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Chapter 1

Harmful Algal Blooms, their Changing Ecosystem
Dynamics and Related Conceptual Models

Patricia M. Glibert!

1.1 Introduction to Harmful Algal Blooms and their Effects

Over the past several decades, the frequency of occurrence, the duration, and geographic extent
of blooms of toxic or harmful microalgae have been increasing in many parts of the world
(e.g., Glibert and Burkholder 2006; Heisler et al. 2008), as has the appreciation of the serious
impacts that such events can have on both ecosystems and on human health (e.g., Backer and
McGillicuddy 2006; Johnson et al. 2010. The scientific community refers to “harmful algal
blooms” (HABs) as those proliferations of algae that can cause fish kills, contaminate seafood
with toxins, and alter ecosystems in ways that humans perceive as harmful (e.g., GEOHAB
2001). The term HAB is used generally and non-specifically, recognizing that some species can
cause harmful effects even when at densities that are low and not at levels normally taken to be
a “bloom”, while other species that have significant ecosystem or health effects are technically
not “algae”. Some HABs are small protists that obtain their nutrition by grazing on other small
algae or bacteria; either they do not photosynthesize at all, or only do so in conjunction with
grazing (Glibert et al. 2005; Jeong et al. 2005; Burkholder et al. 2008; Jeong et al. 2010; Flynn
et al. 2013). Other HABs are cyanobacteria (CyanoHABs), some of which have the ability to “fix”
nitrogen from the atmosphere as their nitrogen source. Thus, the term “HAB” is an operational
term, not a technical one. Some HABs are planktonic, while others live in or near the sediment,
or attached to surfaces for some or all of their life cycle. Among those that are planktonic,
some form visible surface accumulations, while other remain well distributed throughout the
water column. Relating the diversity of these characteristics to their observation using remote
sensing of ocean colour is a tall challenge — but at least for many types of HABs the scale of
expansion of HABs has been well established using ocean colour radiometry in conjunction
with other approaches.

By definition, all HABs cause harm — either ecological, economic, or human health. Not
all HABs make toxins; some are harmful in other ways. In a broad sense, there are two
general types of HABs: those which can contaminate seafood or wildlife largely through their
toxin production, and those that cause ecological harm, largely through their sheer biomass

1University of Maryland, Center for Environmental Science, Horn Point Lab, Cambridge, MD 21613, USA
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production, which in turn can cause anoxia or indiscriminate mortalities of marine life (Figure
1.1). The latter occurs after these cells either reach dense accumulations or when these dense
accumulations begin to die and oxygen is consumed through their decomposition. Some HABs
have characteristics of both: they may be both toxic and may accumulate in high biomass
blooms. Among those that are toxic, there are many types of toxins with new toxins being
discovered frequently (e.g., Landsberg 2002; Backer and McGillicuddy 2006). Some algal toxins
kill fish directly. Others do not have direct effects on the organisms that feed on them, such
as fish or filter-feeding shellfish, but the toxin can accumulate in the shellfish and then cause
harm to the humans who consume them. In other cases, the toxins are released into the water
column where they can get into the water supply and affect human consumers through their
drinking water. Some toxins may also be aerosolized, as is the case with Karenia brevis in
Florida, and respiratory distress can result for those in contact with these air-borne toxins.
Making the task of understanding these phenomena all the more complex, not all species are
toxic under all conditions, and it is not completely understood when and why different species
may become toxic.

Figure 1.1 Various images of HABs and their effect, including a “red tide” in East China
Sea (upper left; photo by J. Li), a freshwater “green tide” (upper right; photo by T. Archer),
a fish kill from toxic algae (lower left; photo by P. Glibert), and microscopic views of a
common toxic red tide microorganism (lower right; photos by Y. Fukuyo).

In terms of algal classes that can be considered HABs, there are many, including dinoflagel-
lates, diatoms, raphidophytes, prymnesiophytes, and cyanobacteria among others. The most
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common toxic marine HABs are the dinoflagellates, and the most common toxic freshwater
HABs are cyanobacteria, but increasingly toxic diatoms are also of concern, particularly in
coastal waters.

1.2 Introduction to the Global Ecology and Oceanography of Harm-
ful Algal Blooms (GEOHAB) Programme

Acknowledging that the HAB problem is global, but recognizing that there is still much to be
understood with regard to the biological, chemical, and physical factors that regulate HAB dy-
namics and impacts, the SCOR/IOC Global Ecology and Oceanography of Harmful Algal Blooms
(GEOHAB) programme (c.f., GEOHAB 2001) was formed with a mission to: Foster international
co-operative research on HABs in ecosystem types sharing common features, comparing the
key species involved and the oceanographic processes that influence their population dynamics.
Ultimately the goal of GEOHAB was to: Improve prediction of HABs by determining the ecological
and oceanographic mechanisms underlying their population dynamics, integrating biological,
chemical and physical studies supported by enhanced observation and modeling systems.

The work of the GEOHAB Program was multifaceted, from advancing understanding of the
adaptive strategies of HABs, to improved linkages between the expansion of HABs and other
global changes such as eutrophication and climate change, and to improved characterization
of HABs in regions, especially Asia, where HABs and their effects are particularly pervasive
(GEOHAB 2010). GEOHAB was not intended as a research programme per se, but rather as an
international forum to advance the understanding of the ecology and oceanography of HABs,
and to improve the prediction of HABs through advanced approaches. GEOHAB is currently
undergoing a transition to a new mission, inclusive of issues related to both freshwater and to
toxin effects, and so GEOHAB is transitioning to its new identity, GlobalHAB. In the decade
since the launch of GEOHAB, the dynamics of a changing world have become increasingly
apparent. From climate to ocean acidification to changing anthropogenic nutrient loads and
species transport around the world, the potential trajectory of change for HABs is ever more
important to understand.

Through the work supported by GEOHAB as well as other studies, we have gained a better
understanding of the relationships between many HAB species, particularly dinoflagellate
HABs, and their environment. The biogeographical ranges of HAB organisms and how they
have changed over time is of fundamental importance in resolving how species may have been
introduced to new areas, and what areas may be susceptible to new introductions in the future.
Certain species have a rather circumscribed distribution within fairly narrow environmental
constraints. For example, species such as Pyrodinium bahamense are generally restricted to
tropical and subtropical regions in the Pacific Ocean and the Caribbean Sea (e.g., Hallegraeff
and Maclean 1989), while other species, such as Alexandrium catenella, are only found in
temperate waters at mid- to high latitudes. Other species, such as Prorocentrum minimum
have a more cosmopolitan distribution, from temperate to tropical waters (Glibert et al. 2008,
2012). An understanding of the environmental constraints on species distribution aids in
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understanding how species biogeography may change on both short and long-term scales as
(OK??) climate and other environmental conditions may change. Ocean colour approaches
have helped advance our understanding of expanding species ranges.

The GEOHAB Programme has been instrumental in raising the global awareness of how
many new areas, not previously impacted by HABs, are now experiencing HABs on either an
event-scale basis or on a longer term scale, reflective of environmentally changed conditions.
Several examples highlight the occurrence of new or increasing events and their impacts in
China, a region where the expansion of HABs is readily apparent. The number of HABs has
increased in all waters of China in the past three decades and most inland and coastal waters
are rated in the moderately to severely polluted range (Wang et al. 2011; Ti 2013).
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Figure 1.2 The recent increase in HAB events off the coast of China is related to the
increase in nitrogen-based fertilizer use over the past two decades. Reproduced from
Heisler et al. (2008) with permission of Harmful Algae (Elsevier). Does IOCCG have
permission to reproduced this figure as well??

Occurrences of HABs in the East China Sea were rare in the 1970s, increased to a few dozen
during the 1980s, and increased to >130 in the 5 years from 1992 to 1997 (Shen and Liu 2009)
but the scale of the blooms has soared in the years since (Figure 1.2); the spatial scale of the
annual blooms increased from thousands of km? in 2000 to >15,000 km? by 2005, with many
millions of dollars lost in high value aquaculture products due to associated fish kills (Li et al.
2009). The dinoflagellates Prorocentrum donghaiense and Karenia mikimotoi are among the
common HABs now reported in East China Sea (e.g., Zhou et al. 2008; Li et al. 2009). In the
Huanghai Sea region there has also been nearly a six-fold increase in HAB occurrences and a
shift to proportionately more dinoflagellates compared to diatoms (Fu et al. 2012), while in
the South China Sea region, there has been both an increase in number of HABs as well as a
change in species composition, with an increasing dominance of species such as Chattonella,
Gymnodinium breve, and Dinophysis (Wang et al. 2008; Glibert et al. 2014b) - is this the correct
ref??. A particularly large and unusual bloom in China received international coverage in 2008
(Figure 1.3). This was a bloom of the macroalgal species Enteromorpha prolifera that occurred
at the venue of the Olympic Games sailing competition, almost blanketing the water with
filamentous scum (Hu et al. 2010). Blooms of this magnitude in this region had not previously
been observed. One of the features of this species and its blooms is that it tends to float,
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making detection from satellite imaging feasible. It is from such approaches that the scale of
these blooms and their change over time can be estimated. A 10-year record of images of the
region shows that prior to 2007, the area covered by E. prolifera was <21 km?. In 2008 the
scale of the bloom was >1900 km?, and in 2009 it was 1600 km? (Hu et al. 2010).

Figure 1.3 The 2008 bloom that blanketed the venue for the Olympic Sailing Regatta in
Qingdao was caused by Enteromorpha prolifera (left panel; photo by M.J. Zhou), causing a
massive area of the region to be covered by algae (right panel; reproduced from GEOHAB
(2010).

For HAB management, the question of the extent to which shifts in biodiversity are the
result of changing environmental conditions, anthropogenic introductions, or a combination
of both, is important in devising strategies to ultimately limit their distribution or impact.
Changes in species biogeography are becoming increasingly documented. For example, blooms
of Chrysochromulina (now Prymnesium) polylepis and C. leadbeateri were rare in Scandinavian
waters prior to their massive blooms in 1988-1991 (Moestrup 1994), but they have been
commonly observed in the plankton since that time. The diatom Pseudo-nitzschia australis,
while present in the plankton off the coast of California prior to the mid-1990s, has now
become an annual bloom-former of increasing geographic distribution. In contrast, some
blooms occur for a period of years and then appear to be of lesser intensity. Such was the
case with brown tide, Aureococcus anophagefferens, off the coast of Long Island, United States,
which bloomed intensively in the late 1980s-1990s, but, while present, has not bloomed
annually with such strength in more recent years. The intensity of blooms of the latter species
appears to be related to long-term patterns in environmental and weather conditions, being
more common during dry years than wet years (e.g., LaRoche et al. 1997; Glibert et al. 2014a -
assume LaRoche 1997 and not 199877 Also is Glibert ref the correct one??).
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1.3 HABs and Global Change

1.3.1 Relationships with eutrophication

The expansion of HABs in relation to both local and global expansion in nutrient loading is
now well recognized (e.g., Anderson et al. 2002; Glibert et al. 2005; Heisler et al. 2008; Glibert
et al. 2014b). While the relationship between HABs and increased nutrient availability has been
recognized for decades, in recent years there has been much that has been learned regarding
how specific nutrient loads have changed, and how such changes may mechanistically or
physiologically promote the growth of certain species. Adaptive strategies such as mixotrophy
and/or use of organic substrates in addition to inorganic nutrients may infer some advantages
for HABs, particularly when nutrient loads are not in stoichiometric proportion relative to the
optima for growth of these cells (Glibert and Burkholder 2011; Flynn et al. 2013; Glibert et al.
2014b). Moreover, the responses of ecosystems to nutrients have become better understood,
including the types of systems that may be retentive of nutrients and the ones that may have
high enough flushing rates for nutrients to be exported spatially from the point of loading
(e.g., Dirr et al. 2011).

Eutrophication of both inland and coastal waters is the result of human population growth
and the production of food (agriculture, animal operations and aquaculture) and energy, and
is considered one of the largest pollution problems globally (e.g., Howarth et al. 2002; Howarth
2008). Population growth and increased food production result in major changes to the
landscape, in turn increasing sewage discharges and runoff from farmed and populated lands.
In addition to population growth, eutrophication arises from the large increase in chemical
fertilizers that began in the 1950s and which are projected to continue to escalate in the coming
decades (e.g., Smil 2001; Glibert et al. 2006, 2014b). For HAB growth, it is also of importance to
note that the rate of change in use of nitrogen (N) fertilizers has eclipsed that of phosphorus
(P) fertilizers in large part due to this large-scale capacity for anthropogenic synthesis. Global
use of N fertilizer has increased nine-fold, while that of P has increased three-fold (Sutton et al.
2013; Glibert et al. 2014b). Increased N use is particularly pronounced in many parts of the
developing world, including China. Fertilizer N use in China has escalated from about 0.5 MT
in the early 1960s to 42 MT around 2010, with the fraction of urea increasing nearly five-fold
over just the past two decades (Glibert et al. 2014b and references therein). Between 1980
and 2010, river export of N increased from ~500 to >1200 kg N km~2 yr~! in the Chiangjiang
River, from ~100 to ~200 kg N km~2 yr~! in the Yellow River and from ~400 to >1200 kg N
km~2 yr~! in the Pearl River basins (Ti 2013). Accordingly, the number of HABs has increased
in virtually all waters of China in the past three decades.

Nutrients can stimulate or enhance the impact of toxic or harmful species in several ways
(Anderson et al. 2002; Glibert et al. 2011). At the simplest level, harmful phytoplankton may
increase in abundance due to increased nutrient enrichment, but may stay at the relative
fraction of the total phytoplankton biomass. Even though non-HAB species are stimulated
proportionately, a modest increase in the abundance of a HAB species may cause it to have
increased effects on the ecosystem. A more frequent response to nutrient enrichment occurs
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when a species or group of species begins to dominate under the altered nutrient regime. High
biomass blooms, which are easier to detect using ocean colour radiometry, occur when the
HAB species is disproportionately stimulated, often to the point where the HAB becomes the
dominant species. In the extreme, the HAB species may displace virtually all other algal species
and the bloom becomes essentially mono-specific.

One of the results of alterations in global N and P is that many receiving waters are now
not only enriched with nutrients, but nutrient loads to many aquatic environments also diverge
considerably from those that have long been associated with phytoplankton growth. The ratio
of dissolved inorganic N:P (DIN:DIP) — when in the proportion of 16:1 on a molar basis — is
classically identified as the Redfield ratio (Redfield 1934) - please rephrase sentence??. Various
surveys of the “optimal” N:P molar ratios in a broad range of phytoplankton groups have found
that, while the data clustered around the Redfield ratio, there were numerous examples at
both the high and low ends of the spectrum (e.g., Hecky 1988; Klausmeier et al. 2004). Note
that the “optimum” N:P is the ratio of the values where the cell maintains the minimum N
and P cell quotas (Klausmeier et al. 2004). Changes in this ratio have been compared to shifts
in phytoplankton composition, yielding insight about the dynamics of nutrient regulation of
plankton assemblages (e.g., Tilman 1977 - missing ref??, Smayda 1990; Hodgkiss and Ho 1997;
Hodgkiss 2001; Heil et al. 2007).

Efforts to understand the relationships between nutrient loading and algal blooms have
largely focused on total nutrient loads and altered nutrient ratios (N:P or N:Si (silica)) that result
from selected nutrient addition or removal. Alterations in the composition of nutrient loads
have correlated with shifts from diatom-dominated to flagellated-dominated algal assemblages
in many regions. Continuing with the example of China introduced above, in the Huanghai
Sea region of China, inorganic N:P ratios are now about twice Redfield proportions, and about
four-fold higher than in the 1990s (Ning et al. 2009; Glibert et al. 2014b). Also, in this region
there has been nearly a six-fold increase in HAB occurrences and a shift to proportionately
more dinoflagellates compared to diatoms (Fu et al. 2012; Glibert et al. 2014b). Similarly, in the
South China Sea region, water column inorganic N:P ratios increased from ~2 in the mid-1980s
to >20 in the early 2000s (Ning et al. 2009). In addition to the increase in number of HABs, a
change in species composition has also occurred with increasing dominance of species such as
Chattonella, Gymnodinium breve (now Karenia brevis) and Dinophysis (Wang et al. 2008).

