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Abstract

Cyanobacterial blooms occur when one or a few species of cyanobacteria
dominate an ecosystem. These blooms can be detrimental to human well being and
ecosystems as many bloom-forming cyanobacterial species produce toxins. At a regional
scale, cyanobacterial blooms are more likely in eutrophic lakes. In mesotrophic lakes,
however, it is difficult to predict cyanobacterial blooms. This may be due in part to a
lack of working models to describe cyanobacteria — zooplankton interactions as well as a
lack of field studies at appropriate scales. This thesis investigates how, at different
temporal scales, toxin-producing, bloom-forming cyanobacteria interact with
zooplankton and the importance of biotic and abiotic factors in explaining both
microcystin content and cyanobacterial population dynamics. To accomplish this
objective, a range of methods was employed: meta-analysis of literature data,
experimentation and time-series analysis of a shallow mesotrophic lake (Constance Lake,
Ontario) based on high frequency sampling over 2-3 years.

The meta-analysis revealed high variability both within and across zooplankton
species in their response to cyanobacteria. However, in most cases, zooplankton
maintained positive growth rates when fed a diet containing cyanobacteria. A laboratory
experiment with Daphnia showed that zooplankton can adapt to avoid toxic strains of
cyanobacteria. Both these results suggest that zooplankton may play a role in controlling
cyanobacterial biomass and potentially shifting cyanobacterial strains towards toxic
genotypes. Field observations found that abiotic conditions, mainly temperature and pH,
were more important than zooplankton when explaining the variability of microcystins.
This lack of relationship between zooplankton and microcystins may have been due to
the low cladoceran abundances in Constance Lake. Negative correlations, however, were
detected between Anabaena and Daphnia and with cyclopoid copepods. Generally
across cyanobacterial taxa, correlations with biotic variables such as the growth rates of
rotifers and other cyanobacterial taxa, were more important than abiotic variables in
explaining variability in cyanobacterial population growth rates. Surprisingly, these
biotic relationships were predominantly positive suggesting that facilitation may play a

larger role than previously thought in regulating cyanobacterial populations.
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Introduction

Cyanobacterial blooms - a water quality issue

Cyanobacteria are photosynthetic prokaryotes that occur in many different habitat
types across the globe (Whitton and Potts 2000). In aquatic ecosystems, planktonic
cyanobacteria can dominate lakes or slow-moving rivers creating biomass maximums or
“blooms” (Reynolds and Walsby 1975). Certain cyanobacterial species commonly found
in these blooms produce compounds that are highly toxic to animals and people
(Carmichael 1994). Generally, toxins remain within the cell and are only released into
the water during cell lysis (Jones and Orr 1994; Lam et al. 1995; Sivonen and Jones
1999). This makes toxic blooms difficult to manage as water clearing technologies such
as copper sulphate cause mass cell lysis and therefore the release of toxins into the water
column (Kenefick et al. 1993). Ecologically, cyanobacterial blooms can disrupt normal
ecosystem functions by reducing energy transfer through the food chain, phytoplankton

diversity and nutrient recycling rates in the pelagic zone (Sunda et al. 2006).

The frequency of cyanobacterial blooms appears to be on the rise in Canada.
Lake Winnipeg has been labelled, ‘Canada’s Sickest Lake’, as a result of persistent
cyanobacterial blooms (Ferguson 2004) and lakes monitored for cyanobacterial blooms
by the Quebec Ministry of Environment and Parks show a steady increase in bloom
incidence over the past four years' (Figure 0.1). This increase in bloom frequency may
be an artifact of increased monitoring efforts and a heightened awareness among the
public, but a paleolimnetic study of algal pigments in the Qu’ Appelle Valley,
Saskatchewan, found that although bloom-forming cyanobacteria were a component of
the phytoplankton community prior to European settlement (ca. 1890), cyanobacterial
biomass has increased on average about ten-fold since this time (Dixit et al. 2000). It is
likely that the continuous cultural eutrophication of many water bodies in Canada has

increased their susceptibility to cyanobacterial blooms (Schindler and Vallentyne 2008).

! Data for Figure 1 was downloaded on February 11, 2008 from:
http://www.mddep.gouv.qc.ca/eau/algues-bv/milieux_affectes/resultats.asp

xi



Frequency
3

Figure 0.1 Frequency of reported cyanobacterial blooms in Quebec, Canada over four

years.

Plankton succession

‘Plankton’ is derived from the Greek word ‘mAavkrog’ or ‘planktos’ meaning drifter
or wanderer. Plankton generally are not able to move against a current but may move in
calm water (Reynolds 1984b). Viruses, bacteria, phytoplankton, protozoa, and
zooplankton make up the planktonic food web. Phytoplankton are microscopic
photosynthetic organisms which form the basis of the food chain and can vary in size
over three orders of magnitude from picoplankton (0.2 - 2 um) to microplankton (20 —
200 um). Six divisions of eukaryotes and one prokaryote, cyanobacteria, make up the
phytoplankton. Species from each division can be differentiated based on pigment
composition, number and position of flagellum, method of carbohydrate storage and cell
wall composition. Although total primary production in temperate lakes is commonly
limited by the amount of phosphorus and/or nitrogen in the water column (Dillon and
Rigler 1974; Elser et al. 1990), the actual species composition is determined by a number
of interacting biotic and abiotic factors (Harris 1986; Reynolds 1998). All phytoplankton
species have strategies to stay suspended in the water column, harvest light and nutrients,
avoid predation and survive winter conditions (Reynolds 1984). Differences in these
strategies give one or several species an advantage under certain conditions (i.e.

differences in light, nutrients, turbulence, grazing pressure; Hutchinson 1961).
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In temperate lakes, phytoplankton generally follow a recognizable pattern of
succession which begins anew during the ice free season (Sommer et al. 1986). In late
winter and early spring, light conditions increase and nutrient levels are high leading to
an exponential increase in small, fast-growing phytoplankton species. An increase in
grazing pressure lags behind this spike in phytoplankton biomass, but first rotifer density
and then cladoceran density increase as the spring progresses. Either through nutrient
depletion or intensive grazing, phytoplankton biomass decreases in late spring or early
summer in a period labeled the “clear water phase”. Zooplankton then decrease
throughout the summer due to lower food resources and/or unpalatable phytoplankton.
Slow growing phytoplankton, such as cyanobacteria that are better adapted to low
nutrient conditions and/or are resistant to grazing, increase in density through the summer
(Harris 1986). As the water cools in the fall, nutrients are again returned from the
hypolimnion to the photic zone and a second period of rapid increase in fast growing
species ensues. This description represents a generalized model of plankton succession

for deep temperate, stratified lakes.

Though most limnological research on lakes has been conducted on deep stratified
lakes (Scheffer 1998), about half of the worlds’ lakes are less than 10 meters in depth
(Wetzel 2001), Shallow lakes do not stratify for long periods during the summer, rarely
for more than a month and typically not for more than a couple of days (Scheffer 1998).
In stratified lakes, nutrients are lost from the photic zone during summer with the
sedimentation of phytoplankton; however, in shallow lakes, both sedimentation and re-
suspension occur at shorter time scales as these processes are related to water depth. In
shallow lakes, nutrients are lost by lake flushing and also, for the major nutrients, by
binding with iron in the sediment (phosphorus), and by denitrification (nitrogen). If
adequate nutrients are available during the summer, light availability commonly becomes

the major limiting factor to phytoplankton in shallow lakes (Scheffer 1998).
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Bloom-forming cyanobacteria

Cyanobacteria are an ancient group of microorganisms that are thought to have
evolved during the Archean period (ca. 3465 million years ago; Schopf 1993). Their
long history has allowed them to adapt to nearly all habitats on Earth — terrestrial, marine,
and freshwater, including some very inhospitable habitats such as deserts, hypersaline
lakes and hot springs (Komdrek 2003). Although cyanobacteria are prokaryotic, the cells
contain flattened vesicles which contain their photosynthetic system. Chlorophyll a is the
primary photosynthetic pigment and most species contain one or more of four types of

accessory pigments termed phycobiliproteins (Reynolds 1984b).

Though cyanobacteria may occur as single cells, the most common bloom-forming
species in temperate lakes are colonial (Mur et al. 1999). Those in the class Nostocacales
include the common genera of Anabaena, Aphanizomenon, Planktothrix, and are
filamentous. Another common genus is Microcystis from the class Microcystaceae,
which is chrococcoid. Species from the class Nostocacales, are capable of fixing
atmospheric nitrogen in specialised cells called heterocysts, which provide the anoxic
environment necessary for nitrogenase to function (Komarek and Anagnostidis 1989).
Filaments in this class also produce akinetes, specialised resting cells for over wintering
(Komérek and Anagnostidis 1989). Cell shape, and the location and shape of
heterocystes and akinetes are essential for identification in filamentous species (Komarek
et al. 2003). Chrococcoid species such as those in the genus Microcystis do not produce
specialized cells but form distinct colonial patterns with or without colonial mucilage that

aids in identification (Koméarek 2003).

Bloom-forming cyanobacteria have a number of advantages compared with other
aquatic phytoplankton (Hyenstrand et al. 1998). Most species contain gas vesicles which
provide bouyancy (Reynolds et al. 1987), an advantage over other species in conditions
with high turbidity and low turbulence (Huisman et al. 1999b). Cyanobacteria can
actively transport both free CO, and bicarbonate across the cell membrane (Espie et al.
1991). This is an advantage under alkaline conditions when the inorganic carbon

equilibrium moves away from CO, and towards HCO3 (Shapiro 1989). The ability of
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some species to fix nitrogen gives an advantage in conditions of low nitrogen to
phosphorus ratios (Smith 1983), and also in some species, especially those in the genus
Microcystis, photosynthetic optima occur at high temperatures (Robarts and Zohary
1987). The large size of colonial bloom-forming cyanobacteria and the ability to produce
toxins may also limit losses from grazing, though in some studies, zooplankton have been

able to control cyanobacterial blooms (Sarnelle 2007).

Microcystins

Most freshwater colonial and bloom-forming cyanobacterial species are capable of
producing toxins (Dow and Swoboda 2000; Haider et al. 2003). Cyanotoxins can be
categorized by their mode of action: the cyclic peptides microcystin and nodularin, which
are hepatotoxins; the alkaloids anatoxin and saxitoxin, which are neurotoxins; and the
lipopolysaccharides, which are primarily skin irritants (Sivonen and Jones 1999). These
toxins have been reported in brackish and freshwater world wide (Carmichael 1994;
Kuiper-Goodman et al. 1999). Of all the toxins, microcystins have been studied best and
potentially represent the largest risk to human health as chronic exposure to low dosage

can promote tumor growth in the liver (Falconer 1996).

Microcystins are a group of cyclic-septapeptides with over 70 variants due to
amino acid substitutions at two points on the peptide ring (Carmichael et al. 1988;
Sivonen 1996). The toxicity depends on the variant and ranges from 50 to >1,200 pg kg™
body weight (LDsg as determined by intra-peritoneal injection in mice, Sivonen and Jones
1999). The two most toxic variants are LR and LA, which are also among the most
common microcystins detected (Sivonen and Jones 1999). Microcystins are produced by
species in the genera Microcystis, Anabaena, Planktothrix (Oscillatoria), Nostoc,
Hapalosiphon, and Anabaenopsis (Sivonen and Jones 1999). Species in the first three of

these genera also commonly form blooms in freshwater systems.

Microcystin production is regulated in a hierarchical fashion; at the genetic level,

cellular level and population level (Zurawell et al. 2005). Microcystins are produced
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non-ribosomally by peptide synthetases which are encoded by the mcy gene cluster (Tillet
et al. 2000). Within a species, strains may or may not have this gene cluster and therefore
can be categorised as toxic or non-toxic (Kaebernick and Neilan 2001). There is no
morphological difference between toxic and non-toxic strains and only through genetic
techniques that target the mcy gene cluster can the strains be differentiated (Hisbergues et
al. 2003). Differences in microcystin toxicity among strains can vary by more than three

orders of magnitude (Bolch et al. 1997).

Strains with the mcy gene cluster consistently produce microcystins though the
amount and the variant of microcystin may change with environmental conditions such as
light (Wiedner et al. 2003), temperature, nutrients (Sivonen and Jones 1999; Downing et
al. 2005), pH (Song et al. 1998) and exposure to zooplankton (Jang et al. 2007). Cell
growth phase can also effect intracellular concentrations (Orr and Jones 1998; Long et al.
2001). Orr and Jones (1998) found that in batch cultures, increases in the total culture
microcystin concentration ceased by the end of the log-phase growth and the total
microcystin concentration did not change after the onset of the stationary phase. Orr and
Jones (1998) hypothesized that there is a positive linear relationship between culture
growth rate and the rate of increase in microcystins. This was later validated by Long et
al. (2001) who found that at low growth rates in N-limited chemostat culture, cells have a
larger volume (about 5x), higher mass and less microcystin and chlorophyll a per cell
than cells at higher growth rates. Together, the combination of environmental conditions
and growth stage regulates microcystins at the cellular level and can lead to changes in

concentrations up to four fold (Sivonen and Jones 1999).

Bloom-forming cyanobacterial populations can have high genetic diversity both
within and across lakes (Kurmayer et al. 2002; Wilson et al. 2005) and changes in the
proportion of toxigenic individuals in a cyanobacterial population is most likely
responsible for the large range in microcystin concentrations reported in the literature
(Zurawell et al. 2005; Kardinaal et al. 2007a). Microcystins are relatively large
molecules and it is expected that the production of these compounds must come at a cost.
Non-toxigenic strains may be better adapted to low light and nutrient conditions than

toxic strains (Vezie et al. 2002; Kardinaal et al. 2007b).
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Though the evolutionary reason for the production of microcystins remains a
mystery, there must be an advantage to producing microcystins or they would have low
success competing against non-microcystin producing genotypes. Suggestions that MC
may have evolved to deter grazing by zooplankton is not supported by phylogenetic
evidence (Rantala et al. 2004). Microcystins were likely present in the last common
ancestor to the akinete producing genera, Anabaena, Nostoc and Nodularia, identified in
microfossils from the Archean eon (Schopf 1993). As the first eukaryotic microfossils
appeared in the Proterozoic eon, microcystins could not have evolved as a defence
against grazers (Rantala et al. 2004). However microcystins may provide an advantage in
planktonic systems because once ingested, microcystins have been shown to be toxic to
Daphnia (Chen et al. 2005; Rohrlack et al. 2005).

