blooms: their ecophysiology and general relevance to phytoplankton
blooms in the sea. Limnol. Oceanogr. 42: 1137–1153. doi:10.4319/lo.1997.42.5_part_2.1137.
Soliño, L., de la Iglesia, P., García Altares, M. and Diogène, J. 2014. The chemistry of ciguatoxins:
From the first records to 176 current challenges of monitoring programs. pp. 176–207. In:
Toxins and Biologically Active Compounds from Microalgae, Volume 1. CRC Press.
doi:10.1201/b16569-10.
Steidinger, K.A., Burklew, M.A. and Ingle, M. 1973. The effects of Gymnodinium breve toxin
on estuarine animals. pp. 179–202. In: Martin, D.F. and Padilla, G.M. (eds.). Marine
Pharmacognosy: Action of Marine Toxins at the Cellular Level. Academic Press, New York.
Suganuma, M., Fujiki, H., Suguri, H., Yoshizawa, S., Hirota, M., Nakayasut, M., Ojikaf, M.,
Wakamatsu, K. and Yamadat, K. 1988. Okadaic acid: An additional non-phorbol-12tetradecanoate-13-acetate-type tumor promoter. Biochemistry 85: 1768–1771.
Summerson, H.C. and Peterson, C.H. 1990. Recruitment failure of the bay scallop, Argopecten
irradians concentricus, during the first red tide, Ptychodiscus brevis, outbreak recorded in
North Carolina. Estuaries 13: 322–331. doi:10.2307/1351923.
Suzuki, T., Ota, H. and Yamasaki, M. 1999. Direct evidence of transformation of dinophysistoxin-1
to 7-O-acyl-dinophysistoxin-1 (dinophysistoxin-3) in the scallop Patinopecten yessoensis.
Toxicon. 37: 187–198. doi:http://dx.doi.org/10.1016/S0041-0101(98)00182-2.
Svensson, S. and Förlin, L. 1998. Intracellular effects of okadaic acid in the blue mussel Mytilus
edulis, and rainbow trout Oncorhynchus mykiss. Mar. Environ. Res. 46: 449–452. doi:10.1016/
S0141-1136(97)00099-8.

Effects of Harmful Algal Bloom Toxins on Marine Organisms

87

©

20
19

Ta
ylo
ra

nd

Fr

an

cis

LL

C.

Co

nt

rib

ut

or

’s

Co

py

fo
r

Pe

rs

on

al

Us

e

O

nl
y

Svensson, S., Särngren, A. and Förlin, L. 2003. Mussel blood cells, resistant to the cytotoxic effects
of okadaic acid, do not express cell membrane p-glycoprotein activity (multixenobiotic
resistance). Aquat. Toxicol. 65: 27–37. doi:10.1016/S0166-445X(03)00097-3.
Sykes, P.F. and Huntley, M.E. 1987. Acute physiological reactions of Calanus pacificus to selected
dinoflagellates: direct observations. Mar. Biol. 94: 19–24. doi:10.1007/BF00392895.
Takada, N., Iwatsuki, M., Suenaga, K. and Uemura, D. 2000. Pinnamine, an alkaloidal marine
toxin, isolated from Pinna muricata. Tetrahedron Lett. 41: 6425–6428. doi:10.1016/S00404039(00)00931-X.
Teegarden, G.J. 1999. Copepod grazing selection and particle discrimination on the basis of PSP
toxin content. Mar. Ecol. Prog. Ser. 181: 163–176. doi:10.1097/00006534-199703000-00052.
Teegarden, G.J., Campbell, R.G. and Durbin, E.G. 2001. Zooplankton feeding behavior and particle
selection in natural plankton assemblages containing toxic Alexandrium spp. Mar. Ecol. Prog.
Ser. 218: 213–226. doi:10.3354/meps218213.
Thronson, A. and Quigg, A. 2008. Fifty-five years of fish kills in coastal Texas. Estuaries and Coasts
31: 802–813. doi:10.1007/s12237-008-9056-5.
Tran, D., Haberkorn, H., Soudant, P., Ciret, P. and Massabuau, J.C. 2010. Behavioral responses
of Crassostrea gigas exposed to the harmful algae Alexandrium minutum. Aquaculture
298: 338–345. doi:10.1016/j.aquaculture.2009.10.030.
Tran, D., Ciutat, A., Mat, A., Massabuau, J.C., Hégaret, H., Lambert, C., Le Goic, N. and Soudant, P.
2015. The toxic dinoflagellate Alexandrium minutum disrupts daily rhythmic activities at
gene transcription, physiological and behavioral levels in the oyster Crassostrea gigas. Aquat.
Toxicol. 158: 41–49. doi:10.1016/j.aquatox.2014.10.023.
Turner, J. and Tester, P. 1997. Toxic marine phytoplankton, zooplankton grazers, and pelagic food
webs. Limnol. Oceanogr. 42: 1203–1214. doi:10.4319/lo.1997.42.5_part_2.1203.
Turner, J.T. and Tester, P.A. 1989. Zooplankton feeding ecology: copepod grazing during an
expatriate red tide. pp. 359–374. In: Cosper, E.M., Bricelj, V.M. and Carpenter, E.J. (eds.).
Novel Phytoplankton Blooms. Causes and Impacts of Recurrent Brown Tides and Other
Unusual Blooms, Springer.
Turner, J.T., Lincoln, J.A., Tester, P.A., Bates, S.S. and Leger, C. 1996. Do toxic phytoplankton
reduce egg production and hatching success of the copepod Acartia tonsa? Eos (Washington,
DC) 76: OS12G-.
Turriff, N., Runge, J.A. and Cembella, A.D. 1995. Toxin accumulation and feeding-behavior of the
planktonic copepod Calanus finmarchicus exposed to the red-tide dinoflagellate Alexandrium
excavatum. Mar. Biol. 123: 55–64. doi:10.1007/BF00350323.
Uye, S. 1986. Impact of copepod grazing on the red-tide flagellate Chattonella antiqua. Mar. Biol.
Int. J. Life Ocean. Coast. Waters 92: 35–43. doi:10.1007/BF00392743.
Uye, S. and Takamatsu, K. 1990. Feeding interactions between planktonic copepods and red-tide
flagellates from japanese coastal waters. Mar. Ecol. Prog. Ser. 59: 97–107. doi:10.3354/
meps059097.
Vargo, G., Atwood, K., Deventer, M. Van and Harris, R. 2006. Beached bird surveys on shell key,
pinellas county, Florida. Florida F. Nat. 34: 21–27.
Vasconcelos, V., Azevedo, J., Silva, M. and Ramos, V. 2010. Effects of marine toxins on the
reproduction and early stages development of aquatic organisms. Mar. Drugs 8: 59–79.
doi:10.3390/md8010059.
Villareal, T.A., Hanson, S., Qualia, S., Jester, E.L.E., Granade, H.R. and Dickey, R.W. 2007.
Petroleum production platforms as sites for the expansion of ciguatera in the northwestern
Gulf of Mexico. Harmful Algae 6: 253–259. doi:10.1016/J.HAL.2006.08.008.
Wang, L., Liang, X., Huang, Y., Li, S. and Ip, K. 2008. Transcriptional responses of xenobiotic
metabolizing enzymes, HSP70 and Na1/K1-ATPase in the liver of rabbitfish (Siganus oramin)
Intracoelomically Injected with Amnesic Shellfish Poisoning Toxin 363–371. doi:10.1002/tox.
Wells, M.L., Trainer, V.L., Smayda, T.J., Karlson, B.S.O., Trick, C.G., Kudela, R.M., Ishikawa, A.,
Bernard, S., Wulff, A., Anderson, D.M. and Cochlan, W.P. 2015. Harmful algal blooms and
climate change: Learning from the past and present to forecast the future. Harmful Algae
49: 68–93. doi:10.1016/j.hal.2015.07.009.