The form in which particular nutrients are supplied may also affect the likelihood for
a specific nutrient load to promote HABs, in addition to the impact of nutrient ratios that
promote certain species with a higher or lower requirement for a particular nutrient (rephrase
OK??). Organic nutrients have been shown to be important in the development of blooms of
various HAB species, in particular cyanobacteria and dinoflagellates (e.g., Paerl 1988; Glibert
et al. 2001) and the importance of this phenomenon is being recognized in blooms around the
world (e.g., Granéli et al. 1985; Berman 1997; Berg et al. 2003; Berman and Bronk 2003). It has
been well demonstrated, for example, that cyanobacterial blooms in Florida Bay and on the
southwest Florida shelf are positively correlated with the fraction of nitrogen taken up as urea
and negatively correlated with the fraction of nitrogen taken up as nitrate (Glibert et al. 2004).

The impacts of differing anthropogenic activities with respect to HABs are not necessarily
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the same. For example, nutrient delivery associated with sewage may bear little similarity
in quantity or composition to that associated with inputs from agriculture, aquaculture or
dredging operations, depending on what form of sewage treatment (if any) exists. In turn,
nutrients from these sources may also differ in quantity and composition from those associ-
ated with natural nutrient delivery mechanisms such as groundwater flow and atmospheric
deposition, recognizing that these sources as well may be influenced by human activities.
The timing of nutrient delivery also affects the extent to which the associated nutrients may
stimulate HABs. Long-distance transport of nutrients, and of organisms (e.g., Franks and
Anderson 1992), accumulation of biomass in response to water flows, buoyancy regulation, and
swimming behaviours (e.g., Kamykowski and Yamazaki 1997 - I assume this should be 1997
not 1995??) and maintenance of suitable environmental conditions (including temperature,
salinity, stratification, irradiance) as well as nutrient supply, are all critical to understanding

the environmental response to nutrients.

Among the high biomass bloom formers, pelagic Prorocentrum, especially P. minimum,
has been well documented to be a species expanding in global distribution in concert with
eutrophication (Heil et al. 2005; Glibert et al. 2008, 2012). Global maps of nutrient loads,
by form and dominant source (Dumont et al. 2005; Harrison et al. 2005a,b; Seitzinger et al.
2005) illustrate that this species is most prevalent when nitrogen loads are high, where these
nitrogen loads are in organic form, and where the organic nutrients are predominantly from
anthropogenic origin (Glibert et al. 2008, 2012). Other studies have shown that P. minimum
is common near sewage outfalls and near nutrient-rich shrimp ponds or other aquaculture
operations (Cannon 1990; Sierra-Beltran et al. 2005). In the Baltic Sea, its expansion has also
been linked to impacts from human activities (Olenina et al. 2010).

The coast of China again provides a relevant example (the expansion of HABs in this region
is highlighted above). Many of these blooms are associated with pelagic Prorocentrum spp. in
the East China Sea in the convergence area of the Yangtze (Changjiang) River plume and the
Taiwan Warm Current (Lu and Gobel 2001; Zhou et al. 2003; Zhou et al. 2008; Wang and Wu
2009 - assume this should be 2009 not 200877, Lu et al. 2005; 2006 - both refs missing ). The
dominant species is P. donghaiense and such blooms can form up to 90% of the planktonic
biomass (Zhou et al. 2008; Li et al. 2009, 2010a, Lu et al. 2011- missing ref??). Blooms form in
the in the convergence area of the N-rich (but comparatively P-poor) water from the Changjiang
River plume and the P-enriched Taiwan Warm Current (Tang et al. 2000; Li et al. 2009). While
satellite imagery can readily detect the chlorophyll accumulation in this region when blooms
are present, there is also a very large plume of sediment that is readily apparent. A “red tide”
bloom index has been developed for this region, based on both false colour images of the East
China Sea acquired by MODIS Terra during a bloom in 2005 (Lou et al. 2006) and SeaWiFS data
(Ahn and Shannmugam 2006; Figure 1.4) which illustrates the scope of these blooms when
they occur.
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Figure 1.4 (A) False colour image of the East China Sea on 29 May 2005 acquired by
MODIS Terra showing the red tide distribution; (B) mean DIN:DIP ratio in the surface
waters of the East China Sea during spring 2005 when Prorocentrum donghaiense was the
dominant phytoplankton species. The dashed line indicates the location of the bloom.
Panels C-F represent SeaWiFS images for the Yellow and Bohai Seas during spring (1999-
2002) converted to a red tide index using an algorithm developed from bio-optical data
from native HAB species (scale represents Red tide Chlorophyll Algorithm, RCA, index).
Panel (A) reproduced from Lou et al. (2006) with permission of the International Society
of Optical Engineering, panel (B) reproduced from Glibert et al. (2012) with permission
of the journal Harmful Algae (Elsevier) and panels C-F are reproduced from Ahn and
Shannmugam (2006) with permission of the publisher (Elsevier). Does IOCCG also have
permission to reproduce these as well??

1.3.2 Relationships with changing climate

Average sea surface temperatures are expected to rise as much as 5°C over the coming century
and many parts of the ocean are expected to freshen significantly due to ice melt and altered
precipitation (e.g., Fu et al. 2012 and references therein). These changes will alter stratification,
availability of nutrients and their forms and ratios, and will also alter pCO» and light regimes
among other factors (e.g., Boyd and Doney 2003).

Massive changes in the carbon (C) cycle are also expected, and are actually occurring, with
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large effects on pH. The change in C chemistry is expected not only to affect those organisms
that are pH sensitive, but may also affect, and favour, those algae that depend on diffusive CO>
rather than HCOs3_ as their C source. This includes many of the HABs, such as Amphidium
carterae and Heterocapsa oceanica (Dason et al. 2004), but this is certainly not the case for all
HABs. High CO> may also affect toxicity of HABs through a variety of routes. The synthesis of
some toxins is light dependent, as is the case with karlotoxin in Karlodinium veneficum and
saxitoxin in Alexandrium catenalla (Proctor et al. 1975; Adolf et al. 2009) suggesting that as
photosynthesis is affected by changing pCO-, so too is toxin synthesis. Those species that
produce copious amounts of reactive oxygen species (ROS), such as the raphidophytes, also
produce more under light conditions (Fu et al. 2012 and references therein). In the diatom
Pseudo-nitzschia, concentrations of the toxin domoic acid appear to increase at high CO,/low
pH levels, at least as shown in some studies (e.g., Sun et al. 2011; Tatters et al. 2012), and this
effect is more pronounced when cells are nutrient limited or when forms of nitrogen shift
away from oxidized to reduced forms (Glibert et al. 2015 and references therein).

Temperature alone also affects metabolism in multiple ways. It affects growth rate, pigment
content, enzyme reactions and photosynthesis, among other processes, but not always in
the direction of increasing with higher temperatures. As an example, the uptake of NO3 and
its reduction actually generally decrease at higher temperatures, at least in many diatoms
(e.g., Lomas and Glibert 1999; Glibert et al. 2015), suggesting that diatoms may be negatively
impacted as temperatures continue to rise. Toxicity of many HABs also increases with warming,
but this is not the case in all HABs (Fu et al. 2012 and references therein). The combination of
elevated pCO> together with nutrient limitation and altered nutrient ratios appears to be an
especially potent combination in terms of toxicity of some HABs.

1.4 Trophic Interactions: HABs as Prey and as Predators

High-biomass algal blooms often result in reduced transfer of energy to higher trophic levels,
as many HAB species are not efficiently grazed, resulting in a decreased transfer of carbon and
other nutrients to fish stocks when HAB species replace more readily consumed algal species
(Irigoien et al. 2005; Mitra and Flynn 2006).

One of the important advancements in our understanding of HABs and eutrophication over
the past decade or more has been the evolving recognition of the importance of mixotrophy
in the nutritional ecology of many HABs, especially those that are prevalent in nutrient rich
environments (Burkholder et al. 2008). Therefore, many HABs are important predators as well
as prey. For decades it was thought that mixotrophy was either relatively rare, or when present
was more common in those cells that thrived under nutrient impoverished conditions. Essential
elements, such as N, P and C, are typically rich in microbial prey and thus mixotrophy has
been thought to provide a supplement when there is an elemental imbalance in the dissolved
nutrient substrates (Granéli et al. 1999 - should this be 198977, Vadstein 2000 - missing ref??,
Stibor and Sommer 2003; Stoecker et al. 2006). In eutrophic environments, although nutrients
may be proportionately more available than in oligotrophic environments, it is not uncommon
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for such nutrients to be out of stoichiometric balance, leading to nutrient deficiency even in a
nutrient rich habitat (Burkholder et al. 2008).

A diverse array of HAB species are mixotrophic, either osmotrophic or phagotrophic or
both (Glibert and Legrand 2006; Burkholder et al. 2008). There is an equally diverse array
of prey that may be consumed by such HAB species. The extent to which species may be
mixotrophic and the type of prey they may ingest affect the ability to remotely detect such
blooms. At the extreme are those species that, while considered to be HABs, are not algae
at all but rather heterotrophs and any pigment signature they may have would be of their
ingested prey or of kleptochloroplasts. The latter is exemplified by Noctiluca scintillans, a
heterotrophic dinoflagellate that forms spectacular “red tide” blooms (Harrison et al. 2011).
This species is purely heterotrophic, and is of two forms, red and green, the latter a result
of an endosymbiont (Harrison et al. 2011). Noctiluca is now recognized to be increasing in
global distribution in relation to eutrophication, but its blooms are often displaced from the
origin of the nutrient load as it is hypothesized that nutrients first fuel another type of bloom,
either diatom or dinoflagellate, which are then grazed in succession leading to Noctiluca as the
offshore manifestation of eutrophication (Harrison et al. 2011). The specific case of Noctiluca
in the Arabian Gulf and Arabian Sea is developed in Section 1.6.

Another mixotrophic dinoflagellate group that forms spectacular blooms is that of Kare-
nia/Karlodinium. Members of this group have been shown to graze the cyanobacterium
Synechococcus sp., as well as cryptophytes (Jeong et al. 2005; Adolf et al. 2008; Glibert et al.
2009). In laboratory experiments, Jeong et al. (2005) estimated that 5 cells h™! of Synechococ-
cus could be grazed by the mixotroph Karenia brevis while Glibert et al. (2009) found that
from ~1 - 80 cells of Synechococcus h! could be grazed by K. brevis with the rate varying
with the predator:prey ratio. Two species of the genus Karenia are easily distinguished by
their respective pigment signatures: Karenia sp. having the pigment gyroxanthin-diester, while
Synechococcus sp. has the cyanobacterial pigment zeaxanthin (Kana et al. 1988; Johnsen et al.
2011) - how does this distinguish the two Karenia species?? Did you mean distinguish between
Karenia and Synechococcus?? Interestingly, on the western coast of Florida, USA, during one
bloom of K. brevis in 2005, the unique pigment signatures for Karenia were located in a region
where Synechococcus was distinctly absent, suggesting either that these species thrive under
very different ecological conditions, or, that Karenia had grazed the Synechococcus (Heil et al.
2007; Glibert et al. 2009, Figure 1.5).

In summary, changes in nutrients and climate have complex effects on HABs, altering
water column structure, environmental conditions for growth, potential for toxicity, and
overall changing niche space on a range of scales. Competition between and among HABs
and non-HABs will also change (e.g., Flynn et al. 2015 - missing ref??). Those species with
adaptive strategies to thrive in these altered conditions, through changes in growth rates,
toxicity, or mixotrophic capabilities, will thrive. To understand these various strategies and
their relationships, a number of conceptual models have been proposed linking different
algal functional groups or HAB classes to their physical environment in terms of turbulence,
nutrients and light. These conceptual models are briefly summarized below.
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Figure 1.5 Contour maps of the coast of western Florida, USA, illustrating (A) the
abundance of the pigment gyroxanthin-diester, an indicator pigment of Karenia brevis,
and (B) the ratio of zeaxanthin:chlorophyll-a, an indicator of cyanobacteria. Note the
absence of zeaxanthin in the region where gyroxanthin-diester was most prevalent.
Reproduced from Heil et al. (2007) and reproduced with permission of Limnology and
Oceanography. Does IOCCG also have permission to reproduce these??

1.5 Conceptual models of the influence of nutrients and the physi-
cal environment on species selection

While there are many relationships that have been established with respect to nutrient loads,
nutrient forms, various aspects of climate change and phytoplankton composition, the funda-
mental question is: Do systems self-assemble in fundamentally similar ways when physical
parameters, including nutrient loads, are altered?

Ecological theory states that elemental stoichiometry is a fundamental constraint of food
webs, and alternate stable states will develop under different nutrient regimes due to self-
stabilizing feedback mechanisms. Margalef (1978) captured this fundamental principle in the
now-classic “mandala” (Figure 1.6), as described by Smayda and Reynolds (2001):

Margalef’s elegant model combines the interactive effects of habitat mixing and
nutrient conditions on selection of phylogenetic morphotypes and their seasonal
succession, which he suggests occurs along a template of » versus K growth
strategies. Margalef’s use of these two variables as the main habitat axes in
his model accommodates our view that the pelagic habitat is basically hostile
to phytoplankton growth, given its nutritionally-dilute nature and the various
dissipative effects of turbulent mixing.
As a descriptive, rather than mechanistic model, the approach has been useful in generally
conceptualizing species succession, seasonal progression, or even the gradients that may
develop spatially with vertical structure and stratification.
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Figure 1.6 Classic depiction of the Margalef phytoplankton mandala illustrating the
relationship and sequence of diatoms and dinoflagellates in relation to nutrients and
turbulence. Reproduced from Glibert (in press) under the Creative Commons license, and
permission of the journal of Plankton Research. Does IOCCG also have permission to
reproduce these??

However, as with any simplified model, there are exceptions, difficulties in applications or
reasons to believe that the simple parameters chosen may not be the important factors for
species composition determination. One difficulty with the Margalef mandala is that “nutrients”
are considered as a single entity and their importance only becomes significant when nutrients
are “limiting”. Our evolving understanding of the role of nutrients in the development of HABs
now also includes a greater appreciation for the role of nutrient ratios and their effects on
food quality and on system biogeochemistry, whether nutrients are limiting or not (Sterner and
Elser 2002; Glibert et al. 2011; Glibert et al. 2013). A stoichiometric perspective thus brings
into question the long-held view that nutrients are only regulating when they are limiting (e.g.,
Reynolds 1999). Systems in which stoichiometric changes have occurred or are occurring may
be uniquely poised for changes in dominant organisms. Ultimately, when more systems have
been analyzed from an ecological stoichiometric viewpoint it may be possible to predict the
trajectory of specific trophic responses. Of relevance to the Magalef mandala, species are
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changing not only along a nutrient-light continuum, but along a stoichiometric continuum
as well, and such changes may be physiologically important even when nutrients are not at
limiting levels (Glibert et al. 2011; Glibert et al. 2013).

