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EMBAYMENT SYSTEMS

Coastal embayments are a broad category of an ecosystem
type that may be loosely defined as an enclosed or semi-
enclosed aquatic environment along a land-mass margin.
Embayments are highly diverse, representing a spectrum of
varying degrees of physical isolation from the open coast and
hydrodynamic regime. Such systems include certain estuaries,
lagoons, rias (“drowned estuaries”), firths, and fjords. At one
extreme of the continuum, classic fjords, such as are found in
Norway, Chile, and British Columbia, are typically deeply gla-
ciated basins (often V-shaped) with steep sides, and are gen-
erally restricted to latitudes above 45° in both hemispheres.
Fjordal water circulation patterns are characterized by surface
outflow of buoyant freshwater, and an inward-bound com-
pensation current, so-called estuarine circulation. Bottom
water of fjords often tends to become anoxic, especially with
the presence of a sill formed by excavated or scoured material
accumulated towards the mouth of the inlet (Skjoldal et al.,
1995) (Figure 1). By contrast, coastal lagoons, such as those
found along the Mediterranean Sea (right), the Carolinas in
the United States, and other parts of the Iberian coast, as well
as in the tropics, are often shallow basins linked to the land’s
margin, but lack the stratification parameters and circulation

of fjords, and typically have a soft-bottom substrate.

The diversity of these embayments defies a common de-
scription; but because these systems are partially surrounded
by land and are transitional zones, they tend to be heav-
ily affected by terriginous run-off, sediment transport, and
other land-sea interactions (Valiela, 1991). It may be argued
that because of the geomorphological and hydrographic di-
versity among coastal embayments, meaningful comparisons
cannot be made. Nevertheless, it seems reasonable to begin
the process of sub-categorization of the different types of
coastal embayments with respect to determining how basin
morphology and degree of retention of water and organisms
affects the dynamics of key harmful algal bloom (HAB) spe-
cies. Such ecosystems do share common features related to
spatial scale, constrained hydrodynamics, and land-sea in-
teractions that can be clearly distinguished from processes in
large-scale coastal current or upwelling zones, even though
embayments may be linked to these adjacent systems.

The hydrographic regime within coastal embayments is
complex (hence, difficult to model) and may include es-
tuarine circulation, formation of fronts and internal waves,
geostrophic adjustment, wind and tidal mixing, vertical den-
sity gradients, and the influence of Earth’s rotation (Coriolis
effect). In turn, circulation is coupled to events in adjacent

coastal waters. In the open ocean, mesoscale eddies (spatial
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COASTAL EMBAYMENTS OF THE EBRE DELTA in the Northwest Mediterranean have been formed and have evolved

through river sedimentary processes in conjunction with estuarine and oceanographic patterns. In the present con-

figuration, the Ebre delta is bisected by the Ebre River emerging at the end of the delta and containing two distinct
shallow-water embayments, Fangar and Alfacs Bays. Fangar Bay, shown on the left hand side of the delta, is smaller
and very shallow, with a maximum depth of approximately 4 m; the mouth is oriented northwest and is thus exposed
to strong northwesterly winds from the Ebre valley. Alfacs Bay, on the right side of the image, is larger and somewhat
deeper (maximum 6 m), with the mouth exposed to the southwest; it is protected against the strong northwesterly
winds descending through the Ebre valley from the Montsia mountains. Coastal currents, wind, and freshwater in-
put from agricultural activities (mainly rice fields) affect circulation patterns and thus the retention time of water

and phytoplankton within these bays; they may be the driving physical factors determining the dynamics of harmful
blooms. Both bays are active sites for shellfish production of mussels (Mytilus galloprovincialis) and oysters (Cassostrea
gigas). Harmful algal blooms within these bays have been responsible for recurrent diarrhetic shellfish poisoning (DSP)
(e.g., from Dinophysis sacculus), paralytic shellfish poisoning (PSP) (e.g., from Alexandrium minutum) and ichthyotoxic
events (caused by blooms of Gyrodinium corsicum, Karlodinium sp.). Interestingly, in spite of the proximity of Fangar
and Alfacs Bays within the Ebre delta system and their apparently similar environmental conditions, HAB dynamics
and related events are very distinct processes within these respective embayments. Image (ISS004-E-13584) courtesy

of Earth Sciences and Image Analysis Laboratory, NASA Johnson Space Center (available at http://eol,jsc.nasa.gov).
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scale of 100 km and a temporal scale of
one month) are dominant features of
variability. Within coastal embayments,
physical factors such as winds, tides,
flux of water and dissolved and particu-
late material, as well as related extreme
events (e.g., flooding, storm surges)
often dominate on a temporal scale of
hours to days and at a spatial scale of

10 m to 10 km. In stratified waters, the
scale of these processes is normally on
the order of the internal Rossby radius of
deformation (ca. 10 km). Physical con-
straints imposed by fixed land boundar-
ies and the bathymetry of embayments
dictate the heightened importance of
small-scale processes in defining water

circulation within these systems.