Thesis overview and objectives

This thesis investigates how, at different temporal scales, toxin-producing, bloom-
forming cyanobacteria interact with zooplankton and the potential of biotic and abiotic
factors to explain both microcystin seston content and cyanobacterial population
dynamics in a shallow lake. To accomplish this objective, a range of methods was
employed: meta-analysis, laboratory experimentation and time-series analysis of field
observations. Although laboratory experimentation and meta-analysis of past
experiments can offer insight into the interaction of a small number of species over short
time scales, they cannot address the complexity of natural ecosystems where blooms

occur. As a result, detailed field observations at relevant time scales were necessary.

Since cyanobacteria were first hypothesized to be free from grazing pressures and
to inhibit the growth of zooplankton (Lampert 1981; Porter and Orcutt 1980a), a large
number of laboratory studies on zooplankton-cyanobacteria interactions have been
conducted. The results of these studies cover a wide range of responses but the use of
different species and experimental conditions make any generalisation difficult. In a first
meta-analysis of laboratory studies (Wilson, Sarnelle and Tillmanns 2006), I found that in

general, there was a negative effect of cyanobacteria on the population growth rates of
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cladocerans and rotifers. Chapter one of this thesis expands on this first meta-analysis to
look at differences in zooplankton population growth rates within and across species of
zooplankton and cyanobacteria. The mean duration of the experiments was about 3
weeks, the amount of time required to establish the population growth rates of
zooplankton exposed to cyanobacteria. An abridged version of this chapter has been

published in the Journal of Fundamental and Applied Limnology (Tillmanns et al. 2008).

Relationships between species are often assumed to be influenced by community
composition or environmental conditions but less frequently by changes in the
phenotypic distribution of a species (Holt 2005). Recent studies have found that
zooplankton are able to adapt to the presence of microcystins (Hairston et al. 2001;
Gustafsson and Hansson 2004), but the adaptive trait(s) has not been identified. The
length of time required for adaptive differentiation to occur similarly remains unknown.
The second chapter reports on an experiment designed to determine if a population of
Daphnia is capable of adapting to the presence of different strains of cyanobacteria
within a time frame relevant to ecological interactions. In this case the adaptation period

was 8 weeks.

Whereas the first two chapters aim to clarify the range of possible zooplankton-
cyanobacteria interactions in the laboratory, the last three chapters investigate these
relationships in a shallow lake. These chapters are based on data collected from a
shallow mesotrophic lake over three summers. For two of the years, sampling frequency
occurred at intervals of three days which permitted the use of time-series techniques to
identify interactions among the abiotic and biotic components of the lake ecosystem.
Time-series analysis is a statistical tool that allows the investigator to probe the dynamics
of any variable (Chatfield 2004). It has rarely been used in phytoplankton ecology (Rojo
and Alvarez-Cobelas 2000) and is a novel method of investigating the dynamics of
bloom-forming cyanobacteria. In chapter four, this method was used to identify biotic
and abiotic correlates with microcystin seston content at different time scales and in
chapter five to identify correlates with cyanobacterial population dynamics. Although

microcystins are the most commonly studied cyanotoxin, standardized methods for
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sampling and analysis have not been agreed upon by the scientific community. Chapter
three compares these commonly used methodologies and provides recommendations for
the adoption of standard methods. This chapter has been published in the Journal of

Environmental Toxicology (Tillmanns et al. 2007).

It is an interesting time in ecology as, with the inclusion of ideas such as dynamic
systems and contemporary evolution, and the increased availability of computing power,
ecologists are increasingly able to grapple with the complexities of ecosystems rather
than necessarily distilling systems to simpler parts. Though many studies have been
conducted on bloom-forming cyanobacteria, both in the laboratory and in the field, the
fine temporal scale dynamics of cyanobacteria and toxins have received little attention, as
has the adaptive potential of zooplankton when faced with a diet of cyanobacteria. This
thesis is the author’s attempt to apply the changing views of ecology to the problem of

cyanobacterial blooms.
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1 Chapter 1 - A meta-analysis of cyanobacteria — zooplankton

interactions: taxa-specific responses

1.1 Abstract

Cyanobacteria are a poor food source for zooplankton, but the mediating mechanism,
whether intracellular toxic metabolites, large morphology, lack of essential nutrients or
interactions among these traits, is still unclear. Results from a previous meta-analysis
confirmed that cyanobacteria were a poor food source for herbivorous zooplankton, that
there was no clear ecological effect of cyanobacterial toxins on zooplankton, and
surprisingly that filamentous cyanobacteria were a better food source than single-celled
cyanobacteria for both rotifers and cladocerans. Here the dataset was re-analyzed to
determine if these generalizations hold for specific taxonomic groups. The results show
that although cyanobacteria were overall a poor food source for zooplankton, most taxa
were still able to maintain a positive growth rate. Zooplankton species responded
differently to cyanobacteria but the response was not related to genus or mean body
length of the species. Daphnia magna was the only species that was more negatively
affected by the presence of putative toxins in treatment diets. Additionally, there was no
difference in mean effect size between strains of Microcystis aeruginosa that produced
microcystins and those that did not. The addition of a non-cyanobacterial food to
treatment diets reduced the negative effect of cyanobacteria for all genera. Daphnia were
able to maintain positive growth even when fed diets consisting solely of cyanobacteria.
Although the mechanisms of toxicity or mechanical interference may be important in
some cyanobacteria-zooplankton interactions, the results presented here do not support
these hypotheses in a general sense. Further experimentation is necessary to understand

the importance of nutrition in zooplankton-cyanobacteria interactions.



1.2 Introduction

Cyanobacterial blooms in freshwater ecosystems are well-studied because some
cyanobacteria are able to produce secondary metabolites that may contaminate drinking
water for humans and animals (Codd 2000). Multiple hypotheses have been proposed to
explain the ability of cyanobacteria to dominate an ecosystem (e.g. Hyenstrand et al.
1998). One central hypothesis is that cyanobacteria are resistant to grazing by
zooplankton (Porter and Orcutt 1980b; Lampert 1987; de Bernardi and Giussani 1990).
Field observations of the absence of large bodied cladocerans during cyanobacterial
blooms (Edmondson and Litt 1982; Infante and Abella 1985) have provided support for
this argument and led to numerous laboratory investigations of zooplankton-
cyanobacteria interactions. Almost three decades ago, Porter and Orcutt (1980b)
proposed three primary hypotheses predicting why cyanobacteria are inadequate food for
zooplankton. First, secondary metabolites produced by cyanobacteria may be toxic to
zooplankton (toxicity hypothesis). Second, some cyanobacterial genera grow as colonies
or filaments that may be inedible to grazers due to their large or irregular size
(morphology hypothesis). Finally, cyanobacteria may be deficient in nutrients vital to

zooplankton (nutrition hypothesis).

Cyanobacteria produce a suite of secondary metabolites, some of which have been
identified as toxic to mammals by mouse bioassays (Carmichael 1994; Carmichael 2001).
A number of methods have been used to test the toxicity of cyanobacteria to herbivorous
zooplankton. Early studies considered cyanobacteria to be toxic to herbivorous
zooplankton if the zooplankton died faster in the presence of cyanobacteria when
compared with starvation (Arnold 1971). Using this criterion, multiple cyanobacteria
strains have been found to be toxic (Nizan et al. 1986; Ferrdo-Filho et al. 2000).
However, this method may not always be suitable as some zooplankton stop filtering in
the absence of food (Plath 1998) thus reducing their energy requirements compared to the
cyanobacteria treatments. Later tests compared growth rates of zooplankton fed toxic or
non-toxic strains of the same cyanobacterial species (Reinikainen 1994; Liirling 2003b;
Liirling and van der Grinten 2003) or also a toxic strain and its non-toxic mutant

(Rohrlack et al. 2001). Although these studies provided some support for the larger



negative effect of the toxic strain on zooplankton growth, the results are questionable
because cyanobacterial strains or mutants may differ in more than the ability to produce
certain secondary metabolites (Liirling 2003b). In some cases, unidentified secondary
metabolites have been found to be more toxic to zooplankton than known cyanotoxins
(Jungmann 1992). In addition, some secondary metabolites may act synergistically with
cyanotoxins to enhance the toxicity of these compounds to zooplankton ( Pietsch et al.

2001; Rohrlack et al. 2005).

Cyanobacterial filaments and colonies may grow too large to be ingested by some
herbivorous zooplankton and/or they may interfere with the feeding process (Webster and
Peters 1978; Porter 1973; Hawkins and Lampert 1989). Both these processes are thought
to hinder large cladocerans more than small cladocerans or rotifers (Webster and Peters
1978; Gliwicz 1990) possibly because large species may be capable of ingesting
cyanobacteria colonies and/or filaments and so are more susceptible to toxicity or
inadequate nutrients provided by cyanobacteria (Burns 1968). Also, larger species have a
larger gape width and larger feeding appendages which increase their susceptibility to
interference by filaments (Gliwicz and Siedlar 1980). Mechanical interference by
filaments can increase the postabdominal rejection rate (Burns 1968; Webster and Peters
1978; Gliwicz and Lampert 1990) and/or entanglement of the thoracic limbs leading to
decreased filtering efficiency and increased respiration (Porter and McDonough 1984;
Gliwicz and Siedlar 1980). Large cladocerans are capable of reducing food
concentrations below minimum thresholds necessary for smaller species to persist giving
large cladocerans a competitive advantage (Gliwicz and Lampert 1990) but the negative
impact of cyanobacteria to large species may reverse this competitive advantage when
cyanobacteria are present ( Gliwicz and Siedlar 1980; Edmondson and Litt 1982; Gliwicz
and Lampert 1990). Field observations have reported the exclusion of large cladocerans
in the presence of cyanobacterial blooms (Edmondson and Litt 1982; Infante and Abella
1985; DeMott et al. 2001) but coexistence has also been reported (Christoffersen et al.
1993; Epp 1996). Coexistence may occur if large species are capable of reducing their
gape size and thereby limiting the effect of interference from filaments (Gliwicz and
Siedlar 1980). Or if filaments or colonies are small enough to be ingested by all

herbivorous zooplankton then small zooplankton may be affected equally (Gilbert 1994).



Although Wilson et al. (2006) found no relationship between the effect of cyanobacteria
on population growth rates and body length for all herbivorous zooplankton, there may be

a relationship within finer taxonomic groupings.

Cyanobacteria are deficient in essential highly unsaturated fatty acids (HUFA),
which are necessary for zooplankton growth and reproduction, though the extent of
deficiency differs between cyanobacterial genera (Ahlgren et al. 1992; DeMott and
Miiller-Navarra 1997; Muller-Navarra et al. 2000). Synechococcus, deficient in two ©3
HUFAs thought essential for Daphnia growth, did not support long term growth in
Daphnia unless fish oil emulsions rich in HUFA were added (DeMott and Miiller-
Navarra 1997). A later study concluded it was the absence of sterols, not HUFA, that
limited zooplankton growth (Von Elert and Wolffrom 2001). Other studies have
documented positive growth of cladocerans on diets of only cyanobacteria (de Bernardi et
al. 1981; Brett 1993; Repka 1996). In natural populations, however, herbivorous
zooplankton ingest a mixed diet of phytoplankton, detritus and bacteria and therefore
growth rates measured on a diet composed entirely of cyanobacteria may not be the best
indicator of the impact of cyanobacteria in natural seston. Most zooplankton are
homeostatic consumers, capable of assimilating a greater proportion of a limiting nutrient
than occurs in their food mixture (Andersen and Hessen 1991). Experiments with a
mixed diet of cyanobacteria and a secondary food source have demonstrated increased
zooplankton growth over a single resource (Rothhaupt 1991; Lundstedt and Brett 1991)
highlighting the importance of mixed diets to zooplankton growth (DeMott 1999).
Whether mixed diets can compensate for the presence of bacteria, or whether

zooplankton in general can maintain positive growth on cyanobacteria alone is uncertain.

A large number of laboratory and field studies have been conducted to directly or
indirectly test the importance of each of the three hypothesis described above, however,
conflicting results compounded by different experimental conditions across studies have
made narrative generalizations difficult (Lampert 1987). In situations such as these, the
ability to assess the results through a meta-analysis can provide useful information
(Gurevitch and Hedges 1993; Arnqvist and Wooster 1995). A meta-analysis differs from

qualitative literature reviews because, by calculating effect sizes for each experiment and



then using these effect sizes to test the over all effect, a quantitative estimation is possible

(Gurevitch and Hedges 1993).

In a previous meta-analysis of laboratory studies on the effect of cyanobacteria on
herbivorous zooplankton growth, I found that population growth rates of cladocerans and
rotifers decreased when fed a treatment diet containing cyanobacteria compared to a
control diet of chlorophytes and/or small flagellates (Wilson et al. 2006). In addition,
filamentous cyanobacteria had less of an effect than single celled or colonial
cyanobacteria and putative toxins had no clear effect on population growth rates. Tests
of effect size, however, were made only at the broad taxonomic resolution of cladocerans
and rotifers. The results may have been driven by specific taxa. In addition, differences

across taxa may help explain the variability in zooplankton response to cyanobacteria.

In this study, the data set used by Wilson et al. (2006) was re-analyzed to
determine if the generalizations made for freshwater herbivorous zooplankton hold for
specific taxonomic groups. Comparisons of population growth rates on control diets of
chlorophytes and/or flagellates and treatment diets containing cyanobacteria were
compared for all zooplankton taxa in the data set. Additionally, differences in effect size
due to the presence of putative toxins, differences in cyanobacteria morphology,
zooplankton body length and interactions between morphology and body length were
investigated for the most commonly used zooplankton taxa. Comparisons between
treatment diets comprised solely of cyanobacteria and mixed diets were conduced to test
if a secondary food source diminished the negative effect of cyanobacteria. And finally,
a comparison between all cyanobacterial taxa was done to assess taxa-specific differences

in negative impacts on zooplankton.