Physiological regulation of cells at saturating or super-saturating levels of nutrients can be
as important in regulating food web structure as nutrients at the low end of the scale (Glibert
et al. 2011). Among the many phytoplankton species, many HABs have adaptive strategies
for coping with nutrient excess. Among these “strategies” are use of alternate nutritional
mechanisms (such as mixotrophy), use of an alternate form of the same element (substituting
organic for inorganic forms), releasing the nutrient in excess, and use of metabolism to create a
favorable micro-environment (Glibert and Burkholder 2011). As noted above, toxin production,
for example, by numerous harmful species has been shown to increase when the cells are
not grown under nutrient-balanced conditions and when they sustain a change in N or P
availability or depletion (Flynn et al. 1994; Johansson and Granéli 1999a,b; Granéli and Flynn
2006). Production of toxins rich in N might be regarded as a dissipatory mechanism, whereby
cells acquire the nutrient(s) they need but release nutrients that are not needed (reviewed by
Glibert et al. 2011; Glibert and Burkholder 2011). In some algal flagellates, toxin production
increases under P stress (Granéli et al. 1998 - should this be 198977, John and Flynn 2002 -
missing ref??). However, the mechanism of toxin production for stoichiometric balance under
N limitation appears to be less common than under P limitation, perhaps in part because many
toxins are N-rich (Granéli and Flynn 2006).

Smayda and Reynolds (2001) attempted to develop a next-generation conceptual model of
species succession based on environmental conditions, especially nutrients and light (Figure
1.7). They too, however, did not address the issue of nutrient proportion or nutrient ratios.
They suggested that community assembly reflected life-form and species-specific selection,
based on adaptive strategies consistent with C-S-R characteristics (C- colonists, predominant
in chemically disturbed systems; S- stress tolerant and R-disturbance tolerant species that
can withstand physical forces stresses). In their conceptual model they underscored that life-
form properties over-ride phylogenetic properties in the development of species succession.
The conceptual matrix of Smayda and Reynolds (2001) and Smayda and Reynolds (2003 -
missing??) identifies the “nearshore, increasing eutrophic” space as dominated by certain
armored dinoflagellates, including Prorocentrum spp. and by certain gymnodinioids, such as
Karenia spp. or Karlodinium spp. However, these species groups generally do not co-occur,
but rather more often occur temporally or spatially separated, as is the case in Chesapeake
Bay where Prorocentrum generally occurs in spring, with Karlodinium generally occurring later
in the year (Li et al. 2015).

Based on emerging trends in nutrients loads, and the fact that all nutrients are not
necessarily trending similarly, a new mandala has been proposed that incorporates much
greater understanding of algal nutritional physiology (Glibert in press, Figure 1.8). Similar to
the Margalef mandala, the importance of differences in turbulence and nutrients are captured
and diatoms and dinoflagellates again separate along the different axes. However, in contrast
to Margalef, the nutrient axes herein are differentiated in two ways, by N:P and by N form. In
Margalef’s diagram, the nutrient axis reflected a total nutrient load to the system and made no
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Figure 1.7 Two illustrations of the dominant dinoflagellate (OK??) groups in relation to
nutrients and light along an onshore-offshore continuum characterizing pelagic habitats.
Panel A highlights the regional oceanographic regimes and panel B the associated AB
types. Type I = gymnodinioids; Type II = peridinioids and prorocentroids; Type III =
ceratians; Type IV = frontal zone species; Type V = upwelling relaxation taxa; Type VI =
coastal current entrained taxa; Type VII = dinophysoids; Type VIII = tropical oceanic flora;
Type IV (IX??) = tropical shade flora. Reproduced from Smayda and Reynolds (2001) with
permission of the journal of Plankton Research. Does IOCCG also have permission to
reproduce these??

distinction between nutrient forms (N or P) or forms of specific nutrients (e.g., NH} vs NO3,
organic vs. inorganic). The Margalef conceptualization was drawn primarily with systems such
as upwelling in mind, where consistent injections of nutrients from deeper waters to surface
were thought to be the primary nutrient source fuelling blooms, with N mainly being in the
oxidized form (NO3). The new mandala therefore makes the distinction between N forms
and N:P ratios, and this distinction is made in this new mandala for two important reasons.
First, as noted above, N loads are generally increasing globally at a rate faster than those of
P, as a consequence of our ever-expanding use of N-based fertilizers and their leakage to the
environment, and the greater emphasis on P control (e.g., Galloway et al. 2002; Elser et al. 2009;
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Figure 1.8 Conceptual mandala of the relationships between nutrients and various other
phytoplankton traits and environmental characteristics. Reproduced from Glibert (in
press) under the Creative Commons license, and permission of the journal of Plankton
Research. Does IOCCG also have permission to reproduce these??

Glibert et al. 2013; Glibert et al. 2014a - or b??). Together these trends are leading, as described
above, to increasing N:P ratios in many aquatic environments, both marine and freshwater. The
effects of N vs. P loads have decidedly different effects on phytoplankton community assembly
(e.g., Schindler et al. 2008; Paerl 2009; Hillebrand et al. 2013). Second, it is now well established
that not all N forms are taken up and metabolized similarly by all phytoplankton (e.g., Glibert
in press). The revised mandala also incorporates a scale that recognizes the importance of
mixotrophy. Key among the notions captured in this new mandala is the relationships between
and among traits. While the mandala serves to highlight the differences and trade-offs between
traits, it can also be seen that, in general, some traits or associated environmental conditions
tend to track each other (Glibert in press).

1.6 Changes in HABs assessed with Ocean Colour: Case Study of
the Arabian Sea and Arabian Gulf

As described above, east Asia in general and China in particular represents a prime example
of the expansion in HABs and eutrophication in relation to the expanding use of synthetic
fertilizers and changes in human population. Another region where HABs have expanded
is that of the Arabian Gulf and Arabian Sea, but in this case not only has nutrient loading
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increased, but so too has climate variability??, leading to massive shifts in blooms species.
Understanding the massive changes that have taken place in this region would not have been
possible without ocean colour radiometry. This is especially true for this region of the world
due to the rise in piracy and the extreme difficulty in mounting shipboard operations in the
region (e.g., Goes and Gomes in press).

In the past decade, beginning about the year 2000, the northern Arabian Sea has witnessed a
shift from a winter phytoplankton assemblage that had long been composed mostly of diatoms
to a contemporary phytoplankton community that consists predominantly?? of the large, green,
heterotrophic dinoflagellate, Nocticula scintillans (Gomes et al. 2014 and references therein,
Goes and Gomes in press). This HAB relies on its endosymbiont Pedinomonas noctilucae to fix C;
it also ingests a variety of prey. These blooms were not observed during the Joint Global Ocean
Flux Study (JGOFS) cruises of the 1990s (Gomes et al. 2008) but have expanded considerably,
consistent with climate changes and atmospheric warming (Goes et al. 2005) as well as
nutrient loading (Harrison et al. 2011). Blooms of N. scintillans are now recognized to be an
offshore manifestation of eutrophication, at least in some areas; increasing nutrients promote
an increase in phytoplankton that, in turn, are the nutrient supply for this heterotrophic
dinoflagellate (Harrison et al. 2011). The scale of eutrophication is massive, with the population
of Mumbai doubling in just the past decade — and little advancement in sewage treatment in
parallel. But, compounding this effect are large-scale changes in oceanography of the region.
On the one hand, stronger summer monsoonal winds are now occurring than in past decades,
bringing more nutrient-rich deep water to the surface as well. As a consequence, these blooms
are now >300% more intense than in the late 1990s. Receding snow cover from the Himalayas
is resulting in stronger winds across the Indian subcontinent, and this helps to intensity
(intensify??) the upwelling of nutrients off the coast of Somalia, Yemen and Oman (Goes et al.
2005). On the other hand, the northern Arabian Sea appears to be experiencing weakening
convective mixing, and thus a potential decline in nutrients to the surface to this area (Goes
and Gomes in press).

Superimposed on this long-term trend was an unusual occurrence of a massive bloom
of Cochlodinium polykrikoides in the Gulf of Oman in 2008 - 2009 (Al-Azri et al. 2014, and
references therein). It is likely that the development of the bloom of C. polykrikoides in the
coastal waters of Oman was facilitated by a uniquely strong mesoscale feature forced by
the reversal of monsoonal periods, resulting in aggregation of cells and nutrients towards
the coastal regions. The occurrence and persistence of high densities of C. polykrikoides
was significantly influenced by an especially elevated nutrient load and warmer than normal
temperatures. The progression of this regional event likely began with stronger than normal
upwelling from the southwest monsoon along the Iranian coast and northern Omani coast in
the Strait of Hormuz (Figure 1.9). This was likely followed by discharge of warm coastal plume
water from the Arabian Gulf, and together with nutrient discharge, the C. polykrikoides cells
were able to grow rapidly and accumulate along the Omani coast. These blooms intensified,
but were also carried in an anticylonic direction back to the Iranian shore following wind
reversal in late October/November and the onset of the northeast monsoon. There, they
were transported into the Arabian Gulf through the Strait of Hormuz where they affected the
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Figure 1.9 Satellite images of the Gulf of Oman and NE Arabian Sea showing (panels
A-G) the development and expansion of the Cochlodinium polykrikoides bloom from late
fall 2008 into 2009 and (panels H-]) the expansion of blooms of Nocticula in the northern
Arabian Sea in the subsequent winters from 2009-2011. Panels A-G from Al-Azri et al.
(2014) and reproduced with permission of Estuaries and Coasts; Panels H-J are from
Gomes et al. (2014) and reproduced with permission of Nature Communications. Does
IOCCG also have permission to reproduce these as well??

coast of Iran for several months into 2009 (Al-Azri et al. 2014). Export of chlorophyll-a to
the Arabian Sea also apparently occurred by January 2009, as seen from the satellite images.
These images also illustrate the spatial extent of these blooms compared to those observed in
2009, 2010 and 2011 (Figure 1.9). In the years since 2009 and the C. polykrikoides bloom, the
trend for increasingly intensive outbreaks of Noctiluca blooms has continued, and the bloom
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in February 2015 was particularly intense (Goes and Gomes in press). Interestingly, Noctiluca
has also recently been reported to have expanded its range to the Southern Ocean from coastal
Australia, a potential effect of increased warm core eddies from Tasmania to the pole (Mcleod
et al. 2012). As noted by Harrison et al. (2011),
Plankton dynamics have changed and are changing due to climate change and
increasing eutrophication. Noctiluca may be a coastal or offshore manifestation of
eutrophication in some areas, since an increase in nutrients provides an increase
in phytoplankton, its main food supply as a grazer.

In summary, there are many factors contributing to the large global changes now occurring
in HABs. Most importantly, changes (OK??) in nutrient loading, increased eutrophication
and global climate change are the most important. Climate change is affecting circulation,
stratification, temperature, as well as CO, and pH. Some of the most impacted regions of the
globe are East Asia, especially the coast of China, and the Arabian Gulf and Sea regions. Ocean
colour radiometry, together with many direct observational tools, experimental measurements
as well as modelling, has contributed to advance our understanding of these important
changes.
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Chapter 2

Case Study: Blooms of the Neurotoxic Dinoflagellate
Karenia brevis on the West Florida Shelf

Inia M. Soto', Chuanmin Hu' , Jennifer Cannizzaro!, Jennifer Wolny!-? and Frank
E. Muller-Karger!

2.1 Background

2.1.1 Organism description, impact, and distribution

Karenia brevis, previously known as Gymnodinium breve (Davis 1948) and Ptychodiscus brevis
(Steidinger 1979), is an ichthyotoxic unarmored dinoflagellate that causes massive harmful
algal blooms (HABs). It is commonly referred to as “Florida red tide” in the Gulf of Mexico
(GoM). K. brevis is a eukaryotic, 18-45 um wide, single-celled organism, with two flagella for
motility and propulsion, a distinctive apical carina, a straight apical groove, and a nucleus
positioned in the lower left quadrant of the cell (Table 2.1, Figure 2.1a; Steidinger et al. 2008).

K. brevis produces brevetoxins, which are responsible for massive fish kills, marine animal
mortality, neurotoxic shellfish poisoning (NSP), and respiratory illness in humans and marine
mammals. NSP can cause severe illness in humans, which can necessitate emergency room
visits and intensive care for the first few hours after intoxication; however, no fatalities have
been reported (Watkins et al. 2008; Landsberg et al. 2009; Fleming et al. 2011). Reports of
NSP after consumption of contaminated shellfish are rare, but the possibility of misdiagnosis
is high (Watkins et al. 2008). K. brevis cells can break open easily with the wave action and
release brevetoxins into marine aerosols. Contaminated aerosols have been measured up to six
kilometers away from the coast (Kirkpatrick et al. 2010). These aerosols can cause respiratory
irritation, bronchial constriction, coughing, burning sensation and itching (Kirkpatrick et
al. 2004, 2011). These respiratory symptoms can be exacerbated in asthmatic patients or
those with other chronic respiratory ailments (Singer 1998; Fleming et al. 2005, 2007, 2009;
Kirkpatrick et al. 2011).

Brevetoxins can kill fish even at low concentrations (Baden and Mende 1982). Hence, fish
kills are often an early warning sign of Florida red tides. During intense blooms, fish kills
of up to 100 tons per day have been reported (Alcock 2007). Brevetoxins can bioaccumulate
in fish and seagrass, which then serve as vectors for toxins in the food chain (Flewelling
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Table 2.1 Description of Karenia brevis.

Eco-physiological characterization of Karenia brevis

Cell Features

Eukaryotic, 18-45 um wide, distinctive apical carina and straight apical groove, nucleus in
the left lower quadrant, and 10-20 chloroplasts (Fig. 1a; Steidinger et al. 2008).

Temperature Range: 9-33°C, Optimal: 20-28°C
Salinity Range: 17-40, Optimal: 31-37
Pigments Main pigments are chlorophyll, S-carotene, fucoxanthin and its derivatives, and gyroxanthin-

diester (Millie et al. 1995; Bjernland et al. 2003; Pederson et al. 2004).

Nutrient prefer-

Organic and inorganic phosphorus and nitrogen: nitrates, nitrite, ammonia, urea and amino
acids, humic substances (Vargo 2009). Trace metals, chelators and vitamins are a require-

ences ment (Steidinger 2009). Ingestion (i.e., phagotrophy) of the cyanobacteria Synechococcus
(Glibert et al. 2009).

Motility Two flagella for motility and propulsion (Steidinger et al. 1998).

Ultrastructure Unarmored dinoflagellate, no ultrastructure (Steidinger et al. 1998).

Distinctive fourth derivative of the absorption spectra (Millie et al. 1997; Kirkpatrick et al.
2000). K. brevis blooms exhibit significant lower by, (550) coefficients compared to diatom
dominated waters (Cannizzaro et al. 2004; Schofield et al. 2006; Cannizzaro et al. 2008,
2009). Significant decrease in the absorption slope at 443 nm and step detrital absorption
slope (Cannizzaro et al. 2008).

Inherent Optical
Properties

Remote sensing reflectance (R,s) values are 3-4 times lower in high chlorophyll (1-10
mg m~3) with K. brevis concentrations over 10* cell 1-'. R,, decreases with increment in
concentration (Cannizzaro et al. 2008).

Apparent Opti-
cal Properties

et al. 2005; Landsberg et al. 2009). Mass mortality of dolphins and manatees have been
attributed to brevetoxin exposure either by consumption and/or inhalation (Geraci 1989;
O’Shea et al. 1991; Bossart et al. 1998; Steidinger et al. 1998; Van Dolah et al. 2003; Flewelling
et al. 2005; Fleming et al. 2011). The effects of K. brevis blooms also extend into the economy
of the region. Tourists avoid beaches, water activities (e.g., diving, boating, and fishing),
and businesses within close proximity to impacted beaches. Hoagland and Scatasta (2006)
estimated average annual economic loss in the United States due to HABs at $82 million, while
the St. Petersburg/Clearwater Visitor and Area Convention Bureau documented a loss of $240
million for the Tampa Bay region during the 2005 red tide event alone (Moore 2006; Alcock
2007).