HARMFUL ALGAL BLOOMS IN
COASTAL EMBAYMENTS

HABs are predominantly coastal phe-
nomena, and with the exception of toxic
blooms of certain cyanobacteria (“blue-
green algae”), their harmful effects are
most often manifest upon coastal biota
(GEOHAB, 2001). Much of the global
production of seafood and exploitation

of fish and shellfish resources, as well as
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mariculture activity, is situated within
the coastal zone. HABs are, therefore, of
critical importance to coastal-zone man-
agement of marine resources.

Coastal embayments are often zones
of high primary productivity and biodi-
versity, and are strategically important
as spawning areas, refuges, and nurseries
for secondary production, sustaining key
populations of fish and benthic inverte-
brates (Valiela, 1991). Yet, embayments
are particularly vulnerable to anthro-
pogenic changes in the biological and
chemical regime, including the introduc-
tion of exotic species via deballasting of
ships or transfer of aquaculture stock.

Although large-scale catastrophic ef-
fects on ecosystem function caused by
HAB:s are rare and usually transient,
there are some notable exceptions. For
example, massive “brown tides” of the
picoplanker Aureococcus in embayments
in eastern Long Island, New York in the
late 1980s devastated eel grass beds by
reducing light penetration, causing loss
of refuge for bay scallops, and other dis-
ruptive and long-lasting consequences
for benthic habitats (Cosper et al., 1989).
In Scandinavia, the 1988 bloom of a
fish-killing flagellate Chrysochromulina
covered a maximal area of 75,000 km?of
the Skagerrak and Kattegat and caused
widespread ecosystem damage (Edvard-
sen and Paasche, 1998). Mass mortalities
of a wide range of marine organisms,
such as wild and farmed fish, mollusks,
sea stars, jellyfish, sponges, and red algae
were observed, particularly in fjords and
other embayments.

Coastal embayments receive direct
and often disruptive loading of dissolved
and particulate material from the land,
including nutrients, suspended material,
dissolved organics, and metals from both

natural and anthropogenic sources. All

of these inputs can affect HAB dynamics;
because effects are concentration-depen-
dent, they are likely to be more obvious
and dramatic than those in open coastal
and oceanic environments. Changes in
HAB dynamics and distribution may be
more easily tracked in fjords and coastal
embayments because of the relative

ease of deployment and maintenance of
observational technology yielding mea-
surements at appropriate temporal and
spatial scales.

Nutrient loading is an influx of nu-
trients in excess of efflux, and because
the geomorphological and hydrographic
constraints in embayments tend to re-
strict dilution, such systems are par-
ticularly susceptible to eutrophication
(Glibert et al., 1995). This, in turn, can
have important consequences with re-
spect to a shift in phytoplankton species
dominance, destabilization of succes-
sional processes, and promotion of high
biomass of harmful algal blooms of cer-
tain susceptible species (Riegman, 1998).
While acknowledging that nutrients are
essential for HAB development, and that
nutrient supply ratios may be critical in
determining outcomes of inter-specific
competition under some circumstances,
it does not necessarily follow that eu-
trophication is generally responsible for
the initiation and development HABs
in coastal embayments. In fact, evidence
is often to the contrary—many harm-
ful blooms, particularly those associated
with shellfish toxicity at low biomass and
cell concentrations, are clearly not associ-
ated with eutrophication. Comparative
studies of HAB dynamics in fjords and
coastal embayments, as advocated in the
GEOHAB (2001) program, contrast-
ing bloom dynamics in eutrophic versus
non-eutrophic systems of similar spatial

scale and retention characteristics, are
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Figure 1. Schematic
of a typical fjordal cross
section indicating abundant

freshwater inflow at the head and a sill towards the mouth of the fjord. The upper layer is less saline and hence less dense than
the deeper layers, which can become anoxic under persistent stratification. The circulation pattern illustrates a wind- and
freshwater-driven upper layer circulation, whereas the circulation in the intermediate layer is determined by a wind-induced
displacement of the density field at the coast. Many HABs achieve high biomass within this low-salinity surface layer even
when the surface waters are relatively low in macronutrients. Wind-driven mixing and upwelling contribute to regeneration of
nutrients from the intermediate layer. Modified after Svendsen (1995).

therefore essential to establishing the
relative importance of nutrient loading
as a driver of bloom formation and de-
velopment among various species.
Changes in the coastal zone that may
be associated with the introduction and
development of harmful algal events are
particularly crucial to increased use of
coastal embayments for aquaculture of
fish and shellfish (Hargrave, 1991). In-
creased deployment of fish farms within
coastal embayments and fjords has led to
concern about localized eutrophication
from excess nutrients and organic matter
via fish gills, feces, and unconsumed fish
pellets. About 60 percent of the nitrogen
from farmed fish is set free via the gills
as ammonium and is thus directly avail-
able to primary production, whereas
phosphorus nutrients tend to adhere to
particles and sink to the bottom and are

more slowly released to the water col-

umn. Such a shift in nutrient loading
could increase local primary production
and shift phytoplankton species com-
position, perhaps favoring certain HAB
species. High stocking densities of aqua-
cultured shellfish have the potential for
localized depletion of phytoplankton,
perhaps causing a shift in the size- or
species-spectrum of the phytoplank-
ton (Figure 2). Such effects are largely
mitigated within embayments where the
flushing rates are high and the residence
time is short enough for dispersal of or-
ganic wastes and replenishment of phy-
toplankton. In any case, detailed studies
of aquaculture impacts have generally
not yielded conclusive evidence for pro-
motion of HABs.