1.3 Methods

Data were collected by searching the Web of Science (from 1945 to 2004) and
Aquatic Sciences and Fisheries Abstract (from 1971 to 2004) databases and the
references cited therein, for studies that examined the influence of cyanobacteria on
zooplankton population growth rates. Only experiments that calculated population growth

rates (r) as a response metric were selected. Population growth rate is a useful endpoint



in toxicological studies as it integrates a number of life cycle attributes (Forbes and
Calow 1999). In most cases, » (measured as the number of individuals produced per
individual per day) was presented in each study, but when necessary, it was calculated

using the equation (Gotelli 1998):
r=(In N —InN )/ time Eq2.1

Selected studies consisted of paired experiments with test populations fed either a control
diet of beneficial food such as chlorophytes and/or small flagellates, or a treatment diet
consisting of either 100% cyanobacteria or cyanobacteria together with chlorophytes
and/or small flagellates. Experiments for cladocerans lasted 6 - 95 days (median =18
days) and for rotifers between 1 to 28 days (median = 8 days). In total 47 research papers
were retrieved with data suitable for a meta-analysis giving a total of 378 treatment-

control experimental pairs (Appendix 1; Table Al).

For each paired experiment the following variables were recorded: zooplankton
species and body length; cyanobacteria species, morphology, and presence of secondary
metabolites; the concentration by carbon of the control and treatment diets; and the
percentage (by carbon) of cyanobacteria in the treatment diet. Cyanobacterial
morphological type was classified as single-celled, filamentous or colonial. The cultures
used in experiments did not always correspond with the natural morphology of the
genera. In most cases (83%) Microcystis aeruginosa cultures were single celled whereas
in nature this taxon is largely colonial (Komarek 1991). Most naturally filamentous
species (Anabaena, Aphanizomenon, Planktothrix, Cylindrospermopsis) used were
filamentous in the cultures with a mean length of approximately 226 pm (calculated from
the 71% of studies that reported length and by assuming 1 cell was about 4 pm in length;
Komarek et al. 2003).

Cyanobacteria were labeled toxic if the strain tested positive via chemical analysis
such as HPLC or ELISA, for a previously described metabolite with a demonstrated toxic
effect on any organism and non-toxic if the strain tested negative for toxins common to
the genus. Secondary metabolites included in this dataset were microcystins (71% of

toxic cases), a group of cyclic peptides known to inhibit protein phosphatase I and II



(MacKintosh et al. 1990); anatoxin (15%), a potent neurotoxin, the nucleosides
deazaadenosine and glucopyranoside (10%) and pyrrolo [3,2-d] pyrimidines (4%;
Sivonen and Jones 1999). Strains were not designated as toxic if the only data available
were from biological assays (36 experiments) as these assays often rely on terrestrial or
aquatic species unlikely to be in contact with the compound in nature and therefore such
results may not be pertinent to freshwater zooplankton (Feuillade et al. 1996). There was
not enough information to categorize cyanobacteria as toxic or non-toxic in 105

experimental pairs.

In this study, effect size was calculated for each experimental pair using the
equation: (Fireatment — Fcontrol) / Feontrol.  This metric normalizes effect sizes by population
growth rate on a good food source and makes comparisons across grazer species possible.
The effect size is equal to the percent decrease in population growth rate of a zooplankton
population fed a diet containing cyanobacteria compared to a control diet. Mean control
and treatment r values and mean effect sizes (all with 95% confidence intervals, CI) were
reported for zooplankton species and genera and only mean effect sizes were reported for
cyanobacterial strains, species and genera. Rather than reporting multiple p-values for
each taxa to determine if there was a significant effect of the treatment diet (i.e. the effect
size was below zero) the confidence limits were presented graphically. As the likelihood
that the actual mean value is within the confidence intervals decreases towards the tails of
the confidence intervals, means with confidence intervals that only slightly overlap with

zero were considered ecologically meaningful (Di Stefano et al. 2005).

Two-tailed, two-sample #-tests were used to test for differences in mean effect
sizes between toxic and non-toxic treatments diets, single and colonial M. aeruginosa and
microcystin producing and non-producing M. aeruginosa. One-way ANOV As were used
to test for differences among more than two groups. The non-parametric Kruskal-Wallis
test was used when heteroscedasticity could not be corrected through transformations.
Pearson’s correlations were used to test for relationships between mean species body
length and mean species effect size within each group: cladocerans, rotifers and Daphnia.
Linear regressions were also used to test for a negative relationship between effect size

and percent cyanobacteria in treatment diets for taxa that had a range of at least fifty



percent cyanobacteria in treatment diets. A general linear model was used to test if grazer
genera responded differently to an increasing percent of cyanobacteria in treatment diets
(percent cyanobacteria x genus interaction). P values for significance tests were set a

priori at 0.05.
1.3.1 Meta-analysis methods

In a meta-analysis, precision differences among studies are accounted for by
weighing the effect size by its variance (Gurevitch and Hedges 1999). However in this
study, the variance of both control and treatment errors (G yeatment error = 0-003; G control error
= 0.001) were two magnitudes less than the variance of treatment and control population
growth rates (O treatment r =0.205; G control r = 0.206) indicating that weighted results would
not differ substantially from unweighted results. In the previous meta-analysis, a
weighted analysis was conducted but few differences between the weighted and
unweighted results were found (Wilson et al. 2006). Therefore, in this study weighted

results were not calculated.

In a meta-analysis, bias can be introduced in 4 main ways: 1) lack of objective
criterion for study selection before data accumulation; 2) differences in measurement
error between studies; 3) publication bias of significant results and 4) non-independence
of data points due to multiple experiments per study or the use of one control experiment
to calculate multiple effect sizes (Gurevitch and Hedges 1993; Gurevitch and Hedges
1999; Gates 2002; Rosenberg 2006). Selection bias was mitigated by clearly defining
objective criteria for data selection prior to data collection. A standard practice to reduce
the significance of individual results is to use an effect size measure (Gurevitch and
Hedges 1999). The one chosen for this meta-analysis accomplished this as well as
normalizing the growth rates of various zooplankton (Wilson et al. 2006). As previously
mentioned the measurement error for data in this meta-analysis was too low to cause a
difference in weighted vs unweighted results and so was not incorporated into this
analysis. Publication bias was also not considered a problem for this meta-analysis

because non-significant findings — i.e. no effect of a treatment diet containing



cyanobacteria, would be of just as much interest as those studies that did detect an effect.

The fourth point of non-independence has been more challenging for the current analysis.

In this meta-analysis, experimental conditions can change dramatically between
studies (species and genotypes, diets, temperature, etc.). By dividing experiments among
taxa, groups of low sample size were created and as a result, non-independence was a
major concern (Gurevitch and Hedges 1999). The influence of multiple experiments per
study can be problematic as the test degrees of freedom are inflated (Gurevitch and
Hedges 1999). As a first assessment of non-independence the intra-class correlation
coefficient (ICC) was calculated to assess the similarity of results within studies (Zar
1999; Haxton and Findlay 2006). Additionally, for each taxa with a significant ICC, a
randomized sign test was used to quantitatively assess the effect of multiple experiments
per study (Adams et al. 1997; Haxton and Findlay 2006; Manly 2007). This was
conducted by first selecting one experiment randomly from each study and calculating
the mean effect size. This step was repeated with replacement 1000 times and the overall
mean of all samples was calculated to give the test mean. Next, to generate a null
distribution, a random number generator (Microsoft EXCEL) was used to assign either a
negative or positive sign to the effect sizes of each experimental pair. Experiments with
altered signs were then sampled with replacement 999 times. For each resampling
exercise the p-value was calculated as the number of values in the null distribution that
were further from zero than the test mean and divided by the total number of values in the
distribution (in this case, 1000). This process was repeated, each time increasing the
number of experiments sampled from each study for both the test and null samples until
all the experiments from all studies were included. Randomized methods were also used
to test if the originating study influenced the results when comparing toxic and non-toxic
groups. For two-sample t-tests the same procedure was used but this time to generate the

null distribution, effect sizes were randomly assigned to one of the two categories.



1.4 Results

Mean treatment r values for 6 out of 8 rotifer and 15 out of 21 cladoceran species
and as well as for three commonly-used genera, Ceriodaphnia, Daphnia and Keratella
were significantly greater than zero, indicating positive population growth rates in the
presence of cyanobacteria (Fig 1.1a). Although most cladoceran and rotifer species were
able to maintain a positive growth rate, 6 rotifer and 13 cladoceran species had lower
population growth rates when fed a treatment diet containing varying proportions of
cyanobacteria (1-100% by carbon) relative to growth rates observed on diets containing
only chlorophytes and/or small flagellates (mean effect size < 0; Fig 1.1b). Among the
cladoceran genera that were negatively affected, Chydorus and Moina had the largest
average decrease in population growth rate when fed treatment diets containing
cyanobacteria (-143% and -82% respectively) and amongst the rotifers, Hexartha (-

194%) and Brachionus (-85%) were most negatively affected (Fig 1.1b).

Differences among species could not be explained by zooplankton mean species
body length or when grouping by genera (Fig 1.1). There was no relationship between
mean species body length and mean species effect size among cladocerans (Pearson’s r =
0.087, P = 0.716, n=20), rotifers (»r = -0.652, P = 0.161, n=8) or only Daphnia species (r
=-0.310, P = 0.354, n = 11). There was also no correlation when the data were restricted
to experiments using filamentous cyanobacteria (all species, » = -0.465, P = 0.070,n =

16).

Zooplankton taxa showed varied responses to different cyanobacterial
morphologies. In general, single-celled cyanobacteria were the most detrimental to
zooplankton and caused a negative effect on the majority (18 out of 22) of zooplankton
species (Fig 1.2a) relative to diets containing only control foods. Filamentous
cyanobacteria had a negative effect on fewer species with half (8 out of 17) of the
zooplankton species negatively affected (Fig 1.2b); chroococcoid colonial cyanobacteria
had a negative effect on the fewest species tested (3 out of 10; Fig 1.2c). There were
differences amongst the cladoceran species when treatment diets contained single-celled

(F16,161=5.46, P < 0.001, n= 178; Fig 1.2a) or filamentous (Fy, 7= 4.10, P <0.001, n=82;
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Fig 1.2b) cyanobacteria but not chroococcoid colonial cyanobacteria (F7,2,= 0.803, P=
0.593, n=30; Fig 1.2c). Differences amongst rotifer species could only be detected for
treatment diets containing single-celled cyanobacteria (single-celled: Fy, 30=2.92,
P=0.037, n=35; filamentous: Fg, 3,=0.076, P=0.603, n=41; chroococcoid colonial: F;,
¢=0.181, P=0.385, n=8). Filamentous cyanobacteria had less of a negative impact than
single-celled cyanobacteria for Keratella (Student’s t-test; #17,=2.51, P=0.023, n=19),
Daphnia (One-way ANOVA; F3 200=6.27, P=0.002, n=214; Tukey’s Post Hoc Test
P=0.001), and Brachionus (F»,53=11.21, P<0.001, n=56; Tukey’s P<0.001). There was
no difference between single-celled and chroococcoid colonial cyanobacteria for
Daphnia (P=0.801) or Moina (t»s=2.51, P=0.185, n=27) but there was a larger negative
effect of chroococcoid colonial over filamentous cyanobacteria for Brachionus

(P=0.007).

Three genera and seven species of zooplankton were used in both experiments
using toxic cyanobacteria as well as experiments using non-toxic cyanobacteria (Fig 1.3).
In most cases there was little difference between the toxic/non-toxic effect sizes; only D.
galaeta and D. magna had significantly lower growth on toxic diets (D. galaeta, t;;=
4.97, P<0.001.; D. magna, t33=3.2, P=0.003; Fig 1.4). The data for D. galaeta, however,

included only two observations of growth on non-toxic diets.

There was a negative relationship between effect size and percent of
cyanobacteria in the treatment diets in only four of the ten zooplankton species tested and
four out of five grazer genera (Brachionus, Daphnia, Keratella, and Moina; Table 1.1).
The response of these four genera differed in slope (percent cyanobacteria X genus
interaction; F3 311=14.7, P<0.001). When treatment diets consisting of 100%
cyanobacteria were considered, five Daphnia species and Simocephalus vetulus were able
to maintain significantly positive growth rates (Table 1.2). Additionally, the lower
confidence intervals of the genera Daphnia and Ceriodaphnia and the species D.
longispina and D. pulex only minimally overlapped with zero indicating that the actual

mean was most likely above zero.
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In all there were 26 unique culture collection strains of cyanobacteria from 10
genera represented in the combined dataset but 229 of the 378 treatment-control
experimental pairs used Microcystis aeruginosa (Fig 1.4). The strain with the largest
negative effect was an anatoxin producing Anabaena flos-aquae NRC-44-1 (mean + 95%
CI; -1.68 £ 0.92) followed by microcystin producing M. aeruginosa PCC 7806 (-1.58 +
0.06). The cyanobacterial taxa that were the best foods for zooplankton, relative to
population growth rates on control diets lacking cyanobacteria, were Aphanizomenon
flexuosum (0.33 + 0.47) and the microcystin producing strain, M. aeruginosa NPLJ42 (-
0.13 £0.20). The most commonly used strain was M. aeruginosa PCC 7820 (n=52)
which produces microcystins and was used predominantly in tests with D. pulex (n=31).
D. pulex fed strain PCC 7820 as part of the treatment diet was more negatively impacted
than D. pulex fed all other strains of M. aeruginosa (PCC 7820: -0.93 + 0.35, n=31; all
other M. aeruginosa strains: -0.32 £ 0.17, n=17; t4s= 2.44, P = 0.019).