Karenia species are globally distributed and have been reported in the Gulf of Mexico
(Davis 1948), English Channel (Kurekin et al. 2014), North Sea (Kurekin et al. 2014), New
Zealand (Chang 1999; Faust and Gulledge 2002; Chang and Ryan 2004; Haywood et al. 2004;
Rhodes et al. 2004; Davidson et al. 2009), Kuwait, (Heil et al. 2001; Glibert et al. 2002), Hong
Kong (Yang et al. 2001; Yeung et al. 2005), East China Sea (Okaichi 2004), Scotland (Davidson
et al. 2009), South Africa (Botes et al. 2003), western Mediterranean (Feki et al. 2013; Refé
et al. 2015), Seto-Inland Sea, Japan (Siswanto et al. 2013), and Tasmania and Australia (de Salas
et al. 2004). A more complete distribution table of Karenia species can be found in Brand
et al. (2012). Karenia species are commonly found at background concentrations (<1,000
cells 171) in the GoM and have also been reported in Jamaica (Steidinger 2009) and Trinidad
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Figure 2.1 (a) K. brevis cell magnified 400x with light microscopy, (b - d) K. brevis
blooms on the West Florida Shelf. Photos are courtesy of Florida Fish and Wildlife
Conservation Commission.

(Lackey 1956). Blooms of Karenia species have been reported in coastal waters along Florida
and Texas (see references in Magana et al. 2003 and Steidinger 2009), Alabama, Louisiana and
Mississippi (Dickey et al. 1999; Maier Brown et al. 2006); and in the following Mexican Gulf
states: Tamaulipas (Cortés-Altamirano et al. 1995), Veracruz (Aké-Castillo et al. 2012), Tabasco
(Mier et al. 2006), Campeche (Soto et al. 2012; Soto 2013), and Yucatan (Merino-Virgilio et al.
2012). Also, Karenia blooms have been observed in the South and Mid Atlantic Bights, as it is
transported out of the GoM by means of the Gulf Stream (Tester et al. 1991; Walsh et al. 2009;
Wolny et al. 2015).

2.1.2 Ecological niche, nutrient and environmental preferences, and bloom mech-
anism

K. brevis is considered to be neritic and typically occurs in continental shelf and coastal
waters (Finucane 1964). Several studies indicate that K. brevis is well-adapted to low-nutrient
environments such as the oligotrophic waters of the West Florida Shelf (WFS). This is attributed
to low half-saturation constants (K;) for nitrate and ammonia (0.06-1.07 uM) and phosphorus
(0.18uM) (Vargo and Howard-Shamblott 1990; Steidinger et al. 1998; Bronk et al. 2004; Vargo
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2009). K. brevis can utilize a variety of nutrient sources (both organic and inorganic), even
simultaneously (Vargo and Shanley 1985). Phosphorus is not a limiting nutrient for K. brevis
(Dragovich and Kelly 1966; Wilson 1966; Wilson et al. 1975). Instead, nitrogen typically limits
growth with estimated concentrations necessary to maintain a bloom of 106 cells 1-! ranging
from 3-8.6 um (Odum et al. 1955; Shanley and Vargo 1993). K. brevis can utilize organic
nitrogen from amino acids (Baden and Mende 1979) and urea (Shimizu and Wrensford 1993;
Shimizu et al. 1995; Bronk et al. 2004; Sinclair et al. 2009). On the WES, blooms of K. brevis are
often preceded by blooms of the nitrogen-fixing cyanobacteria Trichodesmium. It has been
suggested that K. brevis can utilize Trichodesmium-generated dissolved nitrogen (Mulholland
et al. 2004, 2006) in addition to humic substances (Ingle and Martin 1971; Martin et al. 1971;
Vargo 2009).

Inorganic sources of nitrogen in the form of nitrate-nitrite and ammonium are also used;
however, cell yields for certain inorganic sources have yet to be quantified (Steidinger 2009;
Vargo 2009). Richardson et al. (2006) found that growth rates were indifferent of the nitrogen
source. Similar to other harmful algal species, K. brevis is mixotrophic, which means that
it can alternate between autotrophy and heterotrophy (Burkholder et al. 2008). Studies by
Jeong et al. (2005) and Glibert et al. (2009) have shown that ingestion (i.e., phagotrophy) of the
cyanobacteria Synechococcus can increase the growth rate of K. brevis.

Blooms of K. brevis have been identified since 1946 (Davis 1948), however reports of dead
fish and changes in water colour date back to the 1600s (Magafa et al. 2003). On the WEFS,
blooms of K. brevis occur almost every year during late-summer and fall, but some blooms
have lasted more than a year, such as in 1946—47 and 2005-06 (Steidinger 2009). It has
been suggested that blooms initiate in nutrient-poor waters of the WFS between 18-74 km
offshore (Steidinger 1975; Steidinger and Haddad 1981). Wind and currents are hypothesized to
transport blooms inshore, where they are supported by additional nutrient sources (Steidinger
et al. 1998). Several hypotheses have been suggested to explain the source of nutrients
necessary for triggering blooms. These include upwelling of nutrient-rich waters along the
continental shelf and oceanic fronts (e.g., Steidinger and Haddad 1981), iron-rich Saharan
dust that may promote blooms of the nitrogen-fixing cyanobacteria Trichodesmium (Lenes
et al. 2001; Walsh and Steidinger 2001), intrusions of the Mississippi River plume (Stumpf
et al. 2008), and submarine groundwater discharge (Hu et al. 2006). Walsh et al. (2006) and
Vargo et al. (2008) suggested that estuarine flux from Tampa Bay, Charlotte Harbor, and
the Caloosahatchee River can supply nitrogen and phosphorus to meet the requirements for
populations <107 cells 17!, but that additional nutrient sources (e.g., remineralization of dead
fish and zooplankton excretion) are necessary to sustain large and prolonged K. brevis blooms.

2.2 Principles
K. brevis blooms often modify the colour of the water, commonly appearing various shades of

brown to red (Figure 2.1b-d). Such changes are partially attributed to the specific absorption
and backscattering properties associated with the K. brevis cells (Cannizzaro et al. 2004, 2008).
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Water colour can also vary, though, depending on the spectral quantity and quality of incoming
light, observation angle, depth of the bloom, and concentrations/types of non-algal particulate
and dissolved coloured materials (e.g., suspended sediments and coloured dissolved organic
matter, CDOM) that accompany blooms (Dierssen et al. 2006).

Natural populations of K. brevis contain approximately 8.5 pg of chlorophyll-a per cell
(Evens et al. 2001), which amounts to ~0.5-1.0 mg m~3 of chlorophyll-a for a moderate
bloom (5x10% to 10° cells I"1). Based on field observations, this was determined to be the
minimum level for detecting blooms from space using satellite ocean colour data (Tester et al.
1998). Bloom detection on the WFS, based on satellite-derived chlorophyll-a concentrations
(CHL), is possible because K. brevis blooms in this region are generally mono-specific, highly
concentrated (10* to 107 cells 1-1), cover large areas, usually concentrate near the surface, and
often last for weeks or months at time.

High concentrations of chlorophyll, though, are not unique to K. brevis, but can also
be found in blooms of other phytoplankton types (e.g., diatoms) that occur in GoM waters.
Differentiating K. brevis blooms from other blooms requires unique optical characteristics of
either absorption or backscattering spectra of K. brevis. A derivative analysis of the absorption
spectra has been shown to differentiate K. brevis blooms through a similarity index when
compared with known K. brevis absorption spectra (Millie et al. 1997; Kirkpatrick et al. 2000;
Hails et al. 2009). Application of this approach to satellite ocean colour data, though, requires
hyperspectral reflectance data which is currently unavailable for the majority of current
and planned ocean colour missions (Craig et al. 2006). K. brevis blooms also exhibit low
backscattering per unit chlorophyll (Cannizzaro et al. 2004; Schofield et al. 2006; Cannizzaro
et al. 2008, 2009), which may also be used to differentiate different bloom types. Therefore,
in principle, K. brevis blooms can be detected in two steps: the first is to identify a bloom
from ocean colour imagery based on high pigment concentrations, followed by analyzing
spectral characteristics to differentiate bloom types. When a priori knowledge of the bloom
type is available (e.g., from either field measurements or regional oceanography), step 1 alone
is sufficient for detecting K. brevis blooms.

The use of satellite ocean colour imagery for K. brevis bloom detection has a long history.
In 1978, a major K. brevis bloom was first detected as a high chlorophyll feature using imagery
obtained from the Coastal Zone Color Scanner (1978-1986) aboard the Nimbus-7 spacecraft
(Steidinger and Haddad 1981). Since then, several K. brevis detection methods have been
developed utilizing data obtained from more modern satellite ocean colour sensors, including
SeaWiFS (1997-2011), MODIS (Terra: 1999-present, Aqua: 2002-present), MERIS (2002-2012),
and VIIRS (2011-present) (Tester and Stumpf 1998; Stumpf et al. 2003; Cannizzaro et al. 2004;
Tomlinson et al. 2004; Hu et al. 2005; Cannizzaro et al. 2008, 2009; Amin et al. 2009; Tomlinson
et al. 2009; Carvalho et al. 2010; Hu et al. 2011, 2015; Soto et al. 2015). Stumpf et al. (2003)
and Tomlinson et al. (2004) demonstrated that a chlorophyll-anomaly approach effectively
reduced the impact of optically significant, non-algal materials (e.g., resuspended sediments,
CDOM), which often lead to overestimations in chlorophyll-a concentrations in coastal waters
(Cannizzaro et al. 2013). Alternative data products, including normalized fluorescence line
height (nFLH; Hu et al. 2005, 2015) and Red Band Difference (RBD; Amin et al. 2009, 2015),
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help overcome this problem by utilizing red and near-infrared bands that quantify solar-
stimulated chlorophyll fluorescence. Soto et al. (2015) found that the use of nFLH (or similar
products such as RBD) improved the performance of all K. brevis detection techniques. These
wavebands are less sensitive to perturbations by non-algal materials. The chlorophyll-anomaly
method is used operationally by the U.S. NOAA for monitoring K. brevis blooms, with results
distributed weekly in the form of HAB bulletins. Alternatively, the nFLH imagery has been
used routinely by the Florida Fish and Wildlife Conservation Commission’s Fish and Wildlife
Research Institute (FWC-FWRI) for HAB assessments. However, neither of these methods is
capable of differentiating between K. brevis blooms and blooms of non-harmful algae.

Several attempts have been made to optically distinguish K. brevis blooms from non-
harmful blooms. Because K. brevis blooms tend to exhibit lower backscattering efficiencies,
the slope between chlorophyll and particulate backscattering coefficients at 551 nm (bpp(551))
can be compared to a reference slope established by Morel (1988) in order to differentiate
bloom types (Cannizzaro et al. 2004, 2008, 2009). Inspection of the green band against
satellite-derived chlorophyll and the use of the spectral curvature in the blue-green bands
have also been proposed to separate bloom types (Tomlinson et al. 2009; Carvalho et al. 2010).
Soto et al. (2015) provided a thorough review and evaluation of these various techniques and
found similar performance in terms of both bloom and non-bloom detection, however the best
results were obtained by techniques that used nFLH or RBD, and took into consideration the
low backscattering properties of K. brevis.

In European waters and coastal waters off New Zealand, Karenia mikimotoi has been
identified to form HABs (Faust and Gulledge 2002; Haywood et al. 2004; Rhodes et al. 2004;
Davidson et al. 2009). Similar to K. brevis blooms, K. mikimotoi blooms can also cause fish and
other animal mortality through the production of hemolytic cytotoxins (Satake et al. 2005).
Also similar to K. brevis, there are two distinct approaches to remotely detect K. mikimotoi
blooms, based on either biomass (chlorophyll) or spectral reflectance. Miller et al. (2006) used
multivariate classification of SeaWiFS data to discriminate between harmful (K. mikimotoi and
cyanobacteria) and non-harmful algae. This approach was also applied to MERIS data (Shutler
et al. 2005) and to a large K. mikimotoi bloom in Scottish waters in 2006 (Davidson et al. 2009).
Kurekin et al. (2014) further developed the approach to study K. mikimotoi and the flagellate
Phaeocystis globosa using both MERIS and MODIS data. The approach correctly identified 89%
of Phaeocystis globosa HABs in the southern North Sea and 88% of K. mikimotoi blooms in the
western English Channel.

For the case study presented here, we chose to combine several of these techniques, namely
satellite-derived CHL, nFLH, and backscattering (Cannizzaro et al. 2008, 2009; Hu et al. 2011),
to demonstrate how MODIS data was used to detect and track a K. brevis bloom on the WES in
2006-2007. This approach was chosen amongst the various published techniques because of
the wide availability of MODIS nFLH imagery and the operational use of these data products by
FWC-FWRI (Hu et al. 2015).
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2.3 Data and Methods

For the case study, we limited our region to the central and southern WEFS (25.5-28.2°N,
81.5-83.5°W) and data for the years 2006-2007. MODIS-Aqua Level-2 data were downloaded
directly from the U.S. NASA Goddard Space Flight Center (GSFC; http://oceancolor.gsfc.nasa.gov/).
Specifically, the following products were used: Chlorophyll-a concentration estimates or CHL
(mg m3; using the OC3; O'Reilly et al. 2000), spectral remote sensing reflectance (R,s(A)
(sr~1)) at 10 wavelengths, and nFLH (mW cm~2 um~! sr~!; Letelier and Abbott 1996). Images
were mapped to a cylindrical equidistant projection using the SeaWiFS Data Analysis System
(SeaDAS, version 6.1). Level-2 flags (atmospheric correction failure, land, very high or saturated
radiance, high sensor view zenith angle, stray-light contamination, clouds, high solar zenith
angle, band navigation failure, and CHL warning) were applied to discard low-quality data.

To implement the K. brevis detection technique suggested in Hu et al. (2011), satellite CHL,

nFLH , bpy(551), enhanced-RGB (ERGB) composite imagery, and the by, ratio were required.
These data products or imagery were calculated or generated as follows:

1. CHL (mg m~3) was estimated from R,s(A) using the maximum band ratio algorithm (OC3;
O’Reilly et al. 2000).

2. nFLH mW cm~2 pym™! sr~!) was derived using nL,,(A) as the height at 678 nm above a
linear baseline formed between 667 and 748 nm (Letelier and Abbott 1996).

3. bpp, QAA (551) was derived from R,(A) using the Quasi-Analytical Algorithm (QAA, Lee
et al. 2002).

4. ERGB imagery is very similar to a true colour imagery, except that instead of using a
red-green-blue band composite, a green-blue-blue composite was generated using nlL,,
(A) at 551, 488, and 443 nm. The step-by-step process of calculating ERGB images is
explained in detail in Hu et al. (2011).

5. The by, ratio was determined based on the findings of Cannizzaro et al. (2004, 2008), in
which the by,(551) of K. brevis blooms is lower than that determined using the Morel
(1988) relationship for Case 1 waters. First, we derived bp,(551) using the Morel (1988)
algorithm:

b(bpmorer) = 0.3 x CHL®%2 x (0.002 + 0.02 x (0.5 — 0.25 x log,q CHL)).

The by, ratio was then calculated as bpy, QAA/D (pp,MOREL)-

K. brevis blooms were classified based on the following criteria: CHL > 1.5 mg m~3, nFLH >
0.01 mW cm~2 pm~! sr=! and by, ratio <1. Areas flagged positive as blooms were confirmed
using in situ K. brevis cell count data collected by FWC-FWRI prior to patches being delineated
manually using the Region of Interest tool in the image analysis software ENVI®.

