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INTRODUCTION

Aguatic environments are ever changing systems, with multiple drivers and
related effects that can change in time and space. The alteration of aquatic systems is an
interesting and important area of scientific study. By gaining more knowledge and insight
regarding the causes and effects of the various factors, scientists aim to limit, minimize,
and predict the negative consequences of ecosystem change while maximizing the
benefits of such change. Examples of factors that have the ability to change the overall
functioning of an aquatic ecosystem include climate change, eutrophication, nutrient
loading, biological invasions, and a plethora of anthropogenic activities. Many of these
factors cause negative impacts and can heavily influence system change, and therefore
they are the focal point of many scientific research studies aimed at investigating aquatic
ecosystem functioning.

The effects and impacts of these drivers of ecosystem change can be seen through
alterations of community structure, food web dynamics, nutrient cycling, and optimal
habitats for current residents. It should be noted that these factors mentioned are not
independent of one another; the occurrence of one could likely cause the occurrence of
another. For example, a change in nutrient loading, likely through anthropogenic related
activities, can cause eutrophication which then alters the food web and could provide a
situation where an opportunistic invader species could out-compete native resident
species due to the ecosystem change (Dorgham, 2014). Global climate change can also
influence and/or cause many changes and presents a risk for virtually all biotic
components in aquatic ecosystems (Doney et al. 2012). Overall, these factors present

multiple hazards to aquatic ecosystems and their effects differ in time and across different



systems. This, along with the interdependence of the factors makes studying their causes
and effects even more difficult. This study deals with many of these factors including
eutrophication, global climate change, and invasive species, all of which will be covered
in more detail throughout. By analyzing the relationship between a type of mass-
occurring cyanobacteria and an invasive species of copepod, this study has multiple
ecological and environmental implications.

Aguatic ecosystems:

Aguatic ecosystems play an essential role in many crucial environmental
functions such as nutrient recycling, water purification, attenuating floods, recharging
vital groundwater, and providing habitats for wildlife. In addition to being vital
contributors to biodiversity and ecological productivity, aquatic systems provide for a
plethora of recreational uses and a stimulation of the tourism industry in many coastal
regions. As mentioned before, global climate changes can alter many factors within an
aquatic ecosystem, the biggest contributor being temperature change and its associated
effects. It is essential to study and understand aquatic ecosystems on a small scale as well
as a global scale, especially with the recent attention given to global climate changes.

The recent changes in global climate, with regards to temperature in particular,
have been shown to affect physical and biological processes that regulate energy flow
among trophic levels differently, making ecosystems’ responses to climate change
difficult to forecast (Walther et al., 2002; Winder & Schindler, 2004). Given these
difficulties, it is imperative that we use smaller scale investigations and scientific
experimentation to gain a better understanding of the effects of aquatic ecosystems and

how they respond. A better understanding of the interactions between the biotic and



abiotic factors within an aquatic ecosystem and their response to global climate change
will aid in predicting the future ramifications of such events.

Aquatic systems, mainly lakes, have generally been classified based on
productivity levels using a trophic state index, labeling the systems as oligotrophic,
mesotrophic, or eutrophic (Carlson, 1977). Oligotrophic refers to a system with low
primary productivity resulting in a low nutrient content. Mesotrophic systems are those
with an intermediate level of productivity and nutrients. Finally, a eutrophic body of
water has very high biological productivity due to excess nutrients and autotrophic
productivity.

Biotic and Abiotic Characteristics in Aquatic Ecosystems:

An aquatic ecosystem is comprised of biotic communities that are structured by
biological interactions and abiotic environmental factors, including temperature increases
induced by global climate change. It is important to keep in mind that these two types of
factors, living and non-living, are far from independent from one another. Therefore, the
regulation of existing communities is controlled by both biotic and abiotic factors
(Andrewartha and Birch 1954; Power et al., 1988; Jackson et al., 2001).