A comparison of the most common cyanobacterial genera showed that
Microcystis (comprised of only M. aeruginosa) had a larger negative effect on
zooplankton than Anabaena and Planktothrix (One-way ANOVA, F4, 36= 6.20, P <
0.001; Fig 1.4). Although there were significant differences in mean effect size among
strains of M. aeruginosa (Kruskal-Wallis, H 4= 28.2, P= 0.011; Fig 1.4) no difference
could be detected between M. aeruginosa strains that produce microcystins (mean effect
size £ 95% CI; -0.72 + 0.14, n=125) and those that do not (-0.53 £ 0.15, n=27; #;50= 1.19,
P=0.237). There was also no detectable difference in mean effect size between single-
celled (-0.83 £ 0.14, n=191) and colonial (-0.91 + 0.39, n=38) strains of M. aeruginosa
(t227=-0.440, P=0.661).

The intraclass correlation coefficient (ICC) revealed that there was an effect of
originating study for four of the five zooplankton genera and 8 of the 16 zooplankton
species that were used in more than one study (Table A1). Of those with a significant
ICC, Keratella, K. cochlearis, and Daphnia carinata did not show a negative effect of
treatment diets containing cyanobacteria when only one experiment was chosen per study
(Table A2). The mean effect size for two of the five studies that were used in the meta-

analysis for both Keratella and K. cochlearis were significantly higher than the other
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three studies (One-way ANOVA, Keratella F414=5.14, P =0.009; K. cochlearis F49=3.9,
P =0.041; Tukey’s Post Hoc Test, p<0.05) as was the mean effect size in one of the two
studies that used D. carinata (two sample t-test, t=2.74, P =0.034). Multiple
experiments per study did not alter the significant negative effect of putative toxins on
Daphnia magna (Table A3). Also, regardless of the number of experiments chosen per
study there were no differences between toxic and non-toxic or single and colonial

Microcystis aeruginosa (Table A3).

1.5 Discussion

In this study, I examined variation among zooplankton and cyanobacterial taxa,
with respect to cyanobacterial effects on zooplankton population growth and found some
major differences among zooplankton taxa. Treatment diets containing cyanobacteria
caused a decrease in zooplankton population growth relative to control diets of small
chlorophytes/flagellates for the majority of zooplankton species tested (Fig 1.1b) but
surprisingly, 6 out of 8 rotifer species and 14 out of 20 cladoceran species maintained
positive growth rates when fed a diet containing cyanobacteria (Fig 1.1a). The latter
results indicate that populations of some zooplankton genotypes may be able to increase
even though their population growth rate is negatively impacted by cyanobacteria
(Sarnelle 2007).

Differences in mean effect size among both rotifer and cladoceran species were
evident in the experiments using single-celled cyanobacteria (Fig 1.2). Since mechanical
interference is not pertinent in this case, differences among grazers must be due to either
physiological tolerance to cyanobacteria or a behavioral response (DeMott and Dhawale
1995; Sarnelle and Wilson 2005; Wilson and Hay 2007). Differences in grazer
performance on a diet containing single-celled cyanobacteria have been reported
previously across grazer genera, species within a genus and genotypes within species
(Lundstedt and Brett 1991; Hietala et al. 1995; Nandini and Rao 1998; DeMott 1999;
Ferrao-Filho et al. 2000).
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Field observations of the lack of large Daphnia during cyanobacterial blooms
(Edmondson and Litt 1982; Infante and Abella 1985; DeMott et al. 2001) as well as
results from some laboratory experiments (Webster and Peters 1978; Porter and Orcutt
1980a; Gliwicz and Lampert 1990) have emphasized mechanical interference as a major
mechanism limiting the growth of large bodied zooplankton species during
cyanobacterial blooms. However in the present study, I could detect no relationship
between mean species effect sizes and mean species body lengths for 20 cladoceran
species (body length [BL] range: 0.3 to 3.9 mm; effect size [ES] range: -5.1to 1), 11
Daphnia species (BL: 1.0 to 3.9 mm; ES: -5.1 to 0.3) or eight rotifer species (BL: 0.1 to
0.4 mm; ES: -4.3 to 2.1); nor could I detect a relationship when experiments were limited
to those that used filamentous cyanobacteria in treatment diets (12 species, BL: 0.1 to 3.6
mm; ES: -1.2 to 0.3). Also, no difference in mean effect size could be detected between
colonial and single celled M. aeruginosa. Both of these results suggest that, in general,
mechanical interference may not be a major inhibitor of zooplankton growth (as
suggested also by Ferrdo-Filho et al. 2000). Other factors may be responsible such as
susceptibility of zooplankton to unidentified secondary metabolites produced by
cyanobacteria (Kurmayer 2001) or differences in susceptibility to cyanobacteria due to

grazer life history characteristics ( Lynch 1980; Ferrdo-Filho et al. 2000).

Comparisons of experiments with treatment diets containing toxic cyanobacteria
and experiments using non-toxic cyanobacteria failed to reveal any clear effect of
toxicity, which is consistent with findings from our previous meta-analyses (Wilson et al.
2006). Of the seven zooplankton species and three genera that were used in both
experiments, only D. magna and possibly D. galeata were more negatively affected by
the presence of cyanobacteria containing known intracellular toxins (Fig 1.3). For both
species, the most frequently identified cyanobacterial secondary metabolites (about 80%)
were microcystins. Also, no difference in mean effect size could be detected between M.
aeruginosa that produced microcystins and those that did not. Non-toxic cyanobacteria
may, however, contain yet unidentified toxins (Rohrlack et. al. 2004, Wilson & Hay
2007) or may not have been tested for all known toxins, only those most common to the

genus.
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Though there appears to be no overall effect of known cyanobacterial toxins,
except in the case of D. magna, these metabolites may nevertheless have an effect on
some genotypes. For example, D. pulicaria taken from a lake with documented
cyanobacterial blooms was less susceptible to toxic cyanobacteria than D. pulicaria taken
from a less eutrophic lake (Wilson and Sarnelle 2005). In a direct test of toxicity, Wilson
and Hay (2007) found microcystin- LR added to freeze dried Chlorella and fed to
zooplankton significantly reduced the population growth rate of one clone of D. pulicaria
while having no effect on a second D. pulicaria clone. Also, Rohrlack et al. (2001) found
a mutant strain of M. aeruginosa not capable of producing microcystins to be less toxic to
five clones of common Daphnia species than the microcystin-producing wildtype.
However, the effects of toxins may be fundamentally altered when the toxin is separated
from its normal biochemical setting within a cyanobacterium (Wilson and Hay 2007),
and knocking-out the genetic sequence necessary to produce microcystins may alter the

strain in other undocumented ways.

Nutritional inadequacy of cyanobacteria may be responsible for limiting
zooplankton growth (DeMott and Miiller-Navarra 1997). Cyanobacteria have reduced
amounts of highly unsaturated fatty acids compared with green algae (Ahlgren et al.
1992; DeMott and Miiller-Navarra 1997), and the addition of a second algal species with
sufficient fatty acids to treatment diets has been shown to decrease the negative effect of
cyanobacteria ( Reinikainen et al. 1994; Hietala et al. 1997a), though this result may be
due to the addition of sterols rather than fatty acids (Von Elert et al. 2003). Here I found
a negative relationship between effect size and percent of cyanobacteria in treatment diets
for only four of the ten species that were fed a range in percent cyanobacteria (Table 1.1).
Though other mechanisms such as the presence of harmful bioactive compounds could
cause this negative relationship, the absence of a relationship in six of the ten species
suggests a supplementary food source was not necessary to maintain population growth.
Additionally, six species and to some extent the genera Daphnia and Ceriodaphnia, were
capable of maintaining a positive growth rate even when fed 100% cyanobacteria (Table
1.2). Thus earlier findings that showed a negative relationship between effect size and
percent cyanobacteria in the treatment diet (Wilson et al. 2006) may not hold for all

zooplankton — cyanobacteria interactions. Other studies (de Bernardi et al. 1981; Brett
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1993; Repka 1996) have also reported positive growth rates of zooplankton species on

diets of solely cyanobacteria.

In general, the genus Microcystis was a poorer food source for zooplankton than
Anabaena or Planktothrix, but the effect size was strain specific and did not depend on
the strain’s capacity to produce microcystins (Fig 1.4; Nizan et al. 1986; Ferrdo-Filho et
al. 2000; Liirling 2003b). Microcystin-free extracts of M. aeruginosa can still be
detrimental to herbivorous zooplankton (Kurmayer 2001; Rohrlack et al. 2004). The
cyanobacterial strain with the largest negative effect on zooplankton was Anabaena flos-
aquae NRC-44-1 which produces anatoxin-a (Porter and Orcutt 1980a; Starkweather and
Kellar 1983). Although there were insufficient data to statistically compare toxic and
non-toxic Anabaena strains, it is interesting to note that the one non-toxic Anabaena
strain, A. flos-aquae UTEX 1444, was also the only strain that did not cause a clear
negative effect on zooplankton grazers. Although our results and those previously
reported (Wilson et al. 2006) suggest no clear effect of putative cyanobacterial toxins in

general, further research on the effects of anatoxin-a on grazer growth rates is needed.

Daphnia pulex (n=95) and Daphnia magna (n=46) were the most commonly used
species in this meta-analysis, and because of the large sample sizes for these two species
it is particularly interesting to note the differences. Both D. pulex and D. magna were
affected by treatment diets containing cyanobacteria but only D. pulex could maintain a
positive growth rate when fed diets containing cyanobacteria. D. magna was affected by
treatment diets containing putative toxins while D. pulex was not (Fig 1.3) which is
congruent with the fact that there was a negative effect of percent cyanobacteria on effect

size for D. magna but not D. pulex (Table 1.2).

Though multiple experiments from one study does reduce the independence of
effect sizes (Gurevitch and Hedges 1999), the results of the re-sampling procedures
(Table A2 & A3) showed that even when only one effect size was chosen from each
study effect size was still negative for all but three zooplankton taxa. Two studies that
used K. cochlearis, Gilbert (1990) and Gilbert and Durand (1990), took this taxon from

the same pond near Hanover, NH. The Keratella in this pond were well adapted to
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cyanobacteria. Similarly, D. carinata used by Chen and Xie (2004) were also well
adapted. The limnological details in both papers were scarce so little is known of the
characteristics of these ponds but for these three taxa, Keratella, K. cochlearis and D.
carinata, the range of responses indicates that cyanobacteria may not always negatively

affect their population growth rates.

This meta-analysis and the previous study (Wilson et al. 2006) have provided
quantitative generalizations across laboratory studies of zooplankton population growth
rates when fed treatment diets containing cyanobacteria. Neither toxins nor colonial
morphology appear to have specific negative effects in general across zooplankton
species. The nutritional hypothesis could not be addressed directly as it is difficult to
separate the possible effects of unidentified bioactive cyanobacterial metabolites from
nutritional inadequacies. However, the finding that numerous zooplankton species could
maintain a positive growth rate when fed diets of only cyanobacteria implies that some
cyanobacterial genotypes contain adequate nutritional value to maintain population
growth of some zooplankton species, at least for the duration typical of laboratory

studies.

The majority of studies summarized by this meta-analysis used single clones,
typically from laboratory cultures, making it difficult to extrapolate these results to
natural systems. This meta-analysis generalizes the results of these studies which used a
range of treatments (cyanobacteria species, concentrations, morphology - including
filament length and concentration), and genetic strains of both zooplankton and algae.
These findings do not negate the results of individual studies but suggest that many of the
hypotheses put forward may not adequately explain why cyanobacteria are of poor food
quality to zooplankton. Furthermore, as this meta-analysis was conducted at the scale of
species, it does not consider the importance of intra-specific variation which, given the
large amount of variation in population growth rates among studies compared to within
studies as well as demonstrated differences in responses between zooplankton clones
(Repka 1996, Sarnelle and Wilson 2005), may be quite high. A qualitative review of the
literature would find many examples and exceptions to each of the generalizations made

in this meta-analysis. However, the strength of a meta-analysis is to draw quantitative
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generalizations across multiple studies which used different conditions and different
strains of organisms to assess if the hypotheses found prevalently in the literature are

supported by the available data.

In general, our results support the conclusion that cyanobacteria are a poorer food
resource for zooplankton than small chlorophytes and/or flagellates, though some species
were able to maintain positive growth rates on diets containing cyanobacteria. More
importantly, our results highlight the high degree of variation in species-specific
responses of zooplankton to cyanobacteria. For example, some strains of cyanobacteria
were particularly detrimental to some species of zooplankton while other zooplankton
species were capable of reproducing even on diets composed entirely of cyanobacteria.
The effects of cyanobacterial morphology and known toxins were not general or strong
enough to stand out over variation among strains and species. Although a meta-analysis
can provide a summary of available data, experiments using multiple clones isolated from
multiple water bodies with documented limnological history are necessary to document
the range of traits within each species. Only once this range is established can I begin the
process of understanding variation in the interaction between any two species (Holt

2005).
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1.6 Tables

Table 1.1 Results of linear regressions which test for the dependence of effect size on
percent cyanobacteria in treatment foods for zooplankton genera and species. Ranges for
percent cyanobacteria in treatment diets are also given. Only taxa with a range of at least
fifty percent cyanobacteria across treatment diets were considered suitable for a linear

regression model. Genus entries give mean values for all species in the specified genus.

Zooplankton taxa n range slope P value
Brachionus 56 1-100 -0.018 <0.001
B. calyciflorus 45 1-100 -0.020 <0.001
B. rubens 11 1-100 -0.019 0.138
Ceriodaphnia 34 2-100 -0.002 0.606
C. cornuta 28 5-100 -0.004 0.400
Daphnia 214 1-100  -0.004 0.001
D. ambigua 5 2-90 -0.011 0.018
D. carinata 8 6-100 -0.010 0.075
D. galeata 16 20-100 -0.008 0.001
D. longispina 12 23-100 -0.008 0.191
D. magna 46 5-100 -0.012 <0.001
D. pulex 95 1-100  -0.003 0.159
Keratella 19 2-60 -0.011 0.003
Moina 27 5-100  -0.017 0.001
M. micrura 20 5-100 -0.006 0.050
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Table 1.2 Population growth rates (r) of zooplankton taxa fed treatment diets consisting

solely of 100% cyanobacteria. r values with lower confidence intervals (CI) that are
above zero maintained positive growth even when fed diets of 100% cyanobacteria.