88

Ecotoxicology of Marine Organisms

©

20
19

Ta
ylo
ra

nd

Fr

an

cis

LL

C.

Co

nt

rib

ut

or

’s

Co

py

fo
r

Pe

rs

on

al

Us

e

O

nl
y

White, A.W. 1981. Sensitivity of marine fishes to toxins from the red-tide dinoflagellate Gonyaulax
excavata and implications for fish kills. Mar. Biol. 65: 255–260. doi:10.1007/BF00397119.
Wiens, M., Luckas, B., Brümmer, F. and Shokry, M. 2003. Okadaic acid: a potential defense
molecule for the sponge Suberites domuncula. Mar. Biol. 142: 213–223. doi:10.1007/s00227002-0886-6.
Wikfors, G.H. and Smolowitz, R.M. 1995. Experimental and histological studies of four lifehistory stages of the eastern oyster, Crassostrea virginica, exposed to a cultured strain of the
dinoflagellate Prorocentrum minimum. Biol. Bull. 188: 313–328. doi:10.2307/1542308.
Windust, A.J., Wright, J.L.C. and McLachlan, J.L. 1996. The effects of the diarrhetic shellfish
poisoning toxins, okadaic acid and dinophysistoxin-1, on the growth of microalgae. Mar. Biol.
126: 19–25. doi:10.1007/bf00571373.
Work, T., Beale, A., Fritz, L., Quilliam, M., Silver, M., Buck, K. and Wright, J. 1993. Domoic
acid intoxication of brown pelicans and cormorants in santa cruz, California. pp. 643–649.
In: Smayda, T.J. and Shimizu, Y. (eds.). Toxic Phytoplankton Blooms in the Sea.
Yan, T., Zhou, M., Fu, M., Wang, Y., Yu, R. and Li, J. 2001. Inhibition of egg hatching success
and larvae survival of the scallop, Chlamys farreri, associated with exposure to cells and cell
fragments of the dinoflagellate Alexandrium tamarense. Toxicon. 39: 1239–1244. doi:10.1016/
S0041-0101(01)00080-0.
Yan, T., Zhou, M., Fu, M., Yu, R., Wang, Y. and Li, J. 2003. Effects of the dinoflagellate Alexandrium
tamarense on early development of the scallop Argopecten irradians concentricus. Aquaculture
217: 167–178. doi:10.1016/S0044-8486(02)00117-5.
Zabka, T.S., Goldstein, T., Cross, C., Mueller, R.W., Kreuder-Johnson, C., Gill, S. and Gulland, F.M.D.
2009. Characterization of a Degenerative Cardiomyopathy Associated with Domoic Acid
Toxicity in California Sea Lions (Zalophus californianus) 119: 105–119.
Zaman, L., Arakawa, O., Shimosu, A., Onoue, Y., Nishio, S., Shida, Y. and Noguchi, T. 1997. Two
new isomers of domoic acid from a red alga, Chondria armata. Toxicon. 35: 205–12.