Various abiotic factors of importance to an aquatic community include
temperature, amount of sunlight, substrate type, water depth, nutrient levels (especially
nitrogen, phosphorous, & carbon), pH, water flow & mixing (Loeb, 1994; Keddy, 2010).
The amount of dissolved oxygen is of high importance, providing the possibility of life
beyond the primary producers in an aquatic setting. While the negative effects of hypoxia
(low levels of oxygen) are quite obvious, hyperoxia (too much oxygen) within an aquatic

environment can result in harmful effects as well, such as changes in respiration rates and



nutrient composition (Burnett, 1997; Nikinmaa, 2002; Olsvik et al., 2006). Nutrient
levels, with special regard to total nitrogen (N) and phosphorous (P) ratios, are also of
high importance in an aquatic community. Nutrient levels are especially important in
regulating and controlling the abundance and diversity of many species of phytoplankton
as well as the eutrophication process (Smith et al., 1999; Conley et al., 2009). The
phytoplankton community assemblage and species abundance are vital components of
any aquatic ecosystem since the phytoplankton are the primary producers and form the
base and foundation of the food web. Hebert (2008) stated that N is a crucial nutrient in
determining a lake’s trophic status while P is one of the most common growth-limiting
elements for phytoplankton. The existence of phytoplankton within an aquatic ecosystem
is crucial, but over-abundance can cause declines in fish populations and hypoxic
conditions leading to “dead zones” (Vallentyne, 1974; Turner & Rabalais, 2003).
Temperature is another abiotic factor that can have a large impact on an aquatic
ecosystem. Temperature can cause many alterations involving organisms’ metabolic
rates, nutrient availability/solubility, and even the toxicity of various chemicals (Cairns et
al., 1975; Regier et al., 1990).

The biotic characteristics of an aquatic ecosystem are determined by the
organisms that inhabit or occur there. These organisms include many kinds of bacteria,
plants, phytoplankton, zooplankton, insects, and fish. Together these organisms make up
the food web and play an important role in nutrient and resource cycling (Lindeman,
1942; DeAngelis et al., 1989). Out of this large range of organisms that exist in aquatic
habitats, each one has unique adaptations, metabolic and physiological needs, diets,

habitat preferences, etc. These characteristics that are unique to each organism have



evolved, and are constantly evolving in an attempt to reach optimal functionality within
the given environment.

All of the organisms that inhabit aquatic systems can be placed into a category of
autotrophic or heterotrophic. Autotrophs are the primary producers that generate biomass
from the sun and carbon dioxide (CO;). Heterotrophs on the other hand, are organisms
that rely on other organisms as sources of energy, mainly through direct consumption.
Therefore, in aquatic ecosystems, there is a high degree of interdependence between all
of its inhabiting life forms. Other biotic characteristics of interest include competition,
mutualism, co-existence, and predation among the ecosystems’ inhabitants. The
independent functions as well as dependent interactions of the abiotic and biotic factors
are of great interest to aquatic researchers all over the world. Understanding more about
these factors and their responses/effects within aquatic ecosystems will aid in providing
researchers with predictive and regulatory power. This deeper level of understanding and
predictive power will then allow for the control and management of the negative impacts
to aquatic systems. The vital importance of these factors is undeniable. However, due to
the presence of complicated feedback loops, the peculiarity of water as a growth medium,
and the variation in responses by aquatic organisms and communities, studying the
specific effects of these factors and generalizing them can be challenging (Kononen,
2001; Anderson et al., 2002; Keddy 2010).

Climate change: Impacts on Aquatic Ecosystems:

Climate change is currently causing significant alterations in physical, chemical,

and biological aspects of aquatic systems all around the world. In particular, aspects that

may be affected include biogeochemical processes, carbon dynamics, food web structure,



biodiversity, primary and secondary production, as well as changes in organism range,
distribution, and habitat quality/quantity (Wrona et al., 2006). Although the effects of
global warming on the chemical and physical properties of lakes have been documented,
biotic and ecosystem-scale responses to climate change have been only estimated or
predicted by manipulations and models (O’Reilly et al., 2003). A meta-analysis of the
effects of climate change by Daufrense et al. (2009) suggests that there are three
universal ecological responses to global warming within aquatic ecosystems. These
responses consist of: (1) an increase in the proportion of small-sized species and young
age classes; (2) a shift in species ranges towards higher altitudes and latitiudes; (3)
seasonal shifts in the life cycle events of aquatic organisms. Wrona and colleagues (2006)
also pointed out that while the effects of global climate change are of extreme
importance, estimating and generalizing the specific effects can be difficult given that the
magnitude, extent, and duration of the impacts and responses will vary and be both
system- and location-dependent.