2.4 Ocean Colour Case Demonstration

The 2006-2007 K. brevis bloom was first observed in early July in coastal waters near the
Charlotte Harbor region. It peaked in October with expanded spatial coverage and then
moved back southward, eventually entering the Florida Current with transport towards the
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Mid-Atlantic Bight in February 2007. Twenty NSP cases were reported in Florida between March
and December 2006, with some patients requiring hospitalization (Watkins et al. 2008). Mass
mortality of dolphins was also reported in both 2005 and 2006 (Landsberg et al. 2009).
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Figure 2.2 (a-d) MODIS-Aqua images on 21 September 2006 showing a K. brevis bloom
on the central West Florida Shelf between Tampa Bay (A, 27.75°N, 82.50°W) and Charlotte
Harbor (B, 26.75°N, 82.1°'W). (e) FWC-FWRI in situ K. brevis cell concentrations (cells 1-1)
(https://www.f1ickr.com/photos/myfwc/sets/72157635398013168/).

Figure 2.2 shows MODIS-Aqua data for 21 September 2006 and in situ data collected by
FWC-FWRI during the week of 18-22 September 2006. In the ERGB image (Figure 2.2a), a dark
reddish patch of water extending from Tarpon Springs southward to Naples was highly visible.
Darkness in ERGB composite imagery denotes areas with low reflectance caused by various
combinations of high CDOM and chlorophyll absorption and low backscattering. Based on the
ERGB image alone, this dark patch could not be confirmed as a phytoplankton bloom. However,
this type of imagery did help identify areas where blooms were unlikely to be found, including
bright regions where the signal received by the satellite was at, or near, saturation due to high
reflectance caused by either high sediment loads or bottom reflectance for shallow waters.

The CHL image (Figure 2.2b) indicates elevated chlorophyll along the entire west coast of
Florida, while the nFLH image (Figure 2.2c) shows a distinctive pattern of high nFLH consistent
with the dark patch observed in the ERGB image. Satellite CHL can be overestimated due to
high CDOM absorption or sediments, and in shallow areas with high bottom contributions
(Cannizzaro et al. 2013). While nFLH provides a more accurate indicator of algal biomass than
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CHL in waters with elevated CDOM (Hu et al. 2005), biomass is often overestimated according
to nFLH in sediment-rich areas or shallow waters with high bottom reflectance. Pairing the
nFLH and ERGB image, though, allows these latter areas (e.g., shallow waters off Naples (in the
south) in Figure 2.2a,c denoted by a white box) to be identified as non-bloom waters.

While areas with high nFLH that appear dark in the ERGB indicated the presence of a bloom,
the specific type of bloom (K. brevis or other) could not be determined with this information
alone. Based on the location and timing of this bloom, the likelihood that it was caused by
K. brevis was strong, and so the by, ratio algorithm was applied. The by, ratio algorithm
detected a large bloom region consistent with the dark water and high nFLH values. The in situ
data collected by FWC confirmed that the area detected as a bloom by the by, ratio algorithm
was indeed a K. brevis bloom and also that K. brevis was absent in the area to the south of
Charlotte Harbor (white box, Figure 2.2).

Figure 2.3 MODIS-Aqua images with the bp,ratio showing the development and move-
ment of the K. brevis bloom along the West Florida Shelf in 2006.
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Figure 2.4 Sequence of delineations over a map of Florida demonstrate the initiation,
maintenance and dissipation of the 2006 K. brevis bloom.

The by, ratio algorithm was applied to daily MODIS-Aqua data collected from May 2006
to March 2007. This allowed the bloom to be tracked from the moment it reached surface
concentrations detectable by the satellite to the moment it either dissipated or was transported
out of the study region. In addition to the by, ratio algorithm, the nFLH, ERGB and in situ data
were also used to validate the algorithm output. Regions flagged positive for red tide were
delineated using ENVI®. Figure 2.3 shows a sequence of MODIS-Aqua by, ratio images from
July 2006 to February 2007, demonstrating the northerly movement followed by southerly
transport of the bloom throughout its existence.

Figure 2.4 documents the development, movement and dissipation of the 2006-2007 K.
brevis bloom in even greater detail. Again, the bloom was first observed using satellite imagery
in mid-July 2006 off the coast of Charlotte Harbor, which was consistent with in situ cell count
data. It then expanded northward towards Tarpon Springs covering an area ~2,000-3,000
km? in size in August and early September. In early October, the bloom extended up to 100
kilometers offshore between Tarpon Springs and Naples with maximal areal coverage >11,000
km?. By late 2006 and early 2007, the bloom had receded to the south and according to reports
by Walsh et al. (2009) and Wolny et al. (2015), was eventually transported through the Florida
Strait by the Florida Current and deposited on Florida’s east coast.
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2.5 Discussion and Summary

Various K. brevis remote sensing detection techniques have been proposed and used in the
past two decades (Tester et al. 1998; Stumpf et al. 2003; Cannizzaro et al. 2004; Tomlinson
et al. 2004; Hu et al. 2005; Cannizzaro et al. 2008, 2009; Amin et al. 2009; Tomlinson et al.
2009; Carvalho et al. 2010; Hu et al. 2011, 2015; Soto et al. 2015). In this case study, several
of these techniques were combined and used to demonstrate how satellite ocean colour data
can be used to detect and trace a K. brevis bloom on the WES. K. brevis blooms are not visible
in satellite imagery until they reach near-surface concentrations of ~5x10% cells 17! (Tester
et al. 1998). This means that bloom initiation cannot be detected. Instead, only blooms that
have formed surface expressions and intensified may be detected. Most remote sensing K.
brevis detection techniques have been reported to have a success rate around 70-80% (Soto
et al. 2015). However, it is recommended to visually inspect algorithm results and validate
with in situ data to compensate for issues such as cloud cover or other environmental factors
that can cause the algorithms to fail.

Differentiating and quantifying various phytoplankton functional types (PFTs) through
ocean colour remote sensing is still an active research area (IOCCG 2014). Karenia species
represent one type of HAB and other types of HABs exist in different regions of the world. The
case study here demonstrates the usefulness of multi-band ocean colour data in detecting
and tracking such HABs. With more spectral bands available on future ocean colour satellite
sensors, such abilities can only be enhanced.
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Chapter 3

Case Studies: Remote Sensing of Cyanobacteria Blooms

Stefan Simis, Mariano Bresciani, Hongtao Duan, Claudia Giardino, Chuanmin Hu,
Tiit Kutser, Ronghua Ma, Erica Matta and Mark Matthews

3.1 Introduction

Cyanobacteria blooms are a familiar sight in freshwater and brackish water bodies near centres
of human activity, posing health and economic threats. A trend of increasing dominance of
cyanobacteria in response to climate change can be shown in lakes (Elliott 2011). Consequently,
water management authorities need targeted monitoring and mitigation efforts, for which
traditional methods to quantify biomass in cell numbers provide insufficient frequency and
spatial coverage. Remote sensing and in situ automated optical monitoring methods therefore
increasingly receive attention. Case studies in this chapter illustrate the feasibility of current
remote sensing techniques to map and distinguish cyanobacteria blooms, covering a wide
geographical range and various trophic states in freshwater and coastal environments.

3.1.1 Terminology, taxonomy, and functional diversity

Cyanobacteria are a diverse group of photosynthetic prokaryotes. They occupy a more primitive
branch in the tree of life than the eukaryotic algae, a fact recognized in the 1970s when the
term ‘blue-green algae’ was abandoned (see Sapp 2005; Govindjee and Shevela 2011). As
a compromise in the otherwise confusing and unpractical naming conventions, the term
phytoplankton is now widely accepted as the collective functional group of photosynthetic
algae and cyanobacteria. Nevertheless, the term (harmful) algal bloom is still freely used in
the remote sensing community to describe proliferations of phytoplankton dominated by
either algae or cyanobacteria, possibly because the dominant phytoplankton group is rarely
determined from remote platforms. It is nevertheless good to bear in mind that deeply
rooted evolutionary and ecophysiological differences between cyanobacteria and algae warrant
consideration when formulating phytoplankton optical models or interpreting remotely sensed
signals.

Cyanobacteria are the most common bloom-forming phytoplankton group in freshwater
bodies, and blooms may additionally form in rivers, estuaries, and coastal seas (Anderson et al.
2002). The most common bloom-forming (planktonic) cyanobacteria are globally represented
by relatively few species from the genera Aphanizomenon, Cylindrospermopsis, Dolichosper-
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mum (including planktonic former Anabaena), Microcystis, Nodularia, and Planktothrix. The
role of (pico)cyanobacteria in primary production in the world oceans is not to be underesti-
mated, but reports of bloom-forming cyanobacteria in the oceans are limited to filamentous
Trichodesmium, not covered in this chapter.

The success of cyanobacteria in disturbed environments can be explained by a set of
mechanisms often represented in the most notorious bloom-formers. These mechanisms
are: regulation of buoyancy and pigmentation (discussed below), acclimation of pigment
production (Tandeau de Marsac and Houmard 1988) and rapid acclimation of light utilization
(Papageorgiou et al. 2007; Govindjee and Shevela 2011; Kana et al. 2012), elemental nitrogen
fixation, colony formation either to aid light harvesting (Tamulonis et al. 2011) or to reduce
grazing (Lampert 1987; Chan et al. 2004), poor food quality for higher trophic levels (Lampert
1987) and finally, though subject to debate, allelopathic effects of secondary metabolites
including those toxic to animals (Babica et al. 2006).

Toxicity is the foremost reason to call for early warning of cyanobacteria blooms and
dedicated monitoring, assessment, and remediation strategies in water bodies world-wide.
Effects of cyanobacterial toxins on humans range from skin and respiratory irritation to liver
and kidney damage; excessive exposure has resulted in death (WHO 1999). Public awareness of
the risks of exposure is probably the most efficient preventive strategy for humans, although
recently even living near water bodies where toxin-producing cyanobacteria proliferate was
suggested as a risk factor for degenerative disease such as amyotrophic lateral sclerosis
(Torbick et al. 2014). Meanwhile, livestock, (planktivorous) waterfowl, and pets are particularly
vulnerable to toxins accumulated in surface scums, benthic mats, or in filter feeders (Codd
et al. 1999, 2005).

High-biomass cyanobacterial blooms that can be linked to severe eutrophication are
considered harmful for diverse reasons. New toxins and links to disease are still being
regularly identified (WHO 1999), while blooms that are not toxic can still cause malodour
or skin irritation, reducing the recreational and economic value of affected water bodies.
Further, as with most algal blooms, cascading ecosystem-destabilizing effects can result from
bacteria-mediated oxidation of collapsing blooms, in the worst case leading to mortality of fish
and benthic fauna.

Two aspects of cyanobacterial growth and bloom formation influence our ability to detect
and quantify cyanobacterial biomass using remote sensing, more than any other of the
adaptive mechanisms found in cyanobacteria. These are the relatively unique optical signatures
of cyanobacteria, which allow deterministic detection, and biomass accumulation through
buoyancy regulation. These properties are discussed in more detail, below.

3.1.2 Pigmentation

The most important deterministic optical characteristic of cyanobacteria is the important role
of phycobilipigments in their photochemistry. Phycobilipigments (main forms phycoerythrin,
phycocyanin, and allophycocyanin) are consistently produced in all cyanobacteria except
Prochlorophytes. These pigments are the dominant source of photosynthetic light harvesting
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in cyanobacteria. Rhodophytes and cryptophytes (including endosymbionts) may also carry
phycobilipigment so the presence of the pigment is not the sole indicator of cyanobacteria.

Phycobilipigment light absorption peaks in the yellow-green part of the visible light
spectrum (Figure 3.1) where chlorophyll, xanthophyll, and carotenoid pigments have weaker
absorption. The distinct absorption of phycocyanin is visible from remote sensors and has been
studied since the 1990s from airborne imagery (Dekker et al. 1991; Jupp et al. 1994; Dekker
1993), and in bio-optical experiments (Gons et al. 1992; Hunter et al. 2008). In recent years,
a number of empirical and semi-analatyical algorithm development studies have emerged,
ranging from the use of two (Schalles and Yacobi 2000; Hunter et al. 2009) to three or more
wavebands (Simis et al. 2005; Simis et al. 2007; Hunter et al. 2010; Le et al. 2011; Sun et al.
2013; Mishra et al. 2013) and hyperspectral data (Kutser 2004). Kutser et al. 2006 demonstrate,
through bio-optical modelling, that very few sensors can distinguish the diagnostic absorption
profile of cyanobacteria. Nevertheless, cyanobacteria blooms may still be mapped and even
quantified using purely empirical relationships between the limited band sets of Landsat TM
(Vincent et al. 2004; Sun et al. 2015) or the Ocean Color Monitor on Oceansat-1 (Dash et al.
2011). Sensor requirements are discussed in more detail by Kutser (2009), but it is worth
noting here that when the Medium Resolution Imaging Spectrometer (MERIS) on ENVISAT (2002-
2012) became the first spaceborne sensor with global coverage to provide a channel tuned
to phycocyanin, this prompted a marked increase in efforts to make cyanobacterial bloom
monitoring from space possible. Several independent algorithm validation efforts have since
demonstrated good retrieval results when cyanobacteria are sufficiently abundant, although
accurate quantification in mixed phytoplankton assemblages often remains challenging (Ruiz-
Verdu et al. 2008; Randolph et al. 2008; Li et al. 2010b; Wheeler et al. 2012).

Figure 3.1 Concentration-specific absorption of dominant cyanobacterial pigment
groups (thick curves, Simis and Kauko 2012) and major algal pigments (thin curves,
Bidigare et al. 1990). C-PC = phycocyanin including absorption by allophycocyanin,
C-PE = phycoerythrin, C-Chl-a = chlorophyll-a including absorption by carotenoid and
xanthophyll pigment, Chl-a,b,c = chlorophylls a, b, and ¢ determined from algae.

Phycobilipigments are soluble in water, unlike other plant pigments. Chemotaxonomic
methods for pigments extracted in organic solvents are therefore not useful to quantify
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phycobilipigments. Alternative extraction methods (e.g., Sarada et al. 1999) have proven
laborious and difficult to standardize. Consequently, the quantification of phycobilipigments
is often based on in vivo optical properties such as fluorescence rather than on the analysis
of extracted pigments. Today, a lack of concurrent observations of the optical properties
and extracted phycobilipigment in bloom situations still hampers pigment-based algorithm
development for remote sensing of cyanobacteria blooms.

The production of the accessory pigments depends both on species and environment
(light intensity, light quality, and nutrient availability). This natural variability should be kept
in mind when using remote sensing algorithms that target accessory pigments to quantify
cyanobacterial biomass. The fraction of cyanobacteria in the phytoplankton assemblage will
also determine the validity of algorithms based on accessory pigments, due to the overlap in
absorption spectra of these diagnostic pigments with other (algal) pigments in the community
(Figure 3.1).

3.1.3 Buoyancy

Risk of harmful or nuisance cell concentrations increases dramatically when cells accumulate
near the water surface. Mechanisms of buoyancy regulation include formation and collapse of
gas vesicles and changes in cell density. Even neutrally-buoyant species may show a circadian
migration if nutrient and light conditions are inversely stratified and wind-mixing is weak
(Walsby 1994; Visser et al. 2005). Vertical mixing velocity and depth of the mixed layer play a
crucial role in whether buoyancy-regulating species accumulate at the water surface (Wynne
et al. 2010).