Genus entries give mean values for all species in the specified genus.

Lower Upper
Zooplankton taxa n Mean CI CI
Brachionus 20 -0.32 -0.57 -0.07
B. calyciflorus 18 -0.27 -0.52 -0.02
B. rubens 2 -0.78 -1.81 0.25
Ceriodaphnia 12 0.12 0 0.24
C. cornuta 9 0.09 -0.07 0.25
C. dubia 3 0.21 0.19 0.24
Chydorus sphaericus 2 -0.05 -0.17 0.07
Daphnia 75 0.04 -0.01 0.09
D. carinata 4 -0.05 -0.2 0.1
D. cucullata 2 0.14 0.11 0.18
D. galeata 11 0.12 0.1 0.14
D. hyalina 3 0.24 0.15 0.33
D. laevis 2 0.09 0.07 0.11
D. longispina 8 0.15 -0.01 0.3
D. magna 18 -0.13 -0.25 0
D. obtusa 3 0.33 0.13 0.53
D. pulex 22 0.05 -0.04 0.13
Hexartha mira 4 -0.54 -1.33 0.24
Moina 10 -0.30 -0.52 -0.08
Moina macrocopa 7 -0.33 -0.58 -0.07
Moina micrura 3 -0.25 -0.74 0.24
Simocephalus vetulus 4 0.27 0.25 0.3
Scapholeberis kingi 4 0.07 -0.12 0.25
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Figure 1.1 Panel A: A comparison of mean population growth rates (+ 95% CI) of herbivorous
zooplankton fed a control diet of small chlorophytes and/or flagellates and a treatment diet containing small
chlorophytes and/or flagellates with the addition of cyanobacteria (1-100%). Panel B: Mean effect sizes (=
95% CI) for zooplankton taxa calculated from control and treatment population growth rates (see methods).
Panel C: Mean body length (+ 95% CI) of zooplankton taxa. Sample size for each zooplankton taxon is
given in parenthesis. Underlined entries give mean values for all species in the genera. * These effect sizes
were not significantly different from O when one effect size was chosen per study.
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Figure 1.2 A comparison of mean effect sizes (£95 % CI) for taxa fed a treatment diet
containing single celled (A), filamentous (B), and colonial cyanobacteria (C). Effect size
was calculated from population growth rates for paired experiments of grazers fed a
control diet of chlorophytes and or flagellates and a treatment diet containing
cyanobacteria. There is no difference between genera means that are sharing the same

vertical line on right (One-way ANOVA & Tukey’s post hoc test, P<0.05).
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and those that do not (n is second number in parenthesis).
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Figure 1.4 A comparison of mean effect sizes (95 % CI) for cyanobacterial taxa used in treatment diets
of herbivorous zooplankton. Black symbols denote mean values for all species in a specified genus. Black
symbols also give means of a species when strains were not identified. Differences among cyanobacterial
genera were tested by one-way ANOVA. There is no difference in means between genera sharing the same
letter (Tukey’s Post Hoc Test, p<0.05). Error bars are presented for all taxa with n >1 but may be smaller
than symbol.
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2 Chapter 2 - Acclimation in a Daphnia population leads to altered cell

ratio in experimental diet

2.1 Abstract

Recent evidence suggests that Daphnia, a non-selective planktonic filter feeder, can
acclimate to food resources that contain toxic compounds such as microcystins but the
adaptive trait, whether physiological or behavioral, remains unknown. In this study, the
cell ratios of two algal species remaining after short term feeding experiments were used
to determine if Daphnia pre-exposed to toxic cyanobacteria could avoid ingesting toxic
cells. The results show that Daphnia ambigua was capable of altering the proportion of a
cyanobacterium (Microcystis aeruginosa) to a chlorophyte (Chlorella kessleri) of similar
size and shape in short-term feeding experiments. Also, D. ambigua populations
acclimated for eight weeks to a toxic strain of M. aeruginosa were more successful at
avoiding this strain than populations acclimated to C. kessleri or a non-toxic strain of M.
aeruginosa. A modeling exercise showed that although the different settling rates of
Microcystis and Chlorella could explain the ability of Daphnia to alter the cell ratio in
most acclimated population x diet treatments, differential settling could not explain
results for the population acclimated to toxic M. aeruginosa which required either
differential gut passage or selective feeding to simulate the results. The ability of
Daphnia to acclimate to different strains of cyanobacteria in an ecologically relevant time

period could influence the dominance of cyanobacterial strains in natural populations.
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2.2 Introduction

Daphnia, a genus of planktonic freshwater crustaceans, is capable of reducing
phytoplankton biomass leading to the spring clear water phase in lakes (Sommer et al.
1986), and also of altering phytoplankton community composition (Sarnelle 1993). The
mechanisms underlying this process, however, are not well understood. Daphnia is
widely considered a non-selective filter-feeder based on previous experiments of food
quality (Lampert 1974; DeMott 1982) and taste (DeMott 1986) but some studies have
provided evidence for feeding selectivity. For example, Daphnia pulicaria was able to
differentiate between cyanobacteria filaments (Epp 1996) and D. magna and D. pulex
selected individual Cryptomonas cells over filaments of Anabaena (Kirk and Gilbert
1992). These results suggest that Daphnia may have some means to choose their food.
Generally, cyanobacteria are considered poor food for zooplankton due to nutritional
deficiencies, large size and/or toxicity (Porter and Orcutt 1980a). Cyanobacteria produce
a suite of secondary metabolites, the most commonly studied of which are microcystins
(MC), a group of cyclic peptides that inhibit protein phosphatases (MacKintosh et al.
1990). MC producing species usually have both MC and non-MC producing strains and
the genotype composition of cyanobacteria populations can fluctuate over a season
(Kardinaal et al. 2007a). The mechanism controlling the proportion of each strain,
however, is unknown; a question of considerable societal relevance given the toxicity of

microcystins to humans and other animals (Sivonen and Jones 1999).

Even though in general cyanobacteria may be a poor food resource for zooplankton
(Wilson et al. 2006), some studies have reported positive growth in zooplankton when
fed toxic cyanobacteria (de Bernardi et al. 1981; Brett 1993; Repka 1996). These
observations have led to the investigation of the adaptive potential of Daphnia. Recent
experiments suggest that Daphnia can acclimate to toxic cyanobacteria (Hairston et al.
2001; Gustafsson et al. 2005; Sarnelle and Wilson 2005; Guo and Xie 2006). For
example, Daphnia from eutrophic lakes exhibited higher juvenile growth rates than those
from less nutrient rich lakes when fed a diet of toxic Microcystis (Sarnelle and Wilson
2005). The best example demonstrated increased growth rates in Daphnia as a response

to three decades of cultural eutrophication. Hairston et al. (2001) hatched Daphnia from
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diapausing eggs collected from the sediment over a three periods in Lake Constance,
Germany: prior to eutrophication, the height of eutrophication when the phytoplankton
community became dominated by cyanobacteria, and during the recovery phase when
nutrient levels were reduced. Genotypes hatched from the eutrophication period had
higher juvenile growth rates than other time periods and had less of a decrease in growth
rates when fed toxic Microcystis in combination with Scenedesmus compared to

Scenedesmus alone.

The higher growth rates in Daphnia that have been pre-exposed to cyanobacteria may
be due to detoxification enzymes (Pflugmacher et al. 1998; Gustafsson et al. 2005) and/or
increased tolerance to toxins (DeMott and Dhawale 1995). Thus far, however, a
behavioral response has not been considered. Daphnia populations that acclimated by
increasing detoxification enzymes or tolerance would not necessarily affect the
composition of strains in populations of cyanobacteria. If, however, Daphnia acclimated
behaviorally and were able to avoid assimilating certain strains Daphnia would influence

the genotype composition of cyanobacterial populations.

In the following experiment I tested the hypothesis that Daphnia ambigua can
acclimate over a short period (8 weeks) to toxin producing strains of Microcystis
aeruginosa. Given that acclimation towards food selection may occur in Daphnia (Epp
1996; Sarnelle and Wilson 2005), I predicted that the animals from populations subjected
to toxic M. aeruginosa in their diets would be more successful at avoiding toxic M.
aeruginosa cells than those previously unexposed. I used short-term feeding experiments
and measured avoidance of Microcystis by Daphnia as the ratio of remaining cells at the

end of the experiments.

2.3 Methods
2.4  Experimental organisms —

Daphnia ambigua was collected by vertical net haul from a depth of 2 m with a

plankton net (64 um pore-size) from the middle of Constance Lake, a shallow (mean
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depth = 3 m) mesotrophic lake (annual mean TP is about 30 pg L) west of Ottawa,
Ontario on 10 June 2005. In the laboratory, D. ambigua was maintained at 20 + 1 °C on a
16: 8 hour light: dark cycle in aquariums containing dechlorinated water gently bubbled
with air. Daphnia populations were initially fed RotiRibh, a commercially prepared
aquatic invertebrate food (WARD’s natural science). After four months the Daphnia
were divided into separate 4 L Erlenmeyer flasks and fed the following acclimation diets:
population 1 was fed only a good quality food (GF) mixture (50% Chlorella kessleri
strain UTCC266 and 50% Pseudokirchneriella subcapitata UTCC66 (Viviberg 1989);
population 2 was fed GF plus non-toxic Microcystis aeruginosa strain UTCC124 (no
detectable microcystins by HPLC (Aranda-Rodriguez et al. 2005); and population 3 was
fed GF plus toxic M. aeruginosa UTCC300 (1.3 mg g’ dry weight of total microcystins
with approximately half being microcystin-LR). The initial concentration of M.
aeruginosa for populations 2 and 3 was 0.5 % of total carbon and increased every week
by 0.05 % to a maximum of 3 %. This low value was chosen because, under
experimental conditions, even concentrations of toxic Microcystis as low as 5% mg C L!
can be lethal to Daphnia (Hietala et al. 1997). A preliminary study showed nearly 100%
mortality when Daphnia were fed 30% mg C L™ toxic Microcystis. All food
concentrations were maintained at a constant concentration of 0.26 mg C L' to mimic the
conditions of a mesotrophic lake (Hietala et al. 1997a). Every two weeks about half of
the population was removed and clean water was added to the flasks. This ensured that
the populations did not become over crowded and begin sexual reproduction. It also
reduced population density at random, allowing individuals with higher fitness under the
acclimation diet to out-compete well-adapted genotypes. The total acclimation period

was 8 weeks.

All algal cultures were maintained in batch culture in a growth chamber at
25+0.1°C under 24 hour light at 9 umol m™ sec”' PAR. C. kessleri was cultured in
Bold’s Basal (SIGMA) and both strains of M. aeruginosa were grown in BG11
(SIGMA). Media for P. subcapitata was made by mixing 1 mL of each of the following
stock solutions in 1 L of distilled water: 1) NaNOj3 (12.75g/500mL), 2) MgSO,4-7H,0
(7.35g/500mL), 3) K,HPO, (0.522g/500mL), 4) NaHCO; (7.5g/500mL), and 5) a
micronutrient stock solution containing: MgCl,-6H,0, CaCl,-2H,0, H3;BOs3,
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MnCl,-4H,0, ZnCl,, CoCl,-6H,0, CuCl,-2H,0, Na;Mo04-2H,0, FeCl;-6H,0, and (7)
DTH-7H,0. Once mixed, this solution was filtered through a polycarbonate 0.2 pm pore-
size filter with a central PIAB filtration system at —400 mm Hg. Green algal cultures
were kept on an orbital shaker at 70 rpm and Microcystis was swirled once daily. New

cultures were started approximately every 10 days.

2.4.1 Experimental setup —

A pilot feeding experiment indicated that a food supply of 30 % M. aeruginosa by
carbon caused high mortality in D. ambigua but that there was no mortality ina 10 %
treatment. Therefore, to ensure all animals survived the feeding experiment, only 10 %
M. aeruginosa by carbon treatments were used. After the acclimation period, feeding
experiments were conducted on daphnids from each population with each of the
following experimental diets: 100 % C. kessleri (CHL); 90 % C + 10 % non-toxic M.
aeruginosa UTCC124 (NTM); and 90 % C + 10 % toxic M. aeruginosa UTCC300 (TM)
at a constant food concentration of 0.26 mg C L. Both C. kessleri and M. aeruginosa
(NTM and TM) grew as spherical, single cells under their culturing conditions and were

similar in size (~ 4 pm diameter).

Feeding experiments were conducted at low light for 6 hours in 24 mL glass
scintillation vials with four daphnids per vial and eight replicates per treatment (balanced
3x3 factoral design) plus controls (no daphnids added) yielding 96 vials in total. The
duration of the experiment and number of daphnids per vial were determined by
estimating the filtering rate for each daphnid (Mourelatos and Lacroix 1990). Algal
cultures used in the feeding experiment were rinsed and stored in dechlorinated water in
the light for 36 hours to reduce variability due to cell division. During the experiment,
the vials were gently inverted once every hour to prevent settling of algal cells. Hourly
inversion was determined adequate given the settling velocity of single cells of Chlorella
(~ 3 mm hr' calculated from Stokes equation; Reynolds 1984b) and buoyancy of
Microcystis (~ 0.5 mm hr’'; Reynolds et al. 1987).
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At the end of the experiment each replicate was preserved with 1% by volume
paraformaldehyde and refrigerated at 4°C. Aliquots (10 ml) of each replicate were
concentrated by filtration (0.2 um polycarbonate filter) and a minimum of 300 cells was
counted for each cell type in each replicate using epifluorescence microscopy (Zeiss
Jenamed 2; Pick 1991). As the Chlorella and Microcystis cells are similar in size and
dimension the easiest way to differentiate between them was based on pigment
composition: Microcystis, like other cyanobacteria, contains phycocyanins which
fluoresce red under green excitation, whereas both Chlorella and Pseudokirchneriella
contain predominantly chlorophyll a which fluoresces red under blue excitation. Feeding
rates were calculated using the equations of Peters (1984) and avoidance was determined
from selectivity coefficients calculated as the ratio of Microcystis: Chlorella feeding rates
(DeMott 1982). A one-way ANOVA was used to test for differences between the control
and the Daphnia treatments. Two-way ANOVAs were conducted to test the effect of
acclimation diet, experimental diet and their interactions on the selectivity coefficients
and the feeding rates of Chlorella and Microcystis. Further comparisons were tested
using two-tailed t-tests. All statistical tests were carried out using SYSTAT vs 11. When
necessary to meet the assumption of normality, data were log transformed. Alpha values

were set a priori at 0.05.