Poff et al. (2002) provide a very informative and in-depth assessment of the
impacts of global climate change on aquatic ecosystems. The summary of their work
highlights some main points of their extensive study. They stated that aquatic and
wetland ecosystems are extremely vulnerable to climate change and the effects can be
more substantial than in a terrestrial setting. The metabolic rates of organisms and the
overall productivity, distribution, and diversity of these ecosystems are directly regulated
by temperature and climate. Temperature increases will also cause a shift in the thermal
suitability of aquatic habitats for native, non-native, and novel species. Changes in

precipitation and runoff can modify the quality of the habitat and may cause significant



negative effects on these ecosystems (nutrient or pollutant loading). Overall, these
conclusions made by Poff and colleagues (2002) indicate climate change as a significant
threat to the species composition and the functionality of aquatic ecosystems around the
world.

There exist critical uncertainties in regards to the manner in which specific
species and ecosystems as a whole will respond to climate change. These uncertainties
arise both from how regional climate will change and how the complex ecological
systems themselves will respond. Therefore, as climate change causes alterations in
ecosystem productivity and species composition, there are many unforeseen ecological
changes expected that may threaten the functionality of these ecosystems and the services
they provide to humans. Finally, the manner in which humans adapt to a changing
climate will greatly influence the future status of inland freshwater and coastal wetland
ecosystems.

In many cases, changing composition in aquatic ecosystems and rising
temperatures have been connected to the spread of invasive species by influencing the
likelihood of new species becoming established. Establishment of invasives can be
through the elimination of colder temperatures or winter hypoxia that prevent many non-
native species from surviving in certain habitats (Rahel & Olden, 2008). The introduction
of these novel species will modify the ecological impacts of invasive species by
enhancing their competitive and predatory effects on native species and disease virulence
(Rahel & Olden, 2008). Overall, Rahel & Olden’s (2008) findings highlight the complex
interactions that exist between climate change and invasive species that will influence

how aquatic ecosystems and their biota will respond to novel environmental conditions.



The increase in global temperature has also contributed to the growing problem of
the occurrence of harmful algal blooms (HABS) and, in particular, cyanobacteria blooms
(Paerl & Otten, 2013). These cyanobacteria blooms and their effects on aquatic
ecosystems are a main focus of the study at hand and will be referred to repeatedly. The
optimal growth conditions for cyanobacterial blooms include increased nutrients and
temperatures, both of which result from the on-going climate changes (Paerl & Huisman,
2008; Dionysiou, 2010; Paerl & Otten, 2013). The occurrences, conditions and effects of
these HABs will be covered in more detail later in this study.

Aquatic Ecosystems & Invasive Species:

Aquatic systems, like terrestrial systems, are susceptible to the effects of invasive
organisms. According to the U.S. Fish and Wildlife service, aquatic invasive species
(sometimes referred to as AlS, exotic, nonindigenous or non-native) are aquatic
organisms that invade ecosystems beyond their natural, historic range. Humans, either
intentionally or unintentionally, have assisted in the spread of invasive species around the
globe. Intentional introductions consist of a deliberate transfer possibly for biological
control methods (various insects are introduced to control invasive plants), fish stocking,
or for other reasons. On the other hand, unintentional introductions are accidental in
nature. Examples of how invasive species can be spread in aquatic ecosystems include by
ships (ballast water), boats (hull fouling), aquaculture, aquatic recreation, and connected
waterways, just to name a few. As humans have facilitated the dispersal of plants and
animals in aquatic ecosystems by breaking down various barriers, invasive alien species
have increasingly altered the composition and functioning of such ecosystems (Dukes &

Mooney, 2004).