In temperate latitudes, the coastal
spring bloom of centric diatoms is com-
monly followed by a phytoplankton
community dominated by large dino-

flagellates, then often succeeded by het-
erotrophic flagellates, microflagellates,
and other protistan and metazoan de-
tritivores. The transient discontinuity

in normal succession of coastal phyto-
plankton caused by HABs is interesting
in itself, but comparison of the phe-
nomenon among coastal embayments of
similar bathymetry, hydrodynamics, and
chemical-biological regime is perhaps
more instructive.

HABs are exceptional in that they
represent a departure from the main se-
quence of algal blooms, with respect to
biomass dominance, tendency towards
monospecificity, unpredictability, and/or
deleterious ecological consequences. Al-
though the term “harmful algal bloom”
is often used to refer only to high-bio-
mass events, a less-restrictive definition
applies as well to events where the harm-

ful species is present only in low cell
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numbers or as a minor component of
the total algal biomass, even where the
harmful alga colonizes surfaces (as is the
case for many toxic benthic dinoflagel-
lates).

Phytoplankton species composition
and successional processes in coastal em-
bayments are often similar to those oc-
curring along adjacent open coasts, but
the temporal phasing and magnitude of
the plankton blooms in coastal embay-
ments may differ from those along open
coasts, by being delayed and/or spatially
condensed. For example, Figure 3 shows
the accumulation of the toxic dinofla-
gellate Dinophysis in dense alongshore

bands in a sheltered bay in Norway.

1.0

Onshore currents causing downwelling,
combined with positive phototaxis by
the algae to compensate for downward
transport, appear to have produced the
“red tide,” forming condensed bands of
reddish pigmented cells.

Coastal embayments are physically
complex systems, and thus pose a chal-
lenge for the modeling and prediction of
HAB dynamics. Nevertheless, the degree
of isolation from the adjacent open coast

offers the opportunity for comparison

among embayments of the effects of lim-

ited flux of water and materials. Further-
more, the delimited geographical extent
of such systems permits study of HAB

phenomena at the appropriate tempo-

15 2.0
Transect Distance (km)

ral and spatial scale, even with limited
oceanographic resources for ships and
equipment. All of the known adap-

tive strategies and behaviors of encyst-
ment/excystment, layer formation, high
biomass generation, vertical migration,
heterotrophy, and toxin expression are
found among HAB taxa that bloom in
these ecosystems.

In spite of the hydrographic and geo-
morphological diversity among coastal
embayments, they share common, al-
though not exclusive, features as reten-
tion zones and thus as potential sites for
bloom initiation (“seed beds”) (Ander-
son, 1998). While there are also offshore

retention zones, such as fronts and ed-

Figure 2. Two-dimensional structure of in situ stimulated chlorophyll fluorescence from multiple casts of a SPMR Satlantic profiler over two transects
in Ship Harbour, Nova Scotia, Canada (August 2004). Outside the mussel farm (lower panel), a strong fluorescence layer at mid-depth can be observed,

while inside the mussel farm (upper panel), the fluorescence layer is much weaker; presumably this is because the mussels depleted phytoplankton

from the layer. This illustrates the importance of depth-integrated or depth-resolved measurements, as opposed to sampling only at a single depth, for

detection of HABs in coastal embayments and for early warning of blooms with the potential to affect aquaculture operations.
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Figure 3. In coastal bays and fjords in Norway, blooms of
Dinophysis produce recurrent contamination of shellfish
by toxins associated with diarrhetic shellfish poisoning
(DSP). The photograph shows reddish water produced

by a massive bloom of the dinoflagellates Dinophysis spp.
(about 2.5 X 107 cells/L) and Polykrikos sp. (about 1.1 X 107
cells/L) in a very sheltered bay along the southern coast
of Norway (29 September 1993). Data on the seasonal
occurrence of Dinophysis acuminata, D. acuta and D. nor-
vegica are presented for Fladevigen Bay, an exposed bay
along the southern coast of Norway. Plankton samples are
collected from the 0-3 m stratum three times per week
for harmful algal monitoring. The bold black lines repre-
sent median values for each week from all data for the
period 1989 to 2003; the dotted lines (bounding the red-
shaded area) indicate the first and third quartiles.

dies, in contrast to coastal embayments,
such systems are hydrographically less
stable and reproducible. Blooms origi-
nate from localized point sources, for
example, excystment of benthic resting
stages from the sediment, or from relict
populations overwintering in the water
column, often concentrated at density
discontinuities such as the thermocline
or the sediment-water interface. At least
in the initial stages of the bloom develop-
ment, this contributes to a very localized
patchy distribution whereby the micro-
structure of the population cannot be
adequately interpreted via a coarse sam-
pling regime. A fundamental question
for HAB dynamics related to life-history
strategies is whether the bloom originates
from resident endogenous populations
within the embayment or via an inocu-
lum transferred from the adjacent open
coastal waters whereby the embayment
does not act as a seed bed. If the blooms
tend to originate from resident popula-
tions within the embayment, they are
more likely to reappear on a cyclical (an-
nual) basis because they are less depen-
dent upon the vagaries of current pat-
terns and other hydrographic variability
along the outer coast for inoculation.