2.4.2 Model description —

As a follow-up, I created a model to determine if the different settling rates of
Chlorella and M. aeruginosa could explain the experimental results. Although
Microcystis and Chlorella are of similar size and shape, they differ in cell density and
therefore settling velocity (Reynolds 1984). If Daphnia fed near the bottom of the vial,
they would experience a changing cell ratio as more Chlorella cells entered the feeding
zone and Microcystis cells floated upwards. The following model was developed to

simulate changes in cell ratio due to feeding by Daphnia:

Chltx = Chltx_l + 2o — Jeu * Eq.2l
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M 16, = M 1 |~ Zuic S e Eq. 2.2

where Chl or Mic is the cell concentration at time #; z is the number of cells entering
(Chl) or leaving (Mic) the feeding zone at the bottom of the vial; fis the feeding rate
calculated from experimental results as the average feeding rate of all four Daphnia on
Chl or Mic for each acclimated population x diet combination. z was calculated based on
the settling and buoyancy rates calculated from Stoke’s Law and the proportion of the
bottom of the vial in which Daphnia were feeding (feeding zone). Cell densities were
taken from Reynolds (1984b) and Reynolds et al. (1987). Initial cell concentration for
both Chl and Mic was taken as the average cell concentration in each control for
experimental diet 2 and 3. Total feeding rate was constant but feeding rate on Ch/ and
Mic was calculated each time step based on the ratio of cells in the bottom proportion of
the vial in which Daphnia were assumed to be feeding. To simulate experimental mixing
which occurred every hour, the total Ch/ and Mic in the vial was calculated every 60
minutes (initial cells - cells fed upon) and the cells in the bottom portion of the vial was

reset to reflect the new concentration.

By altering the proportion of the vial Daphnia fed in and feeding rates, it was
possible to determine if different settling velocities could explain the different cell
concentrations. The model was considered to be a good fit if the final simulated
Chlorella and Microcystis cell concentrations were within the 95% confidence interval

calculated from the experimental replicates.

2.5 Results

All Daphnia survived the 6 hour feeding experiment and actively ingested a
significant number of cells relative to control scintillation vials (Fig 2.1). Daphnia fed
only Chlorella ingested more cells than those fed diets containing Microcystis (One-way
ANOVA F,69=132.9, P <0.001; Fig 2.1). Regardless of experimental diet, there was an

increase in the ratio of Microcystis to Chlorella cells compared to the control for all three
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populations of Daphnia ambigua (One-way ANOVA F3 0= 82.6, P <0.001; Fig 2.2a).
Daphnia selectivity was affected by the acclimation diet (P <0.001) and the response to
experimental diet was dependent on previous acclimation (acclimated population x
experimental diet, P <0.001; Table 2.1). There was no difference in selectivity among
populations when fed an experimental diet containing non-toxic Microcystis (Fig 2.2b).
When the experimental diet contained toxic Microcystis, however, the selectivity of the
populations diverged, but the only population that decreased its selectivity on Microcystis
in the presence of a toxic strain was the population previously acclimated to toxic

Microcystis (Fig 2.2b).

Chlorella feeding rates were highest for the population previously acclimated to
toxic M. aeruginosa (Fig 2.3a). This population also had a lower feeding rate on toxic M.
aeruginosa than non-toxic M. aeruginosa and a lower feeding rate on toxic M.
aeruginosa than either of the other two populations (Fig 2.3b). The population
acclimated only to green algae had a higher feeding rate on toxic compared to non-toxic
M. aeruginosa (two-tailed t-test; 714 = 2.41, P=0.031) but there was no difference in
feeding rates between toxic and non-toxic M. aeruginosa by the population acclimated to

non-toxic M. aeruginosa (t14 = 0.84, P=0.414).

The model was sensitive to changes in both the volume of the feeding zone and
the feeding rates. Intermediate feeding rates had the largest changes to the remaining
cells ratio because at higher feeding rates the cell concentration in the feeding zone was
exhausted before the hourly mixing occurred (Fig 2.4a). The smaller the feeding zone at
the bottom of the vial the greater the change in cell ratio as Microcystis cells float
upwards and Chlorella cells settle (Fig 2.4b). From literature values of cell density, 19
Microcystis cells left and 288 Chlorella cells entered the 3mm feeding zone at the bottom
of the vial every minute. The model was less sensitive to changes in the number of
Microcystis cells floating out of the feeding zone than Chlorella cells sinking. Changes
in Microcystis resulted in small range in remaining cells ratio from 0.5 to 0.6 Microcystis:
Chlorella (Fig 2.4c). An increase in the number of Chlorella cells beyond 288 did not

alter the resultant cell ratio because feeding rates became saturated. Lower numbers of
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sinking Chlorella cells, however, decreased the final Microcystis: Chlorella ratio (Fig

2.4d).

The model was successful at reproducing the experimental results of most of the
acclimated population x experimental diet combinations (Table 2.2) by changing only the
feeding zone or the proportion of the bottom of the vial in which Daphnia fed. The
exception was the population acclimated to toxic Microcystis and fed an experimental
diet of toxic Microcystis. By altering only feeding rate or feeding zone, the model could
not reproduce mean final cell concentrations. Another parameter was added to the
model, differential gut passage, to produce results that fit the experimental results. There
was no need to define a feeding zone when modeling differential gut passage as this
mechanism alone could reproduce the experimental results but it was necessary to

increase the feeding rate above the rate calculated from the experimental results.

2.6 Discussion

All Daphnia ambigua populations, regardless of acclimation diet, were capable of
increasing the ratio of Microcystis to Chlorella cells, of similar size and shape, in this
short-term feeding experiment. This result seems to suggest that Daphnia are capable of
avoiding Microcystis cells either during the feeding process or following ingestion. A
model developed to determine if the different settling velocities of Microcystis and
Chlorella could explain this result showed that if Daphnia fed in the bottom 3 mm of the
vial, the change in final cell ratio would occur just due to the changing cell concentrations
in the feeding zone. Although at first this may imply that experimental setup was flawed,
the results suggest that through behavioral changes, Daphnia were capable of selectively
consuming Chlorella cells and that the behavioral response differed with acclimation

treatment.

If avoidance of Microcystis is an evolved response for contending with toxic
resources, then previous studies using bacteria and diatoms (Lampert 1974), green algae

and bacteria (DeMott 1982), or green algae and polystyrene beads (DeMott 1986) would
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not have triggered this response. Also, the Daphnia used in this experiment had a history
of exposure to toxic cyanobacteria since the lake from which it was isolated has had
potentially toxic cyanobacteria for over a decade (Hamilton et al. 2005). Thus the ability
to avoid cyanobacteria was likely already present in the population and initiation of our
experiment with a population rather than a single clone, which is the norm for feeding
experiments (Lampert 1974; DeMott 1982; DeMott 1986), allowed for broader genetic

variation in the population and potential to acclimate to different food resources.

The mechanism proposed to explain the results is the movement of Daphnia in
vertical space to a zone where the ratio of Microcystis: Chlorella cells is lower. In this
experimental set-up, this condition existed near the bottom where buoyant Microcystis
cells float upwards and Chlorella cells sink downwards. Daphnia have been documented
to move vertically to avoid predation by fish and also to avoid cyanobacterial bloom
material (Berthon and Brousse 1995). In lakes, under calm conditions, Daphnia and
other zooplankton could take advantage of differential settling rates of phytoplankton
species and find pockets of suitable prey. This may be even easier for grazers to locate in
situ where Microcystis and most other cyanobacteria occur in colonial form which rise

through the water column more quickly than single celled forms (Reynolds et al. 1987).

This behavioral avoidance mechanism, however, does not explain the differences
in experimental results among acclimated populations. I found that the population
previously exposed to toxic Microcystis also digested the most Chlorella cells relative to
Microcystis, resulting in a higher Microcystis: Chlorella remaining cells ratio than any of
the other acclimated population x experimental diet combinations. Previous
experimental work has described the adaptive potential of Daphnia to single celled
microcystin producing M. aeruginosa (Sarnelle and Wilson 2005; Hairston et al. 2001).
Production of a detoxification enzyme or increased tolerance to microcystins has been
typically proposed as the mechanism (Pflugmacher et al. 1998; Gustafsson and Hansson
2004; Guo and Xie 2006) but both these hypotheses assume that single celled Microcystis
was digested by Daphnia. Our results show that the toxic Microcystis cells were not

digested in the same numbers as non-toxic Microcystis or Chlorella cells. In addition, the
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experimental results could not be replicated in the model unless an additional parameter

for differential gut passage or selectivity was included.

Of these two mechanisms, differential gut passage or selectivity, differential gut
passage is the less controversial explanation. Differential gut passage has been
documented in Daphnia when fed diets of P-limited green algae (Van Donk and Hessen
1993). Microcystis aeruginosa can increase intracellular toxin concentrations in response
to zooplankton infochemicals and it is plausible that they also alter cell membrane
characteristics to avoid digestion by zooplankton (Jang et al. 2007). Rohrlack et al.
(2005) documented the process of toxicity after Daphnia ingested and subsequently
digested M. aeruginosa cells. In this latter study, as in the current study, the algal diet
was neither nutrient limited nor was it pre-exposed to zooplankton chemicals and

therefore it was unlikely to evoke any anti-grazing strategies.

The alternative possibility, that Daphnia avoided ingesting toxic Microcystis has
not been as widely investigated. This is largely based on the fact that Daphnia are
consistently assumed to be non-selective feeders based on the currently accepted model
of Daphnia feeding by use of fine setae to sweep the water column (Peters 1984; Wetzel
2001). Critics of this model point out that the low Reynolds number environment
experienced by Daphnia would not allow filtration of particles by the gaps in the setae
and suggest that the setae push food particles towards the mouth where food is selected
(Gerristen and Porter 1982; Gerristen et al. 1988; Hartmann and Kunkel 1991) but see
(Fryer 1987; Fryer 1991). In addition, phenotypic plasticity of feeding appendages in
response to cyanobacteria has been documented (Ghadouani and Pinel-Alloul 2002;
Bednarska and Dawidowicz 2007) though the implications for feeding selectivity has not

been investigated.

Regardless of the feeding mechanism, our results demonstrate that Daphnia were
capable of altering the composition of their food resource, even when algal particles were
the same size and shape (but of different cell density). The population acclimated to non-
toxic M. aeruginosa did not differ in selectivity between experimental diets containing

non-toxic and toxic M. aeruginosa suggesting that Daphnia previously acclimated to
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toxic M. aeruginosa responded to the presence of microcystin or some other factor
associated with the toxic strain. Also of interest, the population of D. ambigua
acclimated to toxic cyanobacteria had the highest grazing rates on Chlorella, supporting
the hypothesis that genotypes with high growth rates are selected in the presence of toxic

cyanobacteria (Hairston et al. 2001).

Daphnia are known to migrate vertically in the water column to avoid predation
and our results suggest that Daphnia also use this behavior to avoid cyanobacteria. Our
results further suggest that Daphnia acclimated to toxic cyanobacteria were capable of
avoiding toxic Microcystis above levels that could be attained by movement alone. The
simplest explanations are differential gut passage and/or feeding selectivity. Both these
mechanisms could lead to altered strain ratios in natural populations. Here I show the
potential of a population Daphnia ambigua to acclimate over the course of 8 weeks to the
presence of toxic cyanobacteria, a much shorter period than previously considered
(Hairston et al. 2001). At this time scale, acclimation in Daphnia could alter the

dominance of cyanobacterial strains in natural populations.
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2.7 Tables

Table 2.1 Results of two-way ANOV As to test the effect of acclimation diet and
experimental diet on different measures of feeding selectivity of D. ambigua on Chlorella

kessleri and toxic and non-toxic Microcystis aeruginosa following a 6 hour feeding

experiment.