The presence of invasive species can have many impacts on an ecosystem
including causing harm to native ecosystems and organisms. These impacts then affect
commercial, agricultural, and recreational activities that are dependent on these
ecosystems. Due to these possible negative implications, invasive species are one of the
largest threats to aquatic ecosystems. According to the Environmental Protection Agency,
invasive species represent the second leading cause of species extinction and loss of
biodiversity in aquatic ecosystems worldwide. Loss of biodiversity and extinctions are
often a result of high levels of predation (by the invasive species) or by means of
competition where the newly introduced invasive species out-compete the native species.
McCormick and colleagues (2010) state that the physical and biological disruptions of
aquatic ecosystems caused by invasive species can alter water quantity and water quality
through multiple mechanisms, including alterations in nutrient cycling and the food web.
Chandra and Gerhardt (2008) point out that the spread and establishment of invasive
species are occurring at an accelerated rate and that their introductions are of increasing
global concern. Ecologists have recognized for some time that these biological invasions,
besides the previously mentioned ramifications, affect various levels of ecological
organization and structure (Elton, 1958). It is important to note that though these negative
impacts mentioned apply to most species of invasives, their effects on ecosystems are
variable and not every introduction will inevitably lead to profound negative impacts.
Given the range of potential environmental impacts researchers now recognize biological
invasions as an important element of global change (Dukes & Mooney, 1999). Some
examples of various invaders in aquatic ecosystems include zebra mussels (Dreissena

polymorpha), Eurasian Watermilfoil (Myriophyllum spicatum), sea lamprey (Petromyzon



marinus), Asian carp (many species of heavy-bodied cyprinid fish), and various types of
snails, zooplankton, and phytoplankton.
Bottom-Up and Top-Down Controls:

Populations within an ecosystem have the ability to be controlled or regulated by
various factors. There are two general mechanisms that contribute to this control and they
are referred to as top-down and bottom-up controls. In aquatic ecosystems these control
mechanisms are most studied in terms of their effects on phytoplankton and zooplankton.
Bottom-up control concerns the factors that affect growth including light, temperature,
and nutrients. The effects of bottom up control work from the bottom of the food web to
the top, hence the name. On the other hand, top-down controls refer to elements including
predation and defensive mechanisms and therefore work from the top of the food web to
the bottom. It is important to keep in mind that these regulatory mechanisms related to
the food web vary in time and space and there are many complex interacting components
that go into each.

These two concepts have been the focus of numerous studies concerned with
investigating food web dynamics and community structure. It has been demonstrated that
grazers can be very effective in removing prey biomass and heavily influencing community
structure (Feminella and Hawkins 1995,Steinman 1996). However, bottom-up factors
including light and nutrient supply can also have effects on various aspects including algal
biomass, nutrient composition (type and concentration), productivity, and species
composition (Rosemond et al., 1993; Hill et al. 1995; Francoeur 2001; Hillebrand, 2002). It is
very important to the proper analysis of these two mechanisms to realize that they are not
mutually exclusive and that a strict and distinct separation of the effects on communities is

unrealistic (Stewart 1987, Leibold et al. 1997).
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Phytoplankton: The Foundation of Aquatic Ecosystems:

Phytoplankton play a vital role in any aquatic ecosystem by providing the
autotrophic and photosynthetic foundation to such an environment. Phytoplankton are
labeled as the primary producers within aquatic systems, synthesizing organic
compounds from carbon dioxide dissolved in water and energy from the sun. Being the
primary producers in aquatic ecosystems, phytoplankton are also the primary food source
and form the base of the aquatic food web and nutrient cycling pattern. Therefore,
phytoplankton effects are distributed throughout the aquatic food web within their given
ecosystem (White, 1981; Carpenter et al., 1987; Turner and Tester, 1997; Engstrom-Ost,
2002).

Phytoplankton productivity is reliant on adequate nutrient supplies, especially
nitrates and phosphates. However, the rapidly increasing rates of nutrient supply, much of

which is through manmade processes, fuels accelerating primary production or

eutrophication (Paerl et al., 2001). One ramification of eutrophication can be formation

of HABs or great increases in the amount of phytoplankton in a water body as a response
to increased levels of nutrients (Anderson, 2002). That study explains that the negative
environmental effects of eutrophication include hypoxia, the depletion of oxygen in the
water, which causes a reduction in specific fish and other animals. Water movement and
the movement of various physical factors allows for the existence of microhabitats and
the coexistence of many populations of phytoplankton within a small area. Such physical

factors affecting the community composition of phytoplankton (coexistence) may include

11


http://en.wikipedia.org/wiki/Phytoplankton
http://en.wikipedia.org/wiki/Hypoxia_(environmental)

nutrient inflows, water mixing and upwelling, convergence or divergence, changes in
stratification, or vertical migration (Kononen, 2001).