Figure 3.2 Simulated remote-sensing reflectance of a bloom with the optical properties
of Microcystis with a fixed areal biomass (200 mg m~2) mixed in a layer up to 0.5 to 20
m depth. Near-surface backscattering increases with shallower mixing depth, which is
particularly visible in the near infra-red. The spectra were simulated using Hydrolight
using fixed inherent optical properties for non-phytoplankton components (1.8 g m~3
tripton, absorption at 440 nm = 0.05 m~!; coloured dissolved organic matter absorption at
440 nm =1 m~1, default water absorption), and sun at zenith with the default atmospheric
parameters. Credit: M. Matthews and L. Robertson (University of Cape Town, SA).

Near-surface accumulation increases areal light absorption and scattering by particles.
With increasing near-surface light scattering, near infra-red (NIR) reflectance increases as the
intensity of back-scattered light becomes larger than the strong light absorption by water
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itself, up to the point where it resembles the spectral albedo of land vegetation. This effect is
simulated in Figure 3.2 for a fixed biomass of Microcystis cells mixed over different depths
from the surface, a problem previously also addressed for various depth distributions by
Kutser (2004). The strong NIR reflectance of surfacing blooms is relatively easy to identify
from satellite imagery using red and NIR bands (Hu et al. 2010), even without fully correcting
for atmospheric effects on the remotely sensed signal (Matthews et al. 2012). It is therefore
possible to use remote sensing techniques to map the risk of accumulated cyanobacterial
toxins by focusing exclusively on (near) surface blooms.

Atmospheric correction of the water leaving radiance is strongly affected by increased
reflectance in the NIR region. Misclassification of water pixels as land can be observed
(Matthews et al. 2010), and a general reduction of the accuracy of atmospherically-corrected
reflectance is common (see Baltic Sea case study, Section 3.5). This problem is evident even
when buoyant blooms are only present at sub-pixel scales. Additional sources of information
such as weather-based mixing models, may be used to predict the possibility of surfacing
blooms of buoyant cells. Increased near-surface heat trapping in dense (near) surface layers
can also reveal blooms in maps of sea surface temperature (Kahru et al. 1993).

The effects of near-surface accumulation on cell physiology are commonly ignored in
remote sensing studies. Species of cyanobacteria have been shown to rapidly acclimate to
fluctuating light intensities by redistributing antenna pigments between photosystems (‘state
changes’), effectively reducing their photosynthetic absorption-cross section (e.g., Papageorgiou
et al. 2007; Govindjee and Shevela 2011; Kana et al. 2012). Under prevailing intense light
exposure, production of photoprotective rather than photosynthetic pigment is favoured. In
situ observations of changes in the optical properties of cyanobacteria are lacking, probably
due to the difficulties in sampling surface blooms without disturbing them. We may, however,
expect that surface accumulations observed during calm days require different absorption
terms for cyanobacteria compared to well-mixed conditions.

Table 3.1 Characteristics of the cyanobacterial taxa dominant in the case studies.

Genus/species Cases Toxins' Buoyancy | Nitrogen | Morphology

fixing
Cylindrospermopsis raciborskii Trasimeno ++ + + Colonial trichomes
Planktothrix agardhii Trasimeno ++ + Single filaments
Microcystis aeruginosa Taihu, Hartbeespoort + + Colonies, cells
Dolichospermum spp. Baltic (minor) ++ + + Colonial trichomes
Aphanizomenon flos-aquae Baltic ¥ + + Colonial trichomes
Nodularia spumigena Baltic + + + Colonial filaments

fDouble markers indicate multiple toxins on record.
*Toxicity in A. flos-aquae is common in lakes but not in the Baltic Sea for which a case study is included.

The case studies presented in this chapter include studies on lakes and the brackish Baltic
Sea. The densest blooms occur in eutrophic lakes where the optical signatures of cyanobacteria
can dominate the water-leaving radiance. The use of state-of-the-art sensors, long time series
from remote sensors, and optical proxies of biomass in oligotrophic to hyper-eutrophic waters
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Figure 3.3 Microscope images of common bloom-forming cyanobacteria. (a) Aphani-
zomenon flos-aquae (scale bar 30 um), (b) Nodularia spumigena (scale bar 30 pum), (c)
Dolichospermum lemmermannii (scale bar 50 ym), (d) Microcystis sp. (scale bar 100 ym),
(e) Cylindrospermopsis raciborskii (scale bar 10 um), (f) Planktothrix agardhii (scale bar
10 pum). Photo credits: (a-c) Seija Héllfors, (d) Mark Matthews, (e-f) Martina Austoni.

are demonstrated. Cyanobacteria blooms in the marine sphere are used to further demonstrate
the effects of spatial and temporal resolution on the retrieval of patchy blooms and time series,
and to highlight the advantages of assimilated in situ and remotely sensed data to monitor
blooms in the sea environment. Figure 3.3 and Table 3.1 give an overview of the cyanobacteria
taxa which dominated the bloom events presented in the case studies.

3.2 Case 1: Bloom Distribution in Lake Trasimeno, Italy using Multi-
Sensor Data*

3.2.1 Objective

This case study demonstrates how tuned optical models can be applied to data acquired by
different spaceborne sensors to reveal the spatial distribution of cyanobacteria blooms in lakes.
We compare images of Lake Trasimeno (Italy) taken on the same day with MERIS (pixel size
300 m) and CHRIS-PROBA (pixel size 18 m). MERIS was operational on ESA’s Envisat satellite
for more than 10 years and is still used for retrospective analysis and algorithm development,
until the OLCI sensor on Sentinel-3, with similar spectral and radiometric characteristics, is
operational. CHRIS, on the PROBA platform, is a hyperspectral instrument and provides a
limited number of daily scenes.

* Authors: Claudia Giardino, Mariano Bresciani and Erica Matta (CNR-IREA, Italy)
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3.2.2 Study area

Lake Trasimeno, the fourth largest (124 km?) lake in central Italy (43°06’'N; 12°07’E), is a closed,
unstratified, and shallow lake (average depth 4.5 m, maximum depth 6 m), and was declared a
protected area for its exceptional natural value (Directive CEE 1979). Tourism, agriculture and
livestock breeding are the most important activities in the Trasimeno area.The annual load of
organic carbon (500t), nitrogen (550t) and phosphorus (30t), negatively affects water quality
(Cingolani et al. 2005): cyanobacteria blooms are present, sediments negatively impacted,
the fish community altered and common reeds are in recession (Natali 1993; Cecchetti and
Lazzerini 2007; Cingolani et al. 2007).

Cylindrospermopsis raciborskii and Planktothrix agardhii dominate the phytoplankton in
late summer with cell densities reaching 2-3x107 and 2-5x10° 171, respectively (Cingolani et al.
2007; Lucentini and Ottaviani 2011). Mycrocystis aeruginosa is also common. Blooms occur
in the water column and at the surface, but scum is rarely observed. Field data of August
2011 confirm elevated cyanobacteria biomass, mainly in the lake centre, with chlorophyll
concentration values around 40 mg m~3. During the bloom, on 19 August 2011, MERIS and
CHRIS-PROBA data were acquired near-simultaneously.

Figure 3.4 MERIS FR and CHRIS-PROBA comparison of remote-sensing reflectance (R,)
averaged over the central area of Lake Trasimeno on 19 August 2011. Dotted lines
show minimum and maximum values. Reflectance depressions caused by cyanobacteria
pigments are visible in the orange-red range.

3.2.3 Image processing

MERIS full resolution (FR) and CHRIS-PROBA images acquired on 19 August 2011 were pro-
cessed using BEAM tools (Fomferra and Brockmann 2006) to normalise radiometric noise at
satellite level (smile correction for MERIS and noise reduction for CHRIS-PROBA). The top-
of-atmosphere radiance was corrected for atmospheric effects using the 6S code (Vermote
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et al. 1997; Kotchenova et al. 2006). The 6S-derived reflectances obtained from MERIS and
CHRIS-PROBA were comparable both in magnitude and shape (Figure 3.4), confirming the
accuracy of the absolute radiometric properties of both sensors over the central area of the
lake. The spectral shapes of the reflectance, with reflectance minima near pigment absorption
peaks in the blue and red regions, and the peak at 709 nm indicates a strong influence by phy-
toplankton on the signal. The depression of the reflectance signal in the 620 nm band suggests
the presence of cyanobacteria-specific pigments. Water reflectances were then transformed
into Chlorophyll-a (Chl-a) concentrations with the optimization technique BOMBER (Giardino
et al. 2012). BOMBER hosts a three-component bio-optical model that was parameterised with
optical coefficients suitable for Lake Trasimeno.

Figure 3.5 Lake Trasimeno images acquired on 19 August 2011. (a) Pseudo true colour
MERIS image of Lake Trasimeno (north) and Lake Bolsena (south). The image clearly
shows the different appearance of these lakes. (b) MERIS (R:G:B = 620:560:442 nm) and
(c) CHRIS-PROBA (R:G:B = 620:560:441 nm) images of Lake Trasimeno at the same scale;
both images show the green hue of Lake Trasimeno waters affected by phytoplankton
bloom. Chlorophyll-a concentration from (d) MERIS, and (e) CHRIS-PROBA images (colour
scale 0-50 mg m~3 from blue to red).

3.2.4 Results

The intense green appearance of Lake Trasimeno observed in pseudo-true colour images (Figure
3.5, visible in the north) contrasts sharply with the clear waters of Lake Bolsena (south-west),
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a deep oligotrophic volcanic crater lake. Both MERIS (Figure 3.5b) and CHRIS (Figure 3.5c)
coverage of Lake Trasimeno also highlight a contrast within the lake: cyanobacterial blooms
cause the intense green hues, while submerged macrophyte beds in the southeast corner
regulate water transparency, resulting in clear waters. Wind resuspension of sediments on 19
August 2011, with average wind speed 8 m s~ and peak wind of 15 m s~!, resulted in variable
patterns of brightly scattering waters along the eastern lake shore. Maps of Chl-a concentration
obtained with BOMBER (Figure 3.5d-e) show generally good correspondence, although the
higher resolution of the CHRIS-PROBA image reveals many finer structures. The two images do
not correspond well along the northern shore and in particular in the southeast corner of the
lake. This is probably due to the adjacency effects that can alter the signal originated from the
water column due to the multiple-reflection of radiation from the surrounding lands (Guanter
et al. 2010). The adjacency effect also depends on pixel size and hence it causes different
patterns in the two images.

3.2.5 Discussion

This study was presented to show that different satellite sensors can be used to map Chl-
a concentration in lakes where well-calibrated and validated physics-based approaches are
available for the study area. The approach used in this study was based on 6S and BOMBER:
the first code was used to convert MERIS and CHRIS-PROBA radiances into water reflectance.
BOMBER, in turn, was parameterised with the optical properties of Lake Trasimeno, and
used to derive Chl-a concentration, which, for this study area, can be assumed to delineate
cyanobacteria biomass. The results show that current sensors can be used to produce realistic
and reproducible reflectance spectra. The Chl-a concentration patterns assessed from space
reveal that even in medium sized lakes the horizontal variability warrants the use of remote
sensing to complement point sampling.

3.3 Case 2: Lake Taihu, China Time Series Reveals Trends and Causes
of Blooms'

3.3.1 Objective

Long-term studies of phytoplankton blooms in lakes and estuaries are extremely rare in remote
sensing literature, due to the inherent problems in atmospheric correction and bio-optical
inversion in waters where sediments and other non-living constituents can play dominant
optical roles. This case study demonstrates that satellite sensors, even those not optimized
for lake water quality remote sensing, can be used to derive meaningful descriptions and
long-term patterns of extreme cyanobacterial blooms.

The work presented in this case study was supported by the Knowledge Innovation Program
of the Chinese Academy of Sciences (KZCX2-EW-QN308 and KZCX2-YW-QN311), the National

tAuthors: Chuanmin Hu'!, Hongtao Duan?, Ronghua Ma? (! University of South Florida, USA; ?Nanjing Institute of
Geography and Limnology, Chinese Academy of Sciences)
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Natural Science Foundation of China (41171271 and 41171273), and the U.S. NASA Ocean
Biology and Biogeochemistry program and Water and Energy Cycle program.

3.3.2 Study area

Lake Taihu, the third largest freshwater lake in China with a surface area of 2,338 km? and
average water depth of 1.9 m, is one of the most severely polluted freshwater reservoirs in
China (Figure 3.6). In May 2007, a massive bloom of Microcystis aeruginosa disrupted water
supply to Wuxi city leaving over 1 million people without drinking water for a week. The
extreme bloom event placed Lake Taihu in the spotlight (Guo 2007; Yang et al. 2008; Qin
et al. 2010) and inspired increased focus on studies and management of the eutrophication
problems that affect water quality in the lake.

Figure 3.6 Location of Lake Taihu in China. The cities of Wuxi and Suzhou are located
to the Northeast and East of the lake, respectively. The lake is divided into segments
based on morphology and hydrodynamics. Figure adapted from Duan et al. (2009). Need
a higher resolution figure??

3.3.3 Image processing

MODIS 250-m resolution and Landsat TM/ETM 30-m resolution images are used. MODIS Level-0
(raw digital counts) data from both Terra and Aqua satellites were obtained from the U.S.
NASA Goddard Flight Space Center (GSFC). Landsat data include nearly all cloud-free images
over Lake Taihu since 1987, and were provided by the United States Geological Survey (USGS)
and China Remote-Sensing Satellite Ground Station (Duan et al. 2009; Hu et al. 2010). Due to
the 16-day revisit time, Landsat images were used to identify when blooms initially occurred
up until the year 2000. From the year 2001 onwards, MODIS Level-0 data were converted to
calibrated radiance data using the software package SeaDAS (version 5.1). Gaseous absorption
and Rayleigh scattering were corrected using software provided by the MODIS Rapid Response
Team, based on the radiative transfer calculations from 6S (Vermote et al. 1997). The resulting
Rayleigh-corrected reflectance data, R,.(A) where A is the central wavelength of the bands,
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were geo-referenced to a cylindrical equidistance (rectangular) projection (errors less than 0.5
pixel). Landsat data were processed in a similar fashion to the MODIS scenes.

When the water surface is calm under low wind, buoyant cyanobacteria cells form floating
mats (scums) at the surface. Under these circumstances the Floating Algae Index (FAI, Hu 2009)
is sensitive to the presence of buoyant cyanobacteria in the lake. FAI is defined as (Hu 2009;
Hu et al. 2010):

FAI = Ryc(A1) — Ry .(A1)

(3.1)
Ryc(A1) = Rre(A2) + (Rre(A3) — Rye(A2)) X (A1 — A2) /(A3 — Ap)

For MODIS, the wavebands used to generate the FAI were A; = 859 (841-876) nm, A, = 645
(620-670) nm, and A3 = 1240 (1230-1250) nm. With Landsat, the used bands were A; =
825 (750-900) nm, A» = 660 (630-690) nm, and A3 = 1650 (1550-1750) nm. The FAI detects
the red-edge of reflectance of surface vegetation (in this case, cyanobacteria bloom mats).
Basically, FAI quantifies the surface reflectance in the NIR normalized against a baseline formed
linearly between the red and short-wave infrared (SWIR) wavebands. FAI values > -0.004 were
empirically established to delineate blooms (Hu et al. 2010).

Figure 3.7 Initial outburst date for lake Taihu blooms through the time-period 1987-
2011. Regression lines for specific periods: 1987-1997: y = 5.35x — 10473 (R? = 0.56);
1997-2007: v = —9.84x + 19844 (R = 0.57); 2007-2011: = 11.8x — 23596 (R?> = 0.96).
Figure adapted from Duan et al. (2014).