Dependent variable Factor df MS F P

Selectivity coefficients Acclimation diet (A) 2 0.06 9.69 <0.001
Experimental diet (B) 1 0.02 203 0.161
AxB 2 0.06 9.53 <0.001
Error 42 0.01

Chlorella feeding rate Acclimation diet (A) 2 0.86 83.06 <0.001
Experimental diet (B) 2 1.43  138.87 <0.001
AxB 4 037 3627 <0.001
Error 63 0.01

Microcystis feeding rate Acclimation diet (A) 2 0.03 3.33 0.046
Experimental diet (B) 1 0.02 1.60 0.212
AxB 2 0.21 2291 <0.001
Error 42 001
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2.8 Figures
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Figure 2.1 The mean remaining total cells for control (no Daphnia) and all acclimated
populations (control n=8, treatment n=24; error bars are 95% CI). A one-way ANOVA
was used to test for differences among experimental diets with Daphnia (diets sharing
same letter are not significantly different; Tukey’s post hoc test, p<0.05). Experimental
diet: CHL — 100% Chlorella kessleri; NTM — 10% non-toxic Microcystis aeruginosa
and 90% CHL; TM — 10% toxic M. aeruginosa and 90% CHL.
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Figure 2.2 Cell ratio of Microcystis: Chlorella (A) and selectivity coefficient (B)
following a 6 h feeding experiment using three populations of Daphnia ambigua that
were first acclimated to one of three diets and then fed an experimental diet (n=8, error

bars are 95% CI). Experimental diet acronyms are the same as Fig 2.1. Acclimation
diets: GF —50% - Chlorella kessleri and 50% Pseudokirchneriella subcapitata, NTM —

non-toxic M. aeruginosa and TM — toxic M. aeruginosa.
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Figure 2.3 Feeding rate of Daphnia ambigua on Chlorella (A) and Microcystis (B)
following a 6 h feeding experiment using three populations of Daphnia ambigua that
were first acclimated to one of three diets and then fed an experimental diet (n=8, error
bars are 95% CI). Experimental and acclimation diet acronyms are the same as Fig 2.1

and Fig 2.2.
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Figure 2.4 Model simulations that show the change in cell ratio as a function of Daphnia
feeding rate, the proportion of the bottom of the vial that Daphnia actively filter (feeding
zone), the number of Chlorella cells sinking into the feeding zone and the number of
Microcystis cells leaving the feeding zone. Panel descriptions, units and default values:
A) feeding rates (641 cells individual™ hour™); B) bottom proportion of the vial in which
Daphnia fed (feeding zone; 0.06); C) Microcystis cells leaving the feeding zone (19 cells

min'l); D) Chlorella cells entering the feeding zone (288 cells min'l).
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3 Chapter 3 - Sampling and analysis of microcystins: Implications for the

development of standardized methods

3.1 Abstract

Microcystins (MC), a group of cyanotoxins, have been found in lakes and rivers
worldwide. One goal of MC research is to develop models which predict MC
concentrations but these efforts have been hampered by a lack of standardized methods
necessary for comparing data across studies. Here, I investigate the effect of chemical
analysis (HPLC-PDA and ELISA), sample collection (whole water, plankton tow and
surface scum) and choice of normalizing parameter (volume, dry weight and chlorophyll
a) on reported MC concentrations. Samples were collected over three years from a
temperate mesotrophic, shallow lake with episodic blooms of cyanobacteria. I found that
microcystins were up to 4 times higher in lake samples when analyzed by ELISA relative
to HPLC-PDA and that MC concentration measured by HPLC explained less than half of
the variation in MC concentrations measured by ELISA. Also, samples collected by
plankton tow gave consistently higher concentrations than whole water samples. An
additional HPLC analysis of two chlorophyte cultures revealed the presence of
compounds with a similar UV absorbance spectrum to MC-LR, suggesting that
identifying MC based solely on UV absorbance is not valid. Our results document the
discrepancy in MC concentrations that can arise by using different methods throughout

all stages of sampling, analysis and reporting of MC concentrations.
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3.2 Introduction

Toxic cyanobacterial blooms are a growing environmental and human health
concern ( Codd 2000; Carmichael 2001; Haider et al. 2003). The most common toxins
produced by cyanobacteria are microcystins (MC), a class of mono-cyclic heptapeptides
(Rinehart et al. 1994). Over 70 different microcystin variants have been identified,
distinguished by an amino acid substitution or modification, spanning a 100 fold change
in toxicity (Sivonen and Jones 1999). Microcystins have been found in lakes and rivers
world-wide (Amé et al. 2003; Shen et al. 2003; Graham et al. 2004; Briand et al. 2005)
and individual jurisdictions as well as the World Health Organization have responded
with guidelines for maximum allowable concentrations in drinking and recreational
waters ( National Health and Medical Research Council 1996; Health Canada 2002;
World Health Organization 2004).

Since recognition of MC as a potential health risk, research has been focused on
characterizing patterns of MC concentration and composition in lakes and rivers with the
dual purposes of informing guidelines and identifying limnological triggers of MC
production ( Kotak et al. 2000; Graham et al. 2004; Giani et al. 2005). Progress on the
latter goal has been slow, possibly due in part to the lack of standardization. Without
standard methods it is difficult to compare results between studies; such comparisons can

often lead to new insight (e.g. Downing et al. 2001).

Determination of microcystins can be done by chemical methods such as liquid
chromatography (HPLC, LC) coupled with UV, photodiode array (PDA) and/or mass
spectrometer (MS) detectors and also by immunochemical methods such as enzyme
linked immunosorbent assay (ELISA) and the protein phosphatase inhibition assays
(PPA; Harada et al. 1999; Msagati et al. 2006). The method recommended by the ISO
(ISO 20179, 2005) includes HPLC-PDA and is often considered the “gold” standard for
MC analysis. However, the small number of available commercially purified MC
variants relative to the high number of known MC variants limits the ability to quantify

all MC present in the sample.
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One method to overcome this limitation is to use LC-MS which has the advantage
of unequivocal identification of microcystins. The main drawback, however, is again the
lack of certified reference materials to establish the necessary response factors. In this
case it is not only the limited number of MC commercially available but also the
uncertain purity of these variants (Kubwabo et al. 2004). An advantage of LC-MS is that
even without the necessary variants, possible MC can be characterized and compared
with published descriptions (Hummert et al. 2001; Bogialli et al. 2006). A second,
untested method used by some researchers is to rely solely on the characteristic UV
spectrum of MC (Lawton et al. 1994) to identify total MC in a sample ( Wirsing et al.
1999; Sabour et al. 2002; Janse et al. 2005; Jayatissa et al. 2006).

In contrast to HPLC, both ELISA and PPA are sensitive to multiple microcystin
variants. These assays are typically a thousand times more sensitive than HPLC and so
do not require a pre-concentration step. However, neither ELISA nor PPA can identify or
quantify individual variants ( An and Carmichael 1994; Fischer et al. 2001) and therefore
these tests cannot give an accurate estimate of toxicity, (but see Mountfort et al. 2005).

In addition, ELISA test kits manufactured by different companies can give different

results (Metcalf et al. 2002).

Differences in sampling methodology may also have an effect on resultant MC
concentrations. Field sample collection for MC follow one of three main protocols
(Utkilen et al. 1999): 1) collecting water at a specific depth or integrating water samples
over multiple depths (whole water method); 2) taking a vertical or horizontal plankton net
tow (plankton tow method) and 3) skimming off accumulated surface scums. Plankton
tows are useful for collecting large quantities of cyanobacterial colonies but MC
concentrations can be underestimated if net efficiency is not considered (Wetzel and
Likens 1990). In addition, plankton tows are not suitable for measuring both particulate
and soluble fractions which is required for the WHO guideline (World Health
Organization 2004).

Once collected and analyzed, environmental concentrations of MC can be

expressed in terms of seston dry weight, water volume or chlorophyll a. Early studies
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reported concentrations per unit dry weight ( Scott 1991; Watanabe et al. 1992). More
recently, Welker et al. (2003) advocated the use of volume because it is consistent with
the WHO guidelines (expressed as pg L), and it is also how other limnological
information such as nutrient concentrations are reported. Still it is unclear how the
choice of standardizing variable will affect the resultant MC concentrations and whether

or not there is an interaction with sampling method.

The main purposes of the following study were therefore to document the
methodological steps currently used to measure microcystins from freshwater sources and
to assess the possibility for each step to cause discrepancies in microcystin
measurements. To accomplish these goals I used a combination of original data collected
from Constance Lake and published literature. In addition, I used algal cultures to
determine if other extracted algal compounds can interfere with MC quantification by

HPLC.

3.3 Methods
3.3.1 Literature Review -

Using the Web of Science, I reviewed literature published between 2002 and June
2006 which reported microcystin concentrations measured in freshwater bodies. 1
recorded the sample method, the analysis method, the purified MC variants, and the

variable used to normalize MC concentration.
3.3.2 Sample Collection

Samples were collected from Constance Lake, a mesotrophic (annual mean total
phosphorus = 30 ug L"), shallow lake (mean depth 3 m) located near Ottawa, Ontario
(45° 24' N, 75° 59' W), Canada. Constance Lake contains populations of microcystin
producing cyanobacteria including species of Microcystis, Anabaena, Planktothrix, and
Aphanazomenon. The lake also contains the subtropical species Cylindrospermopsis

raciborskii that presumably invaded more recently (Hamilton et al. 2005).
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Samples were collected once every three days from the end of May to the first week
in November in 2003 (n = 55) and from the middle of April to the middle of June in 2004
(n=9) using a tygon tube to integrate the sample to a depth of 2 m (whole water samples
—ww). For the latter portion of June to the end of October in 2004 (n = 25) samples were
collected every six days by combining water from four vertical net hauls, each from 2 m
(net diameter = 19.8 cm; mesh size = 64 um; net efficiency = 31%; plankton tow samples
- pt). In 2005 I used the same vertical net haul method as in 2004 but sampled bi-
monthly from mid May until mid October (n =9). In each case water for toxin analysis
was transferred to an amber glass jar to minimize loss of MC due to adherence to the

container wall (Utkilen et al. 1999).
3.3.3 Algal Cultures -

Two diatoms (Stephanodiscus hantzschii UTCC 267 and Fragilaria crotonensis
UTCC 269) and three chlorophytes (Chlorella kessleri UTCC 266, Selenastrum
capricornutum UTCC 66 and Scenedesmus quadricauda UTCC 158) were obtained from
the University of Toronto Culture Collection. Cylindrospermopsis raciborskii, isolated in
Florida, was obtained from Green Water Laboratories, Palatka Florida. These species
were chosen because they are representative of the taxonomic diversity commonly found
in Constance Lake. Chlorophytes and Cylindrospermopsis were grown under continuous
irradiance (35-45 prol/mz/s) at 20°C. Diatoms were grown under a 12:12 light dark
cycle (50 uMol/m?/s) at 18°C. Between 60 to 150 ml of each culture in late exponential
growth was filtered (dry weight 3.3 to 18.2 mg) on a Whatman GF/D filter and frozen

until chemical analysis as described below.
3.3.4 Chemical Analysis

To determine microcystin concentration, a known volume of water (1 - 4 L for
whole water (ww); 0.35-0.45 L of concentrated sample for plankton tow (pt)) was filtered
onto pre-ashed and weighed Whatman GF/D (~2.7 um) glass fiber filter papers and dried
over night at 60°C. Filter papers were then re-weighed, re-hydrated with distilled water
and stored at -20°C until analysis (Harada et al. 1999).
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Microcystin extraction from cells was carried out by pressurized liquid extraction
using an ASE 200 (Dionex, Canada) with 75% MeOH at 60°C and 2000 psi (Aranda-
Rodriguez et al. 2005). The extract was evaporated to dryness using ultra high purity
nitrogen (UHPN) in a TurboVap® and then resuspended in 50% MeOH for analysis.
HPLC analysis was conducted using a Zorbax SB-C18 column [250 nm x 4.6 mm (i.d.),
5 um particle size] and a gradient program with two mobile phases consisting of 0.05%
(v/v) trifluoroacetic acid (TFA) in water and 0.05% (v/v) TFA in acetonitrile. UV spectra
were collected between 200 and 300 nm using a PD40 photodiode array detector and
concentrations were calculated from the absorbance at 238 nm. Sample chromatograms
were compared against purified extracts for four microcystin variants: MC-LR, MC-RR
(Sigma-Aldrich, Ontario, Canada), MC-YR and MC-LA (Calbiochem-Novabiochem
Co.). HPLC detection limit was calculated (Harris 2003) at 0.079 ppm but I reported
lower concentrations if the retention time was identical to a purified extract, the
maximum absorbance was at 238 nm and the absorption spectrum matched MC-LR. 1

found no MC with tryptophan in Constance Lake.

Samples with MC determined by HPLC as described above, were chosen to
investigate the use of UV absorbance as the primary means of identifying MC. I
identified chromatogram peaks with a UV spectrum (200-300 nm) that matched LR and
that fell between the estimated retention times of MC-RR and MC-LW. I then estimated
the concentration of these peaks at 238 nm based on the LR standard curve. The resultant

sum of potential MC was compared with ELISA results.

ELISA tests were conducted using an Envirologix QuantiPlate ™ kit (Envirologix,
Portland USA) for microcystins. As this test does not distinguish between the
microcystin variants, values were expressed as MC LR equivalents. The detection limit
of ELISA was 0.16 ppb according to the manufacturer and was a thousand times more
sensitive than our detection limit for HPLC. Methanol interferes with the functioning of
the ELISA (Metcalf et al. 2000) so samples were diluted at least by 1:3 with Milli-Q
water and quite often were diluted further to ensure the MC concentration fell within the
range quantifiable by the kit (0.16-2.5 ppb). Duplicates of each sample were done and

CV values >15% were re-analyzed based on the manufacturer’s recommendations.
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3.3.5 Normalizing Parameters and Statistical Analysis -

Microcystin(s) in each sample were normalized by volume of water sampled, seston
dry weight and chlorophyll a (chl a). For whole water samples, volume was the amount
of water filtered per sample. For plankton tow samples, volume was the total amount of
water filtered by the plankton net hauls and corrected for net efficiency (Wetzel and
Likens 1990). Water for chl a analysis was collected in exactly the same manner as the
corresponding toxin sample (ww or pt), filtered on Whatman GF/D glass fiber filters and
immediately frozen at -20°C until extraction with dimethyl sulphoxide (Burnison 1980).
The equations of (Jeffrey and Humphrey 1975) were used to calculate concentration of

chl a.

Spearman’s rank correlation, a non-parametric test which is powerful in cases
where there is uncertainty around values of close rank, was used to test for correlations
between ELISA and HPLC results (Zar 1999). A linear regression was then fit to
determine the amount of variation explained by HPLC in ELISA results. Paired t-tests
were used to compare MC content by dry weight measured with ELISA and HPLC.
Standard t-tests were used to compare the means of samples collected by whole water and
plankton tows and when comparing limnological variables between years. When
necessary, variables were log or square root transformed. It was not possible to transform
HPLC results due to the high number of samples below detection. Although the standard
t-test is known to be robust when sample size is large (Zar 1999), I still checked the

results using a Wilcoxon rank sum test. All data were analyzed using S-PLUS 6.0.