Included in the classification of phytoplankton are some types of bacteria and
protists. However, the majority of phytoplankton are single-celled plants. Among the
common kinds are cyanobacteria, diatoms, dinoflagellates, green algae, and
coccolithophores. There is a relatively high level of competition between co-existing
phytoplankton in an aquatic community. This competition is mainly dependent on the
nutrient availability and the phytoplankton’s efficiency of nutrient intake, both of which
vary on a temporal scale (Sakshaug & Olsen, 1986; Egge & Aksnes, 1992; Litchman et
al., 2004). Therefore, all of these types of phytoplankton have their own unique qualities,
traits, adaptations, and habitat preferences.

Cyanobacteria as a Food Source:

Cyanobacteria are a plentiful, diverse, and common type of phytoplankton found
generally in the pelagic community. Due to the cyanobacteria’s blue-green pigment
(phycocyanin), they were formerly classified as blue-green algae and belong to a specific
phylum of bacteria (Mclean & Sinclair, 2013). Cyanobacteria are typically characterized
as a low quality food source for its consumers. The low food quality has mainly been
associated with the cyanobacteria’s difficult-to-handle morphology, low nutritional
quality, and toxin content (Porter and Orcutt, 1980; Lampert, 1987; Kirk & Gilbert,
1992). These toxins have been classified in five broad categories that include more than
200 specific forms (Boyer & Dyble, 2008). Boyer & Dyble (2008) demonstrated that one
of the most common types of toxins produced are cyclic hepatotoxins (peptides).

Examples include microcystin which is named after its producer, Microcystis, as well as

12



nodularin which is produced by Nodularia (Brittain et al. 2000), a close relative of
Microcystis. These toxins have been shown to be harmful and affect zooplankton
diversity, grazing, and mortality (Koski et al., 1999; Enstrom-Ost 2002; Engstrom-Ost et
al., 2002). These effects can accumulate in the food web via bioaccumulation and
negatively impact higher trophic levels as well (Kotak et al., 1996; Magalhaes et al.,
2003; Xie et al., 2005; Hansson et al., 2007; Karjalainen et al., 2007). Toxins like
microcystin have been shown to inhibit protein phosphatases and are therefore dangerous
to other living organisms (Kozlowsky-Suzuki et al. 2003). There is a plethora of possible
negative effects stemming from these toxins. It should be kept in mind that if a strain of
phytoplankton is classified as a cyanobacterium or even as Microcystis, this does not
necessarily mean that it produces toxins (there exist non-toxic strains as well).

Besides using toxin as a defense, some cyanobacteria have evolved the ability to
have a filamentous or colonial morphology, forming aggregates and making them less
appealing as a food source due to mechanical difficulties with feeding (Webster & Peters,
1978). As mentioned previously, cyanobacteria have been classified as a low quality food
source. This lack of nutritional quality seems to be linked to the cyanobacteria lacking
essential compounds such as polyunsaturated fatty acids (Holm & Shapiro, 1984;
Demott, 1986; Muller-Navarra et al., 2000). Studying these techniques to avoid
predation, their effects, as well as their evolution through time is difficult and is the main
focus of many ongoing biological and chemical studies.

Despite the known negative effects of cyanobacteria, there exists some evidence
that these phytoplankton can have some positive effects on an aquatic community as a

whole (Engstrom-Ost, 2002). For one, cyanobacteria have the ability to turn light energy
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into useable biological energy through photosynthesis that can then be transferred
throughout the food web. Some types of cyanobacteria are nitrogen fixers, which can
have a positive impact on nutrient cycling and dynamics (Mitsui et al. 1986; Kivi et al.,
1993). Cyanobacteria can also provide a food source for specialized consumers and
therefore allow the specialist to be successful in a community dominated by
cyanobacteria (Meyer-Harms et al., 1999). Compared to the actively growing
cyanobacteria, the decomposition of this type of phytoplankton (eventually degrading
into recycled detritus) may provide a better food source to consumers. This is due to the
decrease in toxins during senescence and the attached bacteria associated with the
decomposition providing additional nutrients (Repka et al., 1998; Kankaanpaa et al.,
2001). Therefore, it seems as though the overall effects of cyanobacteria (positive or
negative) may depend on various environmental factors and/or details of the community
assemblage (phytoplankton and consumers) and are likely to vary by individual
organisms, species, and ecosystems.