3.3.4 Image analysis

Several lake segments (Gong Bay and East Lake, see Figure 3.6) have seasonal water plants
(Ma et al. 2008) which may appear as blooms but should be interpreted as mixed plants and
phytoplankton. The seasonal cycle of East Bay is almost purely from water plants. Results
labelled to represent the whole lake should be interpreted as Lake Taihu excluding East Bay.
Temporal dynamics of the bloom are described using two indicators: the initial blooming
date and bloom duration. The initial blooming date is the first date of each year when blooms
could be discerned by visual inspection of the Landsat and MODIS FAI and Red-Green-Blue
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imagery. Blooms occurred every year in the observed period, although the years 1988 and 1999
had to be excluded due to lack of sufficient imagery. Three distinct trends in the initial bloom
date were observed (Figure 3.7); from 1987 to 1997, the blooms appeared with an increasing
delay of 5.35 days per year. From 1997 to 2007, blooms started increasingly earlier by 9.83
days per year. Since 2007, blooms have again started to appear later with a delay of 11.8 days
per year.

Figure 3.8 Duration of cyanobacteria blooms, defined as the period between the first
and last day with FAI > -0.004 in MODIS imagery. White areas showed no bloom during
the entire year. Figure adapted from Hu et al. (2010).

Bloom duration is defined as the period between first and last appearance in MODIS FAI
imagery. More than one bloom may occur in any period. The bloom duration is mapped for
the years 2000-2011 in Figure 3.8. The period 2006-2011 showed longer bloom duration in
most of the lake compared to the years prior, despite later starts to the bloom (Figure 3.7).
The trend actually began in 2005, with 2007 the worst bloom year. More than half the lake
surface had blooms lasting for > 7 months during 2007. Earlier and longer blooms in the
period 2007-2011 are apparent for NW Lake, SW Lake, Central Lake, and the whole lake. Bloom
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coverage never exceeded 25% of the lake area between 2000 and 2003, and exceeded 25% of
the lake area only twice during 2004 when the entire lake was considered. This suggests that
the lake was relatively healthy between 2000 and 2004.

3.3.4.1 Spatial patterns

Besides time-series analysis, the archive of bloom imagery can also be used for spatial analyses,
such as where blooms initiate and how they expand. Blooms were first observed in Meiliang
Bay and Gonghu Bay in June, 1987. Throughout the past two decades, the initial bloom location
was Meiliang Bay (14 times) and Zhushan Bay (9 times) — on four of these occasions, blooms
occurred simultaneously in both locations. Since 2000, blooms have also started to spread
from western and southern bays, which may indicate changes in the hydrodynamic regime or
nutrient delivery to the lake. The blooms show a sprawling trend, covering an increasing area
from year to year. The bloom area has increased from 4.8 km? in July 1991 to 216.4 km? in
2000, and the extreme situation in 2007 when blooms covered >1,000 km?.

For most lake areas (NW Lake, SW Lake, Central Lake) as well as when considering the entire
lake, 2005 marks a transition year from relatively rare bloom occurrence to highly frequent
blooms (high FAI in >25% of the area), particularly during summer months.

FAI
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Figure 3.9 Initiation and evolution of the 2007 cyanobacteria bloom in Lake Taihu.
Figure adapted from Hu et al. (2010).

The 2007 bloom event in Lake Taihu, and particularly Meiliang Bay, was reported to start in
late April (Yang et al. 2008) and by 25 April extensive blooms were found in Meiliang Bay (Kong
et al. 2007). The MODIS FAI image series of 2007 (Figure 3.9) reveals that an extensive bloom
was already established on 4 April 2007 in NW Lake and SW Lake, three weeks earlier than



46 o Observation of Harmful Algal Blooms with Ocean Colour Radiometry

reported as the onset of the bloom. By 18 April the bloom was already extensive in Meiliang
Bay, again a week earlier than reported. Between 20 April and 30 August, the bloom covered
almost the entire Meiliang Bay. On 11 July and 21 November, more than half of the entire lake
was covered by the intense bloom, which remained until at least 5 January 2008, making it the
longest bloom event since MODIS data became available (2000) and possibly the longest bloom
event in history. In June 2007, at least 6000 tons of organic material was harvested from the
bloom in an attempt to reduce the bloom (Guo 2007). The remotely sensed imagery suggests,
however, that the impact of this effort on bloom size was limited.

3.3.5 Factors forcing blooms

< Temperature: Cell recruitment in Lake Taihu has been shown to be tightly coupled to
temperature both in the laboratory and in the field (Cao et al. 2008). The initial blooming
date calculated from MODIS imagery was significantly correlated to the minimum water
temperature during the preceding winter (November-January, p = 0.048). The winter of
2007 was one of the warmest winters in the last 25 years particularly in the period January-
March (0.36, 2.78, and 1.98°C above average in January, February, and March, respectively).
The elevated water temperatures may have supported the extreme bloom of that year.
If minimum winter temperature is indeed a driving force behind recruitment and bloom
formation, current trends of increasing minimum temperature (at a rate of 0.0539°C yr—!)
suggest further bloom expansion in years to come.

R

< Nutrients: Nutrient loading resulting from human activities contributes to the blooms in
Lake Taihu. During the period 1991-1996, the annual average total nitrogen (TN) increased
from 1.18 mg 1! to 3.62 mg 17!, total phosphorus (TP) increased from 0.10 mg 1-! to 0.18
mg 171, By 2006, TN and TP were 200% and 150% higher than in 1996 (Kong et al. 2007).
Nutrient analysis at Taihu field station showed that inputs of TN and TP from the catchment
area increased by 3 and 5%, respectively, between 2002 and 2003 (Kong et al. 2007). The
spatial patterns displayed by the blooms support the hypothesis that nutrient availability
drives the blooming. The southward expansion of the blooms reflects the higher nutrient
loading northwest of Lake Taihu. For example, TP loading from the northwest catchments
accounted for 53-55% of the entire area in the period 2002-2003, and TN loading from this
area accounted for 65-72% in 2002-2003. The southward delivery of nutrients explains the
frequent occurrences of blooms in the north, and increasing detection of blooms in the
center and south.

0,

< Wind: Despite the shallow average depth of Lake Taihu, wind mixing can have a large effect
on the appearance of floating cyanobacteria mats. During days with consecutive MODIS
imagery in September 2005 and November 2007, bloom size was observed to be as large as
>770 km? for wind speed < 2 m s~! but reduced to <140 km? for wind speed > 3 m s~!. It
is unlikely that an extensive bloom could disappear in one day and a new bloom initiate
immediately thereafter. Therefore, the observed oscillation in bloom size over consecutive
days must be due to changes in physical conditions (primarily wind forcing), and not due
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to changes in the total biomass.

0,
**

Economic prosperity: The combined pressures of land use (sewage, livestock, drainage, soil
nutrients and loss of fertilizers from agricultural lands (see Lai et al. 2006) on the lake
ecosystem can be associated with human population and economic development. Human
population and the gross domestic product (GDP) per capita are used here to explore
the correlation of anthropogenic activities with phytoplankton blooms. Including these
factors, as well as winter temperature, in a multivariate regression shows that GDP and
GDP per capita are the best predictors of bloom occurrence: GDP was the dominant factor
for initial blooming date (R? = 0.988), while GDP per capita has the strongest relation with
bloom duration (R? = 0.747). These findings imply that economic activities outweigh the
environmental effect of the preceding winter temperature despite the fact that temperature
does explain the variability of the bloom initiation dates.

GDP in the Taihu Basin increased from 847.66 to 2,662.23 Billion Yuan (RMB) from 1998 to
2007. GDP per capita increased from 2.06 x10% to 6.16x10% Yuan (RMB). Correspondingly,
the number of months of detected algal blooms increased from two in 1998 to ten in 2007;
the initial blooming date advanced more than 100 days. Significant correlations were found
between the annual duration, initial blooming date and total GDP and GDP per capita in
the adjacent area for the time period of 1998-2007. Human activity is projected to further
grow in this area in the next decades.

3.3.6 Discussion

The Taihu case shows that a reflectance band index such as FAI can delineate cyanobacterial
bloom mats at the water surface due to the associated dominant NIR optical feature. This
approach is valid even without the use of rigorous atmospheric correction and bio-optical
inversion algorithms. Unlike algorithms which target the absorption feature of phycocyanin
around 620 nm in mixed conditions, and available from a limited number of satellite sensors,
FAI uses a NIR band to quantify surface mats of buoyant cyanobacteria. The surface mats show
spectral characteristics similar to surface vegetation. At the time of writing, both MODIS-Terra
(2000 to present) and MODIS-Aqua (2002 to present) are functional, and the recently launched
Landsat 8 (February 2013 to present) is expected to continue the Landsat series to provide
Earth science data. Thus, the time-series analysis can be continued to assess bloom conditions
in the coming years. Even if both MODIS instruments stop functioning (both were designed to
have a 5-year mission life), the Visible Infrared Imager Radiometer Suite (VIIRS) instrument on
Suomi NPP (National Polar-orbiting Partnership) satellite (October 2011 to present) is expected
to provide continuity of the bloom observations. VIIRS is equipped with several imaging and
ocean colour bands in the red, NIR, and SWIR that are suitable to derive the FAI, as with MODIS.
Alternatively, the recent Landsat-8 OLI sensor with 30-m spatial resolution has suitable red,
NIR, and SWIR bands and improved signal-to-noise ratios compared to its predecessors (Hu
et al. 2012; Pahlevan et al. 2014). The uninterrupted observations from these environmental
satellites will provide seamless data records to assure data continuity to assess the long-term
bloom status in Lake Taihu and similar water bodies under heavy pressure.
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The results obtained from satellite-based observations are not only useful in understanding
the potential causes of the blooms and their long-term trends, but also useful to aid decision-
making. For example, the statistics of the spatial and temporal bloom patterns can help
management agencies in implementing nutrient release and reduction plans. The timely
information from the near real-time satellite images can help local groups to determine where
to harvest scums to improve water quality. Currently, at the Nanjing Institute of Geography and
Limnology (China), the MODIS and Landsat-based observations are being integrated with other
information (wind, field observations, temperature) to establish a bloom monitoring system,
with the ultimate goal of predicting bloom occurrence and helping water quality management.
Continuous satellite observations will play an essential role in such a system.

3.4 Case 3: Detecting Trophic Status, Cyanobacteria Dominance,
and Surface Scums in Lakes*

3.4.1 Introduction

This case study illustrates retrieval of quantitative bloom biomass over a wide trophic range.
Issues with image quality over severe blooms and near land masses are tackled by using
bottom-of-atmosphere radiance rather than signals corrected for the full atmosphere. Biomass
can be quantified using a series of empirical algorithms that use the shape of the red to near
infra-red radiance spectrum. The choice of algorithm is based on a decision tree that separates
clear and turbid waters from those where surface blooms or vegetation are present.

Trophic status remains a crucial variable in water management, and its detection from
satellite provides a unique opportunity, especially in the developing world where information
on water quality is often difficult to obtain. The identification of high biomass cyanobacterial
blooms and their changes in space and time is another major priority for water and public
health management. Despite the high impact and great opportunity presented by Earth
observation from space, there has been an absence of simple, reliable information products for
trophic status and cyanobacteria detection in inland and eutrophic waters. The development
of algorithms targeted at filling this information gap has now become a priority for scientists
and space agencies. This case study demonstrates how the Maximum Peak Height (MPH)
algorithm (Matthews et al. 2012) can be used to provide trophic status, surface scum and
floating vegetation (macrophyte) detection in a variety of South African and global inland
waters. It also demonstrates a pixel flagging process aimed at identifying high-biomass (Chl-a
> 20 mg m~3) cyanobacterial blooms using the Full Resolution (FR) data archived from Envisat
MERIS.

3.4.2 The MPH algorithm

Detection of Chl-a concentration and other water constituents commonly follows interpretation
of water-leaving reflectances, which are obtained after atmospheric correction of top-of-

* Author: Mark Matthews (CyanoLakes (Pty) Ltd, South Africa
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atmosphere (TOA) radiances. However, atmospheric correction is challenging and error-prone
over optically-complex water types which contain high and uncoupled concentrations of
various constituents (Guanter et al. 2010). While atmospheric effects caused by aerosols (dust,
particles, and smoke) are highly variable and stochastic, Rayleigh or molecular scattering
can be corrected for relatively easily. The Bottom-of-Rayleigh (BRR) processor in the Envisat
BEAM software was used to produce the Rayleigh-corrected TOA imagery used with the MPH
algorithm. The band ratio type algorithm used by MPH subsequently normalises remaining
aerosol effects.

Figure 3.10 BRR spectra showing reflectance features applicable to each trophic
class/water type: (1) mixed oligo-mesotrophic waters with eukaryotic phytoplank-
ton possessing a Chl-a fluorescence signal at 681 nm (arrow 1) (2) high biomass eu-
trophic/hypertrophic waters with (2A) algae and (2B) cyanobacteria, and cyanobacteria
with surface scum (3A), extremely high biomass blooms of algae (3B), and floating vegeta-
tion (3C). The arrows 2 and 3 indicate the reflectance features used to identify waters as
cyanobacteria dominant (only present in spectra 2B and 3A).

The MPH algorithm utilises the signal derived from phytoplankton pigments, fluorescence,
and backscattering in the red/NIR bands of MERIS (for a full description see Matthews et al.
2012). These features may be detected using the Rayleigh corrected TOA signal (e.g., Giardino
et al. 2005). The algorithm uses a baseline-subtraction procedure (see Gower et al. 1999) to
derive the height of the peak of the MERIS bands between 664 and 885 nm. The three peaks
are centred on phytoplankton Chl-a fluorescence (681 nm), the particulate scattering and water
absorption induced peak (709 nm), and the red edge vegetation band (754 nm). Three cases
are targeted by this technique (see Figure 3.10):

1. mixed oligo-mesotrophic waters with eukaryotic phytoplankton (algae),

2. high biomass eutrophic/hypertrophic waters with either algae or cyanobacteria,

3. extremely high biomass blooms of algae or cyanobacteria with surface scum or floating

vegetation.

In each trophic case, MPH exploits a different signal source. In the first case, the Chl-a
fluorescence signal at 681 nm is correlated to biomass and provides information on trophic
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state at low-medium biomass with Chl-a < 20 mg m~3 (e.g., Giardino et al. 2005). This signal
becomes masked by particulate absorption and scattering as biomass increases. The second
case utilises the backscattering/absorption induced peak around 709 nm, which is highly
correlated with algae and cyanobacterial biomass at higher trophic states (Chl-a > 20 mg m~3)
(e.g., Gitelson 1992). The final case utilises the vegetation red-edge which becomes apparent
in surface scum conditions (Chl-a > approx. 300 mg m~3) and is characteristic of floating
vegetation with minimal water absorption (Figure 3.2, Kutser 2009). The MPH variable is
designed to seamlessly shift between these cases which occur in inland waters, providing an
operational algorithm for effective trophic status determination through estimates of Chl-a
concentration.

Figure 3.11 a) Empirical algorithms derived from the MPH variable using data from eu-
trophic eukaryote dinoflatellate/diatom dominant waters and hypertrophic cyanobacteria
(Microcystis) dominated waters. (b) Algorithm performances over several trophic classes.

The detection of waters dominated by high biomass blooms of cyanobacteria uses re-
flectance features produced by their unique pigmentation. These are an apparent absence
of Chl-a fluorescence causing a trough near 681 nm, and a small peak at 664 nm caused by
sparse pigment absorption (potentially enhanced by phycobilipigment fluorescence) and the
absorption of phycocyanin at 620 nm. These reflectance features are used together to flag
pixels as cyanobacteria dominant water (see Figure 3.11).