To borrow an analogy from labora-
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tory culturing of phytoplankton, if the
flux of water and material to and from
the embayment is extremely limited,

the bloom may be operating in “batch
culture” mode, whereas if the flux is sub-
stantial and periodic, the system may be
described as in semi-continuous or con-
tinuous mode. In either case, such fluxes
can be modeled as though the system
were a large mesocosm. Studies of life-
history dynamics, including benthic cyst
mapping, measurement of in situ rates of
encystment and excystment, and cyst ad-
vection, are often more tractable in these
confined systems than in large open
coastal regimes of unrestricted longshore
transport. The ability to define and sam-
ple an appropriately fine spatio-temporal
grid is extremely advantageous.

As retention zones, coastal embay-
ments provide the opportunity for the
expression of adaptive strategies that
may be somewhat different than those
expressed by similar HAB taxa along
the outer coasts. This may include op-
portunistic response to rapid input of
freshwater, macronutrients, and organic
substances. The relative confinement of
phytoplankton and zooplankton within
embayments should also favor adapta-
tions for allelochemical interactions
among species (Cembella, 2003). Toxins
leaked or excreted from algal blooms,
particularly during senescence phase,
may also have currently unrecognized
ecological consequences.

Defining population genetics and
adaptive responses are crucial to un-
derstanding dynamics of particular
HAB taxa. Depending upon the degree
of hydrodynamic and geomorphologi-
cal isolation, coastal embayments may
be suited to studies on biogeography,
including genetic isolation and intro-

duction and survival of exotic species.

1 ceanoqra 0l.18, No.2, June
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Such studies are crucial to analysis of the
global spreading hypothesis for HABs.
Many of the key HAB taxa of interest,
such as the dinoflagellates Alexandrium
spp. and Dinophysis spp., responsible

for paralytic- and diarrhetic- shellfish
poisoning, respectively, and the diatom
Pseudo-nitzschia spp., the cause of am-
nesic shellfish poisoning, are virtually
identical in temperate coastal embay-
ments of both the North and South
hemispheres. For example, in the Ameri-
cas, the chain-forming toxic species Al-
exandrium catenella occurs prominently
in the fjordal systems of both British Co-
lumbia and Chile, whereas the non-chain
forming A. tamarense is an important
toxigenic component in coastal embay-
ments in the northwest Atlantic (Gulf of
St. Lawrence to the Gulf of Maine) and
the southwest Atlantic (Argentine coast).
These observations reflect a rather sym-
metrical biogeographical distribution.

In an apparent asymmetrical pattern,
Alexandrium catenella is absent from the
northwestern Atlantic, but occurs in em-
bayments along the Mediterranean coasts
of southern France and Catalonia. Alex-
andrium ostenfeldii, the source of spiro-
lide toxicity, is common in Scandinavia
and eastern Canada (Figure 4), where it
co-occurs with A. tamarense, but the for-
mer species also appears in New Zealand.

Is the biogeographical distribution
of Alexandrium species a reflection of
latitudinal cosmopolitanism, species in-
troduction, or common genetics of sur-
vivors within similar ecosystems? If the
latter is the case, what are the features
in common between Chilean fjords and
Mediterranean embayments? An alterna-
tive hypothesis would be that the mor-
pho-species definition of Alexandrium
does not reflect hidden genetic diversity

and adaptive strategies.

Empirical observations suggest that
fish-killing microalgae, particularly na-
ked dinoflagellates, raphidophytes, and
prymnesiophytes, are prominent in
enclosed and semi-enclosed coastal sys-
tems. To some extent, these observations
may be an artifact of the tendency of
many blooms of fish-killing species to be
initiated and develop within general fea-
tures of coastal circulation, for example,
the association of species such as Kar-
enia mikimotoi, Chrysochromulina polyl-
epis, and Chattonella verruculosa with
tidal fronts and coastal buoyant jets.
Some of these populations then become
trapped within fjords and other coastal
embayments where the cell numbers
and biomass increase and the expressed
fish-killing properties are magnified and
become apparent through devastation of
marine resources.

In situ development of ichthyotoxic
blooms within coastal embayments is
also favored by the heavy influence of
run-off from the adjacent land mass.
For example, blooms of the ichthyotoxic
prymnesiophyte Chrysochromulina may
be promoted via the direct influence
of nutrients and/or stratification (Ed-
vardsen and Paasche, 1998). It is unclear
if the correlation of such blooms with
abundant freshwater input reflects a di-
rect stimulatory response to low salinity,
the consequent transport of macro-nu-
trients, a shift in nutrient supply ratios,
the increased contribution of terriginous
growth-promoting substances (e.g.,
natural chelators and vitamins), in-
creased availability of organic nutrients
for facultative heterotrophic species, the
suppression of allelochemical effects, or
merely the direct physical effect of fresh-
water in contributing to the stratification
of the water column. Is this adaptive or

merely a reflection of our focus on spe-



cies that harm fisheries and aquaculture?