Good Food Sources and Selective Feeding:
There are numerous interactions and levels of co-dependence between the

phytoplankton and zooplankton populations within any aquatic ecosystem. The means by
which food quality is typically determined is by providing zooplankton with different
types of phytoplankton and analyzing the effects on the organisms’ survival, growth rate
and reproductive rate. Herbivorous zooplankton production and success is constrained by
the zooplankton’s ability to ingest and digest phytoplankton (Brett & Muller-Navarra,
1997). There are various characteristics possessed by phytoplankton that are associated
with a high quality source of food for zooplankton grazers. Cummins & Klug (1979)
suggest that the natural growth patterns of most zooplankton involve the interaction of
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temperature and food quality. Food quality for grazers has been related to mineral (C, N,
P) and biochemical (amino acids, fatty acids) constituents (Ahlgren & Hyenstrand,
2003). The lipid composition itself has been suggested as a probable factor determining
the nutritional quality of the algae, with higher levels possessing more nutritional value
(Ahlgren et al., 1990). Aquaculture studies provide some direct evidence of the
importance of the long-chained polyunsaturated fatty acids (PUFA) for zooplankton.
PUFAs are almost exclusively synthesized by plants and are essential for higher
organisms (Brett & Muller-Navarra, 1997).

Phosphorous, C:P ratios, the presence of PUFA and eicosapentaenoic acid (EPA)
in phytoplankton are all reported to affect the growth rates of zooplankton significantly
(Gulati & Demott, 1997; Breteler et al., 1999). Structural and morphological changes in
P-limited cells most likely reduce their digestibility and may be a highly efficient strategy
of P-limited algae to resist heavy grazing pressure (Van Donk & Hessen, 1993). Diatoms
and flagellates are generally considered as high-quality foods because of their high EPA
content. On the contrary, cyanobacteria are low-quality food, having both low EPA and P
content. Brett & Muller-Navarra (1997) state that highly unsaturated fatty acids (HUFA),
a subset of PUFA, have been found to be critical for maintaining high growth, survival,
reproductive rates and high food conversion efficiencies for a wide variety of marine and
freshwater organisms. HUFA may be key nutritional constituents of zooplankton diets,
and may determine energetic efficiency across the plant—-animal interface, secondary
production and the strength of trophic coupling in aquatic pelagic food webs (Brett &
Muller-Navarra, 1997).

Harmful Algal Blooms: Conditions, Causes, Effects, and Management:

15



It is important to understand the conditions that provide for the formation and
maintenance of HABs within an aquatic ecosystem when trying to control and limit the
negative effects of these blooms. The basis of the success of these blooms is based on
out-competing other phytoplankton species co-existing in an environment. Numerous
freshwater phytoplankton are capable of forming blooms; however, cyanobacteria are the
most notorious bloom formers. This is especially true for harmful toxic, surface-dwelling,
scum-forming species (e.g., Anabaena, Aphanizomenon, Nodularia, Microcystis) and

some subsurface species (Cylindrospermopsis, Oscillatoria) that are efficient at

exploiting nutrient-enriched conditions (Paerl et al., 2001). Many harmful species are

tolerant of extreme environmental conditions, including very high light levels (UV), high
temperatures, various degrees of desiccation, periodic nutrient deprivation and overload
(Paul, 2008). Blooms are a prime agent of water quality deterioration, including foul
odors and tastes, deoxygenation of bottom waters (hypoxia and anoxia), toxicity, fish
kills, and food web alterations.

The physiological strategies by which different groups of species obtain their
nutrients have been better understood recently, and alternate modes of nutrition such as
heterotrophy and mixotrophy are now recognized as occurring substantially among HAB
species (Anderson et al., 2002). Some of the most noxious cyanobacterial bloom genera
(e.g., Anabaena, Aphanizomenon, Cylindrospermopsis, Nodularia) are able to fix
atmospheric nitrogen (N>) to fulfill their N-related needs. This ability makes it possible
for these cyanobacteria to out-compete other species of phytoplankton and periodically