3.4.3 Detection of eukaryote and cyanobacteria dominated waters

The MPH variable (the height of the peak in the red/NIR) is proportional to backscattering
from phytoplankton as long as phytoplankton is the dominant optically-active constituent.
The concentration of Chl-a is strongly linearly correlated to phytoplankton backscattering on a
species-specific basis (Whitmire et al. 2010). If the backscattering to biomass ratio between
species or bloom types is sufficiently large, distinct relationships between the MPH variable
and Chl-a concentration can be defined and used for diagnostic bloom detection. The MPH
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algorithm was calibrated to two data sets: one from eutrophic eukaryote dinoflatellate/diatom
dominated waters, and one from hypertrophic waters dominated by Microcystis (Figure 3.11).
MPH in the Microcystis-dominated waters was almost an order of magnitude higher than the
eukaryotic blooms, likely owing to small size and the presence of gas vacuoles (Matthews
and Bernard 2013). This result supports the use of MPH to identify high-backscattering
cyanobacteria species such as Microcystis.

Figure 3.12 Chl-a concentration maps derived from from MERIS FR imagery of Hart-
beespoort Lake during (A) clear (oligotrophic) and (B) hypertrophic phases. Cyanobacteria
dominant pixels are shaded and surface scum is dark green. (C) A 10-year time series
of Chl-a concentration, cyanobacteria coverage, and surface scum coverage of the lake,
based on the full MERIS FR archive.

Application of the MPH algorithm in Hartbeespoort Lake shows the detection over time
of trophic status, cyanobacteria, and surface scum accumulations (Figure 3.12). The lake
is dominated by spring outbreaks of Microcystis which persist well into autumn and only
occasionally disappear in winter as the water cools. The mean Chl-a concentration regularly
reaches 500 mg m~3 in summer and spring, and may be as high as 1,000 mg m~3 (the limit
assigned to the algorithm). The bloom phenology (initiation and persistence) is strongly
seasonal. Cyanobacteria are dominant over the majority of the lake surface area for most
of the year, with only a temporary respite during winter months, with the exception of a
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prolonged clear phase observed during the winter and spring of 2005 and 2011. This clear
phase may be a result of mitigation measures to reduce eutrophication in the reservoir, or
from interannual variations in weather. Surface scum (defined by Chl-a > 500 mg m~3) are
frequent during spring and summer months and cover large areas of the lake.

3.5 Case 4: Summer Blooms in the Baltic Sea$

3.5.1 Objective

This case study demonstrates the use of remote sensors to follow the seasonal development of
the typical summer bloom of filamentous cyanobacteria in the Baltic Sea. Bloom biomass is in
the order of 4-10 mg Chl-a m~3 under well-mixed conditions. Diagnostic pigment absorption
features are therefore not quantifiable from remotely sensed imagery. Under calm weather,
however, buoyant species can accumulate near the water surface. This phenomenon enhances
the distinct optical signatures of cyanobacterial pigment absorption, but simultaneously
degrades the performance of atmospheric correction procedures. A highly patchy distribution
of the bloom introduces significant sub-pixel variation, increasing the uncertainty in the quality
of quantitative remote sensing products. These uncertainties stress the need for careful
interpretation of image quality and illustrate the added value of data assimilation with in situ
observations.

3.5.2 Study area

The Baltic Sea is a eutrophic coastal sea with limited water exchange with the North Sea, high
nutrient input, and summer stratification supporting cyanobacteria-dominated phytoplankton
populations when temperatures increase and inorganic nitrogen-phosphorous ratios decrease.
Summer blooms commonly include the filamentous Aphanizomenon flos-aqua, Nodularia
spumigena, and Dolichospermum spp. and occur naturally (Niemi 1973; Leppénen et al. 1995;
Bianchi et al. 2000).

The peak period of cyanobacteria growth is around mid-July, although A. flos-aqua is
found in low densities in all seasons. The rate of bloom development depends on nutrients
available after the spring bloom (up to 50 mg Chl-a m~3) and on water temperature. Summer
cyanobacterial bloom biomass is typically in the range 4-10 mg Chl-a m—3. Under calm
conditions, the filamentous species rise to the surface and locally accumulate higher biomass.
Water samples taken from ships tend to disturb near-surface stratified layers, so measured
concentration ranges do not typically represent such situations.

3.5.3 Image analysis: Delineating blooms

Phytoplankton are the dominant source of light scattering in the open Baltic Sea during bloom
periods and away from river plumes and shallow areas. Deriving maps of phytoplankton

S Authors: Stefan Simis!?, Tiit Kutser?, Claudia Giardino*, Mariano Bresciani* (' Plymouth Marine Laboratory, UK;
2Finnish Environment Institute SYKE, Finland; 3 University of Tartu, Estonia; *CNR-IREA, Italy)
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biomass in the open sea can therefore be as straightforward as extracting the dominant optical
signal from satellite imagery. The absorption of light by phytoplankton is, in contrast, strongly
masked by coloured dissolved organic matter. Traditional algorithms to retrieve Chl-a biomass
therefore show poor performance in this sea and require at least region-specific tuning.

Figure 3.13 Comparison of remotely sensed products indicating a cyanobacterial bloom
(partially at the sea surface) in the Baltic Sea on 14 July 2010 (except for Landsat recorded
on 10 July 2010). (a) MERIS RGB mosaic with frames indicating position of subscenes
(MERIS and MODIS in red, Landsat in cyan). (b) RGB MERIS sub-scene of bloom area
in southern Baltic. (c) Chl-a concentration derived from the WeW-FUB processor (Chl-a
colour scale (purple to red) 1-80 mg m~3). (d) MODIS SST (green to magenta: SST 20-26°C).
(e) LANDSAT-5 RGB acquired on 10 July 2010.

To illustrate how the summer blooms can be delineated using a range of sensors and
methods, several techniques are compared for the same bloom event in July 2010 around the
Bornholm island in the southern Baltic (Figure 3.13). The included products are pseudo-true
colour from MERIS FR, Chl-a concentration produced from the same image using the WeW-
FUB processor in the BEAM toolbox, sea surface temperature (SST) from MODIS on the same
date, and a LANDSAT RGB image from the same week. The MERIS RGB scene (Figure 3.13a,b)
outlines the extent of the bloom, with a patchy distribution which suggests the influence of
currents and mixing on its horizontal distribution. The Chl-a product (Figure 3.13c) reveals
an additional near-coast bloom in the southwest corner of the selected sub-scene, which is
also visible as warmer water in the SST image. Phytoplankton blooms contribute to heat,
trapping in the surface layer, and regions where SST exceeds that of the surrounding area
(Figure 3.13d) may indicate layers of phytoplankton that are less easily recognized from a
targeted chlorophyll product (Figure 3.13c). This behaviour can be explained by the production
of photoprotective rather than Chl-a pigment in light saturated environments (near the water
surface), or by elevated light scattering of less pigmented material. Weak correspondence
between visible light products and SST can be explained by physiological differences between
bloom populations, but differences in the vertical distribution between bloom sites cannot be
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ruled out either, without the use of mixing models or in situ measurements. It is nevertheless
evident that each of the demonstrated products has value in delineating the presence of bloom
phenomena.

Figure 3.14 Chl-a (colour scale in mg m~3, ‘dry’ indicates surface scum) in a cyanobacte-
ria bloom in the Gulf of Finland, Baltic Sea on 14 July 2002. The map is produced from
a Hyperion image with 30 m spatial resolution (Kutser 2004). Disturbed near-surface
accumulations in the wake of ships are visible as low concentrations in four east-west
oriented bands across the top half of the scene.

3.5.4 Spatial resolution

Spatial and temporal undersampling of phytoplankton biomass is problematic in environmental
baseline monitoring, particularly in a system like the Baltic Sea where short-lived and patchy
blooms occur frequently (Rantajarvi et al. 1998; Kutser 2004). A 30-m resolution Hyperion
image from 14 July 2002, processed to depict Chl-a concentration (Figure 3.14, after Kutser
2004) illustrates the heterogeneous distribution of such blooms. High biomass estimates over
a large part of the scene suggest that surface accumulations are present, enhancing the optical
signature of the cyanobacteria rather than being representative of mixed column concentration,
as explained in Figure 3.2. The image also illustrates how such surface blooms are disturbed
in the wake of ships: estimated pigment concentrations are several orders of magnitude lower
than in the areas surrounding the ship wake.

Because of the uncertainty in concentration estimates associated with stratified blooms,
hydrodynamic modelling, multiple-sensor approaches (combining SST, surface roughness, and
optical remote sensing), as well as data assimilation with in situ platforms, are necessary to
assess the severity of buoyant cyanobacteria blooms.
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Figure 3.15 Cyanobacteria bloom development in the Baltic Sea in the summer of 2005.
MERIS RR imagery are shown as the band product [(5/7) - 12], used to highlight particu-
late backscatter with associated Chl-a absorption. Suspected surface accumulations are
masked purple based on the condition [band 13 > band 4], which indicates water absorp-
tion in the NIR is masked by light scattering near the surface. Atmospheric correction
failed for these pixels (Figure 3.16). The route of ship-of-opportunity M/S Finnpartner
during the 24-h period around the overpass is overlaid in red.

3.5.5 Time series and matching in situ observations

The last bloom example from the Baltic Sea concerns an extensive surface bloom which
occurred in July 2005. The year was generally warm and July was calm and clear, offering
a large number of satellite images and excellent conditions for development and occasional
surfacing of cyanobacteria blooms. Research cruises in the Gulf of Finland (between longitudes
21-27°E) in the period 4-29 July recorded an average (+ standard deviation) Secchi disk depth
of 3.8 + 0.5 m, and surface (1-3 m depth samples) Chl-a concentrations of 5.7 + 1.4 mg m~3.
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Wind speeds rarely exceeded 10 m s~!. Water temperatures at 5 m depth measured along
the ferry transect Helsinki - Travemunde (Finland - Germany) ranged from 18-25°C in July.
The filamentous A. flos-aquae, N. spumigena, and Dolichospermum spp. (formerly planktonic
Anabaena spp.) were abundant in water samples taken along the ferry route (Seppala et al.
2007).

Time series of reduced-resolution (1200 m) MERIS imagery from July 2005 presented in
Figure 3.15 show the development of the bloom. The band ratio product of MERIS bands 5 and
7, offset by band 12 (center wavelengths at 560, 665, and 779 nm, respectively) mainly targets
turbidity and pigmented particles, and offers a high dynamic range in this water type. Bands
13 and 4 (865 and 510 nm) are compared to detect strong reflectance in the near infra-red
spectrum, which indicates that absorption by water molecules is masked by strong particle
scattering near the water surface, e.g., by buoyant filaments. The default MERIS L2B image
processing (MEGS 8.0) did not result in valid reflectance spectra in these areas, masked purple
in the processed scenes.

Figure 3.16 Reflectance spectra extracted from two sites in the MERIS RR scene on 8
July 2005 with suspected (a) mixed bloom and (b) surface bloom.

To illustrate that default atmospheric correction typically fails over surface bloom areas,
reflectance spectra are extracted from two sites recorded on 8 July 2005 (marked with boxes in
the corresponding scene in Figure 3.15, numbered 20050708). Both sites contain adjacent areas
of suspected surface accumulations and deeper mixing. A random selection of 50 reflectance
spectra from the mixed and surface bloom areas is shown for each site in Figure 3.16. Spectra
corresponding to well-mixed water (Figure 3.16a) are of variable magnitude but consistent
shape. In contrast, the suspected surface bloom site (Figure 3.16b) shows the characteristic
shape of surfacing blooms with high NIR reflectance, similar to the simulated spectra in Figure
3.2. Negative values result from a limitation of the standard atmospheric correction method
to yield high NIR reflectance, causing the whole spectrum to be shifted to lower values while
the shape of the spectrum remains realistic. Algorithms that are not sensitive to absolute
reflectance values (such as baseline subtraction algorithms) will therefore not be strongly



Acronyms and Abbreviations e 57

affected.

In situ observations from ferries equipped with thermosalinograph, chlorophyll and phyco-
cyanin fluorometers, and turbidimeter were available for a large number of scenes included
in the time series of Figure 3.15. A markedly good correspondence is observed between the
along-transect pixel values shown in Figure 3.15 and the turbidity measurements (Figure 3.17).
For this comparison, both products were normalized to their geometric mean and standard
deviation. This normalizes the variable correspondence throughout the study period between
turbidity measured at 5 m by the ferrybox and the reflectance product which is more sensitive
to near-surface accumulations. Whenever the ferry traversed a suspected surface bloom, the
area is marked in green on the horizontal axes of Figure 3.17 panels. As may be expected from
the poor quality of reflectance spectra for surface blooms, correspondence of the in situ and
remotely sensed data sources is poorest in these areas.

3.5.6 Discussion

The Baltic Sea case illustrates that blooms of cyanobacteria in coastal water pose several
additional challenges to remote sensing. Vertical mixing cannot be assumed and individual
remote sensing scenes should then be interpreted with caution. Time series, particularly
when overlapping with sporadic in situ observations, are more straightforward to interpret.
Uncertainty in the vertical distribution of the cyanobacteria biomass may also lead to different
bloom products derived with algorithms targeting different band sets, or using sea surface
temperature. The coherence between these different approaches may well be the best indicator
of the mixing and physiological state of the bloom biomass. Mixing models, in situ observations,
and remote sensing techniques should be brought together to provide synoptic phytoplankton
monitoring in heterogeneous systems with limited optical sensing possibilities, such as the
Baltic Sea.
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Figure 3.17 Turbidity measured in the flow-through system of M/S Finnpartner (red)
and matching pixel profiles (black) along the ferry transects, corresponding to the time
series in the previous figure. Both signal sources were standardized before plotting.
Sections of transects where surface accumulations were evident are marked green along
the horizontal axis, and invalid reflectance in one or more bands used in the band ratio
product resulted in most cases (but not, for example, on 8 July 2005). Fronts and finer
structures are generally in agreement between the platforms, suggesting that in situ data
can be extrapolated with the aid of remote sensors at least on a scene-by-scene basis.
Sections of transects where the correlation between in situ and imagery data correlate
poorly may be caused by stratification of the surface waters or strong currents displacing
the bloom.
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BRR Bottom-of-Rayleigh

C Carbon

CDOM Coloured Dissolved Organic Matter

CHL Chlorophyll-a concentration

Chl-a Chlorophyll-a

CHRIS Compact High Resolution Imaging Spectrometer (ESA)
DIN Dissolved Inorganic Nitrogen

DIP Dissolved Inorganic Phosphorus

ERGB Enhanced-RGB

ESA European Space Agency

FAI Floating Algae Index

FR Full Resolution

FWC-FWRI  Florida Fish and Wildlife Conservation Commission’s Fish and Wildlife Research Institute
GDP Gross Domestic Product

GoM Gulf of Mexico

GSFC Goddard Space Flight Center

HAB Harmful Algal Bloom

JGOFS Joint Global Ocean Flux Study

MPH Maximum Peak Height

MERIS Medium Resolution Imaging Spectrometer (ESA)
MODIS Moderate Resolution Imaging Spectroradiometer
N Nitrogen

NASA National Aeronautics and Space Administration
nFLH Normalized Fluorescence Line Height

NIR Near Infra-red

NOAA National Oceanic and Atmospheric Administration
NPP National Polar-orbiting Partnership

NSP Neurotoxic Shellfish Poisoning

P Phosphorus

PFT Phytoplankton Functional Types

QAA Quasi-Analytical Algorithm

RBD Red Band Difference

RCA Red tide Chlorophyll Algorithm

RGB Red, Green, Blue

RMB Renminbi (Chinese Currency)
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ROS Reactive Oxygen Species
SeaDAS SeaWiFS Data Analysis System

SeaWiFS  Sea-viewing Wide Field-of-view Sensor

Si Silica

SST Sea Surface Temperature

SWIR Short Wave Infra-red

N Total Nitrogen

TOA Top-of-Atmosphere

TP Total Phosphorus

USGS United States Geological Survey

VIIRS Visible Infrared Imager Radiometer Suite

WFS West Florida Shelf
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