In coastal embayments in Japan, al-
gae-killing bacteria have been implicated
in the termination of raphidophyte
blooms. These systems provide a useful
model for studies on the global impor-
tance of bacteria and viruses in bloom
termination. In addition, the importance
of the microbial loop, which is often ig-
nored in studies of HAB dynamics, can
be addressed and quantified more easily
in spatially confined ecosystems.

The role of pelagic grazers, particu-
larly mixotrophic protists and meta-
zooplankton is often acknowledged as a
major factor regulating the dynamics of
harmful plankton blooms—a form of
“top-down” control (Granéli and Carls-
son, 1998; Turner et al., 1998). Yet, the
composition of the grazing community
in coastal embayments, especially those
dominated by abundant freshwater input
and with restricted exchange with the
open coast, is often remarkably different
in time, space, and species composition
to that found offshore. Tintinnids and
other ciliates, rotifers, and euryhaline co-
pepods are frequently the major phyto-
plankton predators in embayments. Even
the species composition of the dominant
copepods feeding upon harmful algae
may be substantially different than on
the outer coast. For example, in the Gulf
of Maine, USA, the copepod Calanus fin-
marchicus is usually the dominant preda-
tor upon the toxic Alexandrium cells,
whereas in bays and estuaries this role
is assumed by other copepods, such as
Acartia, Centropages and Eurytemora.

Benthic-pelagic coupling is undoubt-
edly more important in explaining HAB
dynamics in coastal embayments than in
open coastal or oceanic environments.
This is partially related to the basin
depth, but more importantly to the func-

[ ]
4 Ships Harbour
Graves Shoal

Spirolides (nmol/g)

0 7 14 21 28 35

A. ostenfeldii

140 160 180 200

PSP Toxin (nmol/g)

Depth (m)

10-+

May June | July
Day of the year

Figure 4. Several toxic dinoflagellate species form blooms within the coastal embayments of
Nova Scotia. Shellfish toxicity at aquaculture sites is caused by Alexandrium tamarense, the spe-
cies responsible for paralytic shellfish poisoning (PSP) and A. ostenfeldii, associated with spiro-
lide toxicity. The spatio-temporal variation in particulate toxin concentration associated with
the presence of blooms of these species in the water column at Graves Shoal, Nova Scotia are
shown here. Note the differences in bloom dynamics reflected in the “patchiness” of these toxin
groups in the water column over time. Assistance of Nancy Lewis and Michael Quilliam, IMB,
National Research Council, Halifax for toxin analysis is gratefully acknowledged.
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tion of the benthos as a retention zone
for resting cysts and as a substrate for
colonization by epi-benthic species. In
coastal embayments, particularly in shal-
low waters, beds of benthic macroalgae,
sea grasses, and macro-fauna provide
surfaces for attachment of harmful mi-
croalgal species. Benthic toxic dinoflagel-
lates, such as species of the genera Pro-
rocentrum, Coolia, Ostreopsis, and Gam-
bierdiscus, are commonly found on these
substrates (Tindall and Morton, 1998).
Benthic substrates act as localized point
sources for toxicity associated with cigua-
tera fish poisoning (CFP) in the tropics
and sub-tropics and diarrhetic shellfish
poisoning in temperate embayments.

The contribution of benthic grazers
to the control of phytoplankton biomass
and dynamics is enhanced in coastal em-
bayments, particularly in shallow zones.
Shellfish aquaculture through the water
column from ropes, rafts, cages or long-
lines can further add to plankton deple-
tion. Bivalve mollusks, including clams,
mussels, scallops, and oysters, may even
be dominant over pelagic grazers in such
a system. This is in contrast to the situa-
tion in open coastal areas where benthic
grazing is not nearly as important.

The study of bloom dynamics in rela-
tion to the hydrographic regime in coast-
al embayments is complex, but there are,
nevertheless, significant advantages over
similar studies in large coastal jet cur-
rent or upwelling systems, in terms of
determining cause-and-effect relation-
ships. First, qualitative and quantitative
time-series data of harmful algal species
are often more readily available, along
with a good basic understanding of the
water circulation patterns. Second, point
sources and fluxes of nutrients, toxic
cells, seawater, and freshwater into the

system can be more easily defined. Final-
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ly, the system can be exploited for data
collection on a scale that closely matches
that of the plankton patch size, thereby
facilitating integration and interpreta-
tion of biological, chemical, and physical

signals at the appropriate scale.