dominate under nitrogen-limited conditions (Paerl et al., 2001).
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Blooms can be attributed to two primary factors: natural processes such as
circulation, upwelling relaxation (decrease in water movement) and river flow; and
anthropogenic loadings leading to eutrophication (Sellner et al., 2003). Eutrophication
and increases in the nutrient load are mechanisms by which harmful algae appear to be
increasing in extent and duration in many locations. In waters susceptible to blooms,
human activities in water- and airsheds have been associated with the extent and
magnitudes of the blooms. Nutrient enrichment has been strongly linked to stimulation of
some harmful species, but for others it has not been an apparent contributing factor
(Anderson et al., 2002). This shows that similar nutrient loads do not have the same
impact in different environments or in the same environment at different points in time.
The overall effect of nutrient over-enrichment on harmful algal species is clearly species-
specific. The types and amount of nutrient input constraints depend on hydrologic,
climatic, geographic, and geologic factors, which interact with anthropogenic and natural
nutrient input regimes. Recall that temperature can also play an important role in the
promotion of HABS since increases in temperature tend to lead to higher nutrient levels,
more effective toxins, strengthening of vertical stratification (lowering mixing), and
longer optimal growth periods (Paerl & Huisman, 2008). In general the study by Paerl &
Huisman points out that cyanobacteria grow better at higher temperatures (often above
25°) than do other species of diatoms and green algae. Low CO, availability, high pH,
and low grazing rates may also contribute to the increased growth of cyanobacteria in
HABs (Lehman et al., 2008).

The degraded water quality from increased nutrient pollution by humans can

promote the development and persistence of many HABs. These effects are dependent on
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the composition, not just the total quantity, of the nutrient pool (Heisler et al., 2008). The
sources of nutrients potentially stimulating algal blooms include sewage, atmospheric
deposition, groundwater flow, as well as agricultural and aquaculture runoff and
discharge (Anderson et al., 2002). These authors also stated that the increases in nutrient
loading from these sources typically leads to, as mentioned previously, anoxia and even
toxic or harmful impacts on fisheries resources, ecosystems, and human health and
recreation. Many of the regions affected by cyanobacterial blooms have witnessed
reductions in phytoplankton biomass (as Chlorophyll a) or HAB incidence when nutrient
controls were put in place. Shifts in species and community composition have often been
attributed to alterations in the nutrient supply ratios, primarily N:P or N:Silica. Recently,
important factors have been expanded to include organic forms of nutrients, and that an
increase in the dissolved organic carbon to dissolved organic nitrogen ratio (DOC:DON)
has been observed during periods of HABs (Anderson et al., 2002).

Boyer and Dyble (2008) provided an extensive analysis of the effects that various
environmental (chemical and physical) factors have on HABs gathered from other studies
(primarily from Paerl, 1996). Some of these factors outlined by these researchers may be
viable controls or regulatory mechanisms for HABs. The introduction of new water,
flushing of water, and shortening water residence time can all serve as removal
mechanisms for blooms. Vertical mixing (usually on a large-scale) can disrupt near
surface accumulations of buoyant bloom populations. Shading might serve as a means of
altering the phytoplankton community composition and negatively affecting
cyanbacterial surface bloom taxa. Since temperatures in excess of 20°C (or increases in

overall temperature), stratification and high nutrient loading can promote blooms,

18



avoiding these circumstances would be ideal. Modifications in pH levels can alter
community composition as well; low pH (under 6) has been shown to favor eukaryotes
while high pH (above 8) favors cyanobacteria. Nutrient (N and P) input reductions (long-
term) are frequently effective in reducing cyanobacteria algal bloom potentials. In
particular, P levels should be the center of attention for regulation since low N:P ratios
(<20), often caused by excessive P, can increase bloom prevalence. Restricted availability
of iron may also promote cyanobacteria (and HAB) growth since cyanobacteria are able
to compete effectively for low levels of iron compared to other species of phytoplankton.
Salinity in excess of a few percentages can be an effective barrier to development and
persistence of some cyanobacteria species

Management of these HABs and their negative impacts is an important topic to
environmental groups around the world and the Environmental Protection Agency is the
main advocate in the United States. Some control mechanisms have been previously
mentioned in the preceding paragraphs with regards to the summarization of the findings
of Paerl, 1996 (from Boyle and Dyble, 2008). Recently emerging and newly developed
tools and techniques are improving the detection and onset of HABs and their toxins.
Researchers are rapidly advancing toward being able to have strong predictive power
when it comes to the formation of HABs. Experimental studies are crucial to further the
knowledge and understanding about the role various factors (especially nutrients) play in
HABs expression (Heisler et al. 2008).