DETECTION AND
SURVEILLANCE OF BLOOMS
IN COASTAL EMBAYMENTS
Coastal embayments are character-
ized by high temporal and spatial
biogeochemical variability, thus, HABs in
these systems tend to be “patchy” in time
and space. Studies of bloom dynamics
must therefore incorporate instrument
deployment for bloom detection and
monitoring at the appropriate spatio-
temporal resolution. The small spatial
scale and relatively protected charac-
teristics of coastal embayments permit
detailed studies of the environmental
regime and the community structure of
plankton populations, often from small
vessels (Figure 2), aircraft (Figure 5), or
with the use of moored instrumentation
(Figure 6). Bio-optical detection of HABs
tends to be restricted to high-biomass
bloom events, although some HAB spe-
cies can cause negative effects at low bio-
mass and without dominating the phyto-
plankton (Cullen and MacIntyre, 1998).
Bio-optical autonomous instruments
are particularly well suited to assess
biogeochemical variability at high tem-
poral and vertical scales (Dickey and
Moore, 2003). Comprehensive reviews
of different bio-optical instruments and
techniques to detect HABs are avail-
able (Cullen et al., 1997; Dickey, 2003).
Here we focus only on techniques and
methods that address the heterogeneity
of phytoplankton at both temporal and
spatial scales (Figure 6). There is in-

creasing evidence that blooms that vary

vertically within the water column (e.g.,
thin-layers) are particularly important in
coastal embayments and may have pro-
found implications on effectiveness for
bloom detection.

Measurements that have the poten-
tial to detect HABs can be divided into
three categories depending upon their
vertical resolution: (1) single-depth mea-
surements, where the measurement is
representative of a unique narrow depth
interval (e.g., a few centimeters); (2)
depth-integrated measurements, where
the measurement is representative of a
larger depth interval (usually several me-
ters); and (3) depth-resolved measure-
ments, where multiple measurements
(of a few centimeters to a few meters)
throughout the water column provide
resolution of the variability with respect
to depth. These latter measurements can
be obtained using instruments that pro-
duce single-depth or depth-integrated
measurements, when deploying them
on a vertical array or on a profiling plat-
form. Alternatively, laser-induced fluo-
rescence sensors produce depth-resolved
measurements from surface installations
or above-water (e.g., shipboard or air-

borne) systems.

Single-Depth Measurements
The most common measurements
collected for studies of bloom dynamics
in coastal embayments are single-depth
measurements, for which equipment
such as fluorometers and/or transmis-
someters are moored for varying lengths
of time to resolve a specific question
or as part of a routine bloom monitor-
ing program.

The suite of single-depth measure-
ments encompasses: (1) light absorption
and attenuation, typically determined

with commercially available in situ in-



strumentation to measure absorption/at-
tenuation/transmission of a thin beam
of light over a defined path length; (2)
backscattering of light, which cannot be
measured directly, but various backscat-
tering devices and the appropriate algo-
rithms allow estimation of backscatter-
ing; and (3) field submersible fluorome-
ters that measure in sifu stimulated fluo-
rescence, most commonly of chlorophyll
a and colored dissolved organic matter
(CDOM). In the case of chlorophyll a,
measurements must be interpreted with
care because the fluorescence intensity
per unit pigment is a physiological vari-
able that is strongly affected by environ-
mental conditions such as light or nutri-
ent availability.

All above-mentioned instruments are
equipped with their own source of light
(i.e., active sensors). Therefore, measure-
ments can be obtained at night and are
independent of the ambient illumina-
tion (i.e., inherent optical properties);
however, measurements of chlorophyll a
fluorescence are biased under exposure
to sunlight. Disadvantages of single-
depth measurements are that they have
high power requirements and, most im-
portantly, that they may completely fail
to detect a phytoplankton bloom if the
bloom occurs at a depth different from

that of the sensor.

Depth-Integrated Measurements
The main depth-integrated measure-
ments are: (1) remote-sensing reflec-
tance, Rys(M), calculated as the ratio of
upwelling radiance from the water to
downwelling irradiance from the surface;
(2) diffuse attenuation coefficient, K,(\),
a measure of the attenuation of light
with depth calculated from downwelling
irradiances measured at two depths; and

(3) laser-induced fluorescence for the
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Figure 5. Coastal Embayment Study Area at Chester Basin, Graves Shoal, Mahone Bay. Graves
Shoal is a shallow bank (depth 6 to 15 m) within a much larger coastal embayment system,
Chester Basin, along the southeastern shore of Nova Scotia, Canada. The embayment receives

abundant freshwater, particularly in the late spring, but there is no single dominant point
source inflow. Mahone Bay is linked to the open coast via numerous channels and is only
semi-enclosed; therefore, the phytoplankton composition tends to be typical of the adjacent
coastal waters. Phytoplankton is typically dominated by centric diatoms during the classic
spring-bloom, and this is followed by a minor bloom of large thecate dinoflagellates, including
toxic species, usually during May to July. Aircraft survey images shown here were collected by

a Compact Airborne Spectographic Imager (CASI) system at 2 m and 4 m resolution. Data are
displayed as a True Color Composite re-sampled to 6.25 m and integrated with RADARSAT

FINE MODE F3 imagery. For scale, the red parallelogram at Graves Shoal indicates the location
of a scallop aquaculture operation with an approximate surface area of 1 km2 Image processing
and reproduction courtesy of Satlantic, Inc.

measurement of bulk fluorescence of
chlorophyll a, CDOM, and other param-
eters of the upper water column. The
first two measurements are derived from
measurements of sunlight (i.e., from
passive sensors) and therefore cannot

be estimated at night. The third mea-
surement uses a laser as a light source
(i.e., active sensor) and can be estimated

throughout day and night.

Measurements of remote-sensing re-
flectance and laser-induced fluorescence
are typically obtained from satellites
and airborne sensors, but they can also
be provided continuously from autono-
mous buoys. The estimates of remote-
sensing reflectance and laser-induced
fluorescence are restricted to surface lay-
ers because the contribution of deeper

waters decreases logarithmically with
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depth. Deep layers
of phytoplankton, there-
fore, may not be easily identi-
fied. For the diffuse attenuation coef-
ficient, however, surface and deep layers
of phytoplankton are equally detected as
long as they occur within the depth stra-
tum between the two irradiance sensors.
Both remote-sensing reflectance
and the diffuse attenuation coefficient
are apparent optical properties, which
means that their values depend not only
on the concentration of phytoplankton
and other colored substances, but also
on cloud cover, wave action, sun angle
and all other factors that modify the dis-
tribution of the underwater light field.
Although in typical coastal conditions
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the influence of
the light field dis-
tribution is small, in cases
where it is important, the values
of these optical parameters require an
inverse model to isolate variability due to
biogeochemical substances from that of
the light field.

One of the main advantages of using
remote-sensing reflectance is that the
remote-sensing sector has conducted a

great deal of research into understand-

ing and decon-

volving measurements
of this parameter. As a result, there are
several inverse models and algorithms
designed to interpret and use remote-
sensing reflectance. Unfortunately, the
application of remote-sensing reflectance
for the determination of phytoplank-
ton biomass is often limited to the open



Figure 6. Platforms and instruments to detect HABs in fjords and other coastal embayments. In this example, the two-dimensional tran-
sect shown in Figure 2, measured with the SPMR profiler from Satlantic, Inc. (www.satlantic.com) (a), is also shown in (b) and was used
to recreate a sub-surface bloom (c). A bottom-fixed array of fluorometers (WetLabs; www.wetlabs.com) is shown in (f), while a surface-
fixed arrays of radiometers (Satlantic, Inc.) providing data to calculate the diffuse attenuation coefficient [K,(\)] are shown in (g). Surface
buoys with upwelling radiance and downwelling irradiance sensors (Satlantic, Inc.) to measure remote sensing reflectance [Rq(A)] are
shown in (e). Profiling instruments/platforms are presented in a hypothetical deployment: (h) a bottom-up self-profiler of the ORCAS
project has a winch integrated into the profiling package; (i) a self-profiling device from McLane Research Laboratories, Inc. (more infor-
mation available at www.mclanelabs.com) uses an integrated motor for the device to travel up and down a cable; (j) the Navigating Euro-

ocean because the
influence of bottom re-
flectance is significant and difficult to
quantify in coastal embayments. Other
factors influencing the signals in coastal
waters may be high concentrations of
particles and CDOM.

For the diffuse attenuation coefficient,
empirical algorithms and inverse mod-
els of the diffuse attenuation coefficient
are much less developed than those for
remote-sensing reflectance, but the gap
is narrowing (see Brown et al., 2004).

Because the sensors used to calculate

the diffuse attenua-
tion coefficient are “looking
upwards,” bottom reflectance has lim-
ited influence. This parameter is, there-
fore, a good candidate for assessment of
biogeochemical variability in coastal em-
bayments, including HAB dynamics.
One of the main advantages of using
laser-induced fluorescence is that so-
phisticated systems developed for coastal
pollutant monitoring are operational
and their use is becoming wide-spread.
These systems can be adapted for the es-
timation of phytoplankton biomass and
application could be extended to bio-
mass monitoring of HABs. Furthermore,

laser-induced fluorescence can also be

pean Marine Observer (NEMO) from OPTIMARE Sensorsysteme AG (more information available at www.optimare.de) is a self-profiling
buoyancy-driven float; (k) the SeaHorse™ profiler is a wave-powered self-profiling gevFe from Brooke Ocean Technology, Ltd. (www.

brooke-ocean.com). The meteorological and oceanographic buoy in Ship Harbour, Nova Scotia, Canada, is also shown (1).