Overall, the main avenue for the control and management of cyanobacterial and
other phytoplankton blooms includes nutrient input constraints, most often focused on

nitrogen (N) and/or phosphorus (P). Single nutrient input constraints have been shown to
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be effective in some water bodies, but it is the dual N and P input reductions that are
usually required for effective long-term control and management of HABs. In some
systems where hydrologic manipulations are possible, enhanced flushing and artificial
mixing (in conjunction with nutrient input constraints) can be particularly effective
alternatives (Paerl et al., 2001).

Phytoplankton Used in This Study: The Green and the Blue-Green:

In this study two types of phytoplankton were used to investigate the effects that
the toxin-producing cyanobacteria have on the feeding and reproduction ecology of a
particular species of invasive calanoid copepod. The “good” food source, known to be
nutritionally adequate, is a type of green algae named Scenedesmus quadricauda
(Ahlgren et al., 1990). The toxin-producing cyanobacteria species under investigation is
Microcystis aeruginosa and the name of the toxin it produces is microcystin, a cyclic
hepatopeptide toxin (Brittian et al., 2000) (Figure 2). The general qualities and
characteristics of cyanobacteria covered previously are applicable to the species
Microcystis aeruginosa. The use of Scenedesmus and Microcystis together as contrasting
food sources has been employed in a variety of other studies (Bringmann & Kuhn, 1978;
Lampert, 1981; Hairston et al., 1999; Kuwata & Miyazaki, 2000 Lurling, 2003; Dwyer,
2013).

Microcystis aeruginosa is a non-nitogen fixing colonial cyanobacteria species and
the toxin that it produces has been the focus of many studies investigating the effects of
toxins on aquatic ecosystems (Kozlowsky-Suzuki et al., 2003; Juhel et al., 2006; Jang et
al., 2007; Karjalainen et al., 2007). Microcystis aeruginosa is characterized by small cells

that are only a few micrometers in diameter and lack individual sheaths (Figure 1).

20



Microcystis has also been known to form cellular aggregations which, in conjunction
with the toxins, can also act as a defensive mechanism impairing ingestion by

zooplankton (Shen et al., 2011; Wang et al., 2011).

Figure 1-Microcystis aeruginosa.
Source: Www.recetox.muni.cz

Various factors affecting the growth rate of M. aeruginosa have been well
documented (Zehnder & Gorham, 1960). The specific effects of nitrogen, phosphorous,
ammonia, trace metals, light, pH and temperature have all been investigated (VVan der
Westhuizen & Eloff, 1983; Lukac & Aegerter, 1993; Bury et al., 1995; Long et al., 2001;
Downing et al., 2005). Biotic and abiotic factors previously discussed in the
cyanobacteria and HAB sections apply also to the species of interest, Microcystis
aeruginosa. Van der Westhuizen & Eloff (1983) propose that a pH of 9 is the optimal
level for growth of M. aeruginosa. In most cases, many of these biotic and abiotic factors
can also influence the toxicity of the M. aeruginosa cell.

The toxin produced by Microcystis is appropriately named microcystin (Figure 2).
Once again, this particular strain of cyanobacteria is known to produce harmful algal
blooms which are a topic of interest in this study (Wilson et al., 2005). Besides by means

of direct ingestion, the microcystin toxin has a hydrophobic component, a specific amino
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group that can provide additional mechanisms for transfer throughout an ecosystem by
physically attaching itself to another surface, like another organism (Harada, 1996; Yuan
and Carmichael, 2004). Microcystis has also been shown to have the ability to regulate
buoyancy via gas vesicles, allowing for movement of the cell as well as its toxins
throughout the water column (Thomas & Walsby, 1985). The same study also provided
evidence that the formation and regulation of these gas vesicles seems to be dependent on
various environmental factors including light, temperature, and nutrient availability.
Reynolds et al. (1981) gives an informative review of the annual cycle exhibited by

Microcystis aeruginosa.

Fig. 2- Structure of microcystin -LR
produced by Microcystis aeruginosa
AH3 (according to J. Nawrocki et al., 2000).

Microcystin-LR
Chemical structure: CscH74N;0O0;2
Molecular weight: 995,17

Scenedesmus, which is one of the most common freshwater genera, exhibits
extremely di