gated, hence allowing
for fluorescence estimates
with depth-resolution. However, es-
timation of chlorophyll a fluorescence
may also be biased during daytime due
to sun-induced fluorescence quenching.
The main advantages of deploying
instruments for the measurement of ap-
parent optical properties (e.g., passive
sensors) for depth-integrated measure-
ments is that they have low power re-
quirements, have no moving parts, are
relatively inexpensive, and are suitable to
overcome the limitations imposed by the
vertical heterogeneity of phytoplankton.
However, measurements cannot be made
at night. On the contrary, laser-induced
fluorescence is suitable for depth-inte-
grated measurements of phytoplankton
dynamics throughout day and night, but

it has a higher power requirement.
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Depth-Resolved Measurements
Depth-resolved measurements are ob-
tained when one or more of the above-
mentioned sensors that produce sin-
gle-depth or depth-integrated measure-
ments are mounted on a vertical array, a
profiling platform, or are gated as in the
case of laser-induced fluorescence sen-
sors. Vertical arrays may be fixed with re-
spect to the sea bottom or with respect to
the sea surface (Figure 6f and 6g, respec-
tively). Profiling platforms come in a va-
riety of configurations ranging from: (1)
winch profilers, where the winch can be
located on a surface structure or attached
to the instrument package as a submers-
ible component; (2) wave-powered pro-
filers, where the package free-floats to
the surface and then it is propelled down
a chain via wave energy transferred to

a ratchet mounted on the instrument
package; and (3) buoyancy-controlled
profilers, where the changes in buoyancy
generated by internal bladders cause the
package to sink to the bottom or to float
to the surface. Examples of these profil-
ing devices have been developed for the
open ocean, but they have not been used
much in coastal embayments. Prototypes
for coastal embayments may require
tethering to the bottom to avoid drifting
to shore or other conflict.

Devices that produce depth-resolved
measurements are likely to be the most
robust way to detect and assess phyto-
plankton blooms, including those of
harmful species, in coastal embayments.
Mounting an array with several instru-
ments, however, can be very costly. Fur-
thermore, profiling platforms are expen-
sive, and systems with moving parts may
require frequent maintenance and are
more prone to failure. Yet, depending on

the location of deployment, profiling de-
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vices may be sent via bidirectional com-
munication to a safe depth for a certain
time to avoid destruction due to, for ex-
ample, hurricanes and sea ice (Cembella
et al., 2004). Fixed, moored instruments
are more likely to be destroyed during
such events. In any case, depth-resolved
systems have the advantage of producing
more detailed information than is avail-
able from depth-integrated methods.
For example, with depth-integrated sys-
tems, the presence of thin layers can be
damped and thus not evident.
Single-depth measurements are not
appropriate for the robust detection
and assessment of HABs in fjords and
coastal embayments. Future coastal
systems for the continuous assessment
of bio-geochemical variability and the
detection of HABs may include a multi-
mooring approach, where most of de-
ployed moorings produce water-column
integrated measurements and a few
moorings are equipped with profiling
devices for a more detailed description

of the vertical structure.

SUMMARY AND CONCLUSIONS
A complete description of bloom
dynamics in coastal embayments first
requires establishing the hydrodynam-
ics of the system, including a description
of the following: (1) the basic horizontal
circulation pattern; (2) the magnitude
and frequency of exchange with outside
waters; (3) the mechanisms of vertical
stratification; and (4) the distribution
of turbulent energy in response to the
topography and external forcing (e.g.,
wind, freshwater, tides). The water col-
umn, or at least the depth of the eupho-
tic zone, is very shallow in many coastal
embayments. Vertical stratification of the

water column is thus a critical feature

determining the location and aggrega-
tion of HAB organisms.

In general, numerical models to define
HAB dynamics should have a horizon-
tal grid size small enough to adequately
resolve one internal Rossby radius, pref-
erably less than 1 km. For operational
and technical reasons (e.g., availability of
ship time, cost of deployment of moor-
ages, labor costs for sampling), it is often
possible to conduct multiple modular
comparative studies on bloom dynamics
in coastal embayments that would not
be feasible in larger coastal and oceanic
systems. Nevertheless, the tendency for
formation of thin layers requires high-
resolution measurements on the vertical
axis and imposes large constraints on the
use of instrumentation and the formula-
tion of the physical processes for model-
ing at the appropriate scale.

Global climate change has been in-
voked (albeit speculatively) as a fac-
tor in the long-term development and
spreading of HABs. Consideration of this
hypothesis is particularly important be-
cause the effects of global change on ma-
rine ecosystems are likely to be first man-
ifested and magnified within the coastal
zone. The extent to which climate change
affects the land-sea margins via sea-level
rise, coastal erosion of retention zones,
increased storm surges, decrease in ice
cover, sediment transport, alteration of
current patterns, and other geomorpho-
logical and hydrodynamic events may
determine biogeography of certain HAB
species and contribute to exogenous in-
troduction in coastal embayments. De-
tailed monitoring of HAB species and
the acquisition of time-series data within
coastal embayments may elucidate ef-
fects of such changes in a rather conclu-

sive manner over a relatively short-term



(decadal) scale. By documenting the
effects on harmful algal populations of
perturbations within coastal embay-
ments and fjords, cause-and-effect rela-
tionships may be established via hind-
casting and forecasting models, with
capability for testing hypotheses.

Within the international research
framework of the GEOHAB (2001) pro-
gram, a spectrum of coastal embayments
representing different retention times
and bathymetric characteristics are being
established as pilot sites for detailed com-
parative studies on the physical, chemical,
and biological factors that affect HABs.
Comparative study of such systems will
yield knowledge of the effects of benthic-
pelagic coupling on bloom dynamics and
provide information for modeling chang-

es in the coastal environment.
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