3.4 Results
3.4.1 Literature Review -

Of the 42 studies published between 2002 and 2006 that reported MC
concentrations from freshwater bodies (Table 3.1), HPLC was the most commonly used
analytical method (31 studies) and HPLC was often coupled with an immunochemical

assay (13 studies). Ten studies, however, relied solely on ELISA or PPIA. Samples were
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collected by the whole water method in 26 studies, by plankton tow in 9 studies, from
surface scums in 3, and 4 studies used a combination of collection methods. About two
thirds of the authors chose to normalize MC concentrations by volume, a third by dry

weight and two reported MC concentrations by both volume and dry weight.
3.4.2 Constance Lake Background Limnology -

During the three years of sampling Constance Lake, chl a ranged from 2.4 to 17.6
ug L'; total phosphorus from 20 to 50 ug L' and total nitrogen from 510 to 850 pg L'
For each of these three variables the mean values were greater in 2003 than 2004 (mean +
s*in ug L' Chl a, 2003: 10.6£3.5, 2004: 8.9+2.8, #,,,=2.39, P =0.018; TP, 2003:
31.9+7.7, 2004: 28.3£5.39, #,17=2.59, P=0.012; TN, 2003: 760+57.6, 2004: 689+84.6,
t117=5.18, P <0.001). Mean values were not compared with 2005 because sample size
was much smaller in 2005 (2003: n=54; 2004: n=63; 2005: n=10).

3.4.3 MC Results by HPLC and ELISA -

Filter papers spiked with three concentrations of MC-LR (0.1, 0.5 and 1 ppm) and
subsequently extracted as described above, gave similar results for HPLC and ELISA (R?
= 0.996). Of the four microcystin variants I had available (LR, LA, LW, RR) only LA
and LR were detected in Constance Lake. Dissolved MC (< 0.45 um) was measured but
was always below the detection level of HPLC, even after concentration (0.5 - 1 L) by

solid phase extraction.

In general, regardless of sampling methodology, total MC in Constance Lake
samples was greater when measured by ELISA than by HPLC (mean + s’ ELISA = 41.4
ug g’ +54.5 HPLC = 18.8 pg g + 27.8; paired-sample t-test: n=94, t=5.1, P <0.001).
When I removed sample days below the HPLC detection limit, mean ELISA values were
still greater than HPLC (mean + s>: ELISA = 64.3 pg g” +63.22, HPLC=35.34 ug g’ +
29.6; n=50, =3.77, P <0.001) suggesting that either other MC were present or there were
other compounds that interfered with the ELISA.

When samples were separated by collection method and normalized by dry weight

(Fig 3.1), ELISA results were greater than HPLC for both whole water and plankton tow
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but not for surface scum (paired t-test; ww: n = 58, t = 3.9, P <0.001; pt: n=33, t=3.6, P
=0.001; sc: n=5, r=4.58, P =0.67). The latter result could be due to low sample size.

For all samples combined, total MC determined by ELISA was correlated with both
LR and LA measured by HPLC (LR, Spearman’s p = 0.616, P <0.001; LA, Spearman’s p
=0.586, P <0.001; Fig 3.2). The amount of MC-LR or MC-LA explained a little more
than a third of the variation in ELISA results (LR, R = 0.37; LA, R*=03 1). MC-LA
and LR added together explained the most variation in ELISA values (LA+LR, R=
0.49). When all peaks with a UV spectrum matching MC-LR (including those identified
as LA and LR) were used as total MC measured by HPLC, the amount of variation in MC
measured by ELISA dropped dramatically (R* = 0.004; Fig 3.2d). However, when whole
water and plankton tow samples were compared separately, plankton tow ELISA samples

were correlated with the sum of all peaks (Spearman’s p = 0.4906, P =0.033, R* = 0.15).
3.4.4 Effect of Sampling Strategy and Choice of Normalizing Parameter -

The mean concentration of MC expressed per dry weight or by chl a determined
by both ELISA and HPLC was greater when collected by plankton tow compared with
whole water (Table 3.2). This difference remained even when values below detection
were removed (data not shown). However, when MC was normalized by volume, whole
water sample means were greater when measured by ELISA and there was no difference

when measured by HPLC

A comparison of MC values normalized by volume and dry weight or volume and
chl a (Fig 3.3), revealed that in all cases the slope was not significantly different from 1.
For whole water samples, there was a better relationship between values normalized by
volume and chl a (ELISA, R2=0.87, Fig 3.3¢c; HPLC, R2=0.62, Fig 3.3d) than by volume
and dry weight (ELISA, R’=0.78, Fig 3.3a; HPLC, R’=0.31, Fig 3.3b). The opposite was
true for plankton tow samples which displayed a better relationship between values
normalized by volume and dry weight (ELISA, R’=0.52, Fig 3.3a; HPLC, R°=0.88, Fig
3.3b) than volume and chl a (ELISA, R2=0.37, Fig 3.3c; HPLC, R2=O.7O, Fig 3.3d).
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3.4.5 Surface Scums -

Two surface scums were detected in 2003, four in 2004 and none in 2005. All were
in the months of September and October except for one on May 25™ of 2004. Fall
samples had colonies of both Microcystis and Anabaena genera, whereas the May 2004
sample contained mostly Microcystis aeruginosa. Fall samples ranged from 12.4 to 42.2
ug g' MC LR eq. (ELISA) and below detection to 44.9 ug g by HPLC (excluding a
high HPLC value of 78.93 ug g™ that was not analyzed by ELISA). The fall values were
all within an order of magnitude even between years whereas the one spring scum was
dramatically higher with concentrations of 5.59 mg g'1 by ELISA and 6.2 mg g by
HPLC. If the fall samples are expressed volumetrically their range spanned an order of

magnitude (0.011 to 0.43 ug L' by ELISA).
3.4.6 Interference by Algal Compounds -

All algal cultures tested were below the ELISA detection limit indicating that, as
expected, there was no MC present. When these cultures were analyzed by HPLC there
were chromatogram peaks that had a similar absorbance spectrum to MC-LR though
none of the retention times matched the four MC variants (Fig 3.4). In many cases the
peaks were very weak or the absorbance was one or two nm off of the expected
maximum at 238 nm. However, the UV absorbance spectrum of peaks observed from S.
quadricauda (UTCC 158) and S. capricornutum (UTCC 66) could not be distinguished
from MC LR.

3.5 Discussion

In all but one of the 98 samples collected from Constance Lake over three years,
MC could be detected by ELISA. HPLC values, however, were below the detection level
on 45 sample days. An advantage of using ELISA is the ability to detect low
concentrations of MC and therefore the presence of toxigenic taxa and the potential for

higher MC concentrations later in the season.
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MC concentrations measured by ELISA were up to 4 times and on average 2.4
times greater than MC concentrations measured by HPLC. This is low compared to
(Conti et al. 2006) who found ELISA to be on average 7.4 times greater and much lower
than Frank (2002) who found ELISA to be 88 times greater than HPLC for environmental
samples. These two methods give similar results for MC-LR standard (this study) but for
environmental samples, the difference between ELISA and HPLC will depend on the
number of variants being produced in situ and the number of MCs that can be positively

identified by HPLC.

Even though ISO methods by HPLC are available (ISO 2005), there is a range of
analysis methodologies as well as different sampling and reporting methods in use (Table
3.1). Numerous reviews have documented the different analytical techniques developed
to measure microcystins (Reynolds et al. 1984; Metcalf and Codd 2003; McElhiney and
Lawton 2005; Msagati et al. 2006) and others have directly compared two or more of
these methods ((Mathys and Surhold 2004; Mountfort et al. 2005). Fastner et al. (2002)
reported that the different analysis methods in combination with a lack of certified
reference material can lead to a low degree of agreement between laboratories. It
remains unclear if any one of the analytical methods will best suit all situations, however,
standardized reference material including an increase in the number of commercially

available MC variants will aid in making results comparable.

Our results suggest that the best approach to determining MC concentration is to
use a combination of chemical and immunochemical/enzyme methods. Chemical
methods such as HPLC or LC-MS allow the determination of common MC variants
which are commercially available. However, the sum of all microcystin variants in a
sample will remain unknown if only a chemical approach is taken. This information can

be supplied with the addition of an immunochemical/enzyme method.

In samples from Constance Lake with identified MC, I quantified all unknown
peaks with UV absorption matching MC-LR and found that the sum concentration of
these peaks was not correlated with the ELISA results. There was a correlation, however,

when plankton tow samples were tested alone (Fig 3.2d). In addition, I found peaks with
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an UV absorbance spectrum similar to MC-LR in the chlorophyte cultures, but MC was
not detected by ELISA. Therefore, without validation by a purified MC, or a secondary
analytical method such as mass spectrometry (Harada et al. 1996), classification of
unknown peaks by UV absorbance spectrum alone can give spurious results. This may
be especially true when working with diverse algal communities typical of environmental
samples. Extraction methods for MC may also extract compounds with similar chemical
properties, increasing the risk of misidentification. If, however, the sample is known to
contain almost exclusively cyanobacterial colonies, then the use of UV spectrum can give

at least a first estimate of the concentration of MC in the sample.

Interestingly, when MC was normalized by volume, whole water MC means were
greater than plankton tow MC estimates (Fig. 3.3a). There are two possible explanations
for this. First, the net efficiency correction may have been too high. I calculated net
efficiency only once during the summer but net efficiency can change with the size of
plankton which in turn varies seasonally so one estimate may not be representative of the
year (Lathrop 1999). A second plausible explanation, with some support in the literature,
is that there is a significant amount of MC produced by cyanobacterial colonies < 64 pm
in diameter. For example, MC concentrations in the range of 0.08 to 3.7 ug g have been
detected in picocyanobacteria (Domingos et al. 1999) and (Giani et al. 2005) found that
when Aphanocapsa was included amongst the MC producers there was a stronger
correlation between MC and toxigenic biomass. In contrast, (Kurmayer et al. 2003)
showed a positive correlation between toxigenic genotypes and colony size in
Microcystis sp. and (Graham et al. 2006) found that net planktonic chlorophyll (>35 um)
was correlated to MC values whereas nano planktonic chlorophyll (<35 pm) was not.
When I compared analysis method and normalizing parameter (Fig 3.3) I found that for
whole water samples, the best relationship was between MC values normalized by
volume and MC values normalized by chl a when analyzed by ELISA (Fig 3.3c). And
for plankton tow samples, the best relationship was between MC values normalized by
volume and MC values normalized by dry weight when analyzed by HPLC (Fig 3.3b).
This suggests that large colonial species are the main producers of MC LA and LR in
Constance Lake and that that if small species are important contributors to MC then they

likely produce other variants.
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Although the choice of normalizing parameter did not greatly change the relative
concentration between sampling dates in our study it is important to note that
normalization by different parameters can greatly change the concentration. In
Constance Lake samples, the use of dry weight resulted in MC concentrations in the
order of parts per million whereas the same sample when normalized by volume gave
concentrations in the order of parts per billion. Normalization by dry weight is
appropriate for comparing samples with different cyanobacteria density; for example
between planktonic samples and surface scums. In addition, dry weight can be measured
directly with little error and its use removes the need to correct for net efficiency.
Although dry weight does include other particles such as zooplankton, this may not be a
disadvantage because MC can accumulate in zooplankton (Kotak et al. 1996; Thostrup
and Christoffersen 1999). I therefore favor the use of dry weight to normalize MC
concentrations for reporting. In this way, MC is associated with biomass (with an
unavoidable error associated with abiotic seston) which can then be compared across
studies. Irecognize, however, that to assess the risk of exposure through drinking water,

local water quality managers will need to re-express this concentration volumetrically.

The challenges of MC in freshwater ecosystems have brought together researchers
from analytical chemistry, limnology and public health. Agreeing on standard methods
across disciplines can be difficult as each group of researchers approaches the
phenomenon with a different question. Nevertheless, ensuring that data are comparable
between studies will help to increase our understanding of MC production in sifu. Thus
far most literature reviews and comparisons have been conducted on analytical
methodologies. As our results have demonstrated, the choice of analytical procedure is
not the only step that can cause discrepancies in reported MC; sampling method and
reporting should also be considered. Standardized methods for measuring microcystins
in freshwater will have to include all steps of the process to ensure that data between

studies are comparable.
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3.6 Tables

Table 3.1 Comparison of studies published between 2002 and June 2006 which report

microcystin (MC) concentrations in freshwater samples.
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Sample® Mesh Analysis® MC* Max MC Value

Study method  Size (wm)  method variants ugL' ug g'l
Giani et al. 2005 pt 35 1,4 1 1.9
Graham et al. 2004 pt 64 2 1,2,3 4.5
Jones and Jones 2002 pt 64 2 1,2,3 3300
Jurczak et al. 2004 pt 20 1,5 1,2,3,5,6,7,8,9 1687
Kemp and John 2006 pt 25 1 1,2,3 8428.6
Lindholm et al. 2003 pt 25 13,7 1,2,5,6,7,8,9 6.4
Ozawa et al. 2005 pt 40 1,2 1,2,3 3284
Rolland et al. 2005 pt 30 4 NR 4.3
Willame et al. 2005 pt 20 1 1,2,3,5,6,9 2231
White et al. 2003 pt,ww,sc NR 1 NR 1000
Cuvin-Aralar et al. 2002 sC 1,6 NR 4049
Sabour et al. 2002 sc 1,2 NR 0.8
Shen et al. 2003 SC 2 1 97.3
Ballot et al. 2003 WW 1,6 1,2,3,4,5,6,8 33 19800
Ballot et al. 2004 WW 1,2 1,3,5,6,8 4593
Ballot et al. 2005 WW 1 1,2,3,4,5,6,8 39
Briand et al. 2005 WwW 1 1,2,34 6.7
Conti et al. 2006 WwW 2.8 1,2,3 662
Frank 2002 wWwW 1,23 NR 7020
Hotto et al. 2005 WW 1,3 1,2,3 34
Maatouk et al. 2002 WW 1,4 1 0.074
Mankiewicz et al. 2005 WW 1,3 1,2,3,5,6,7,9 12.1
Moreno et al. 2004 WW 2 1 21.7
Moreno et al. 2005 WW 1,2 1,2,3 6
Nasri et al. 2004 WW 4,6 NR 28346
Padilla et al. 2006 WW 1,8 1,2,3 1,000
Znachor et al. 2006 WW 1 1,2,3,5,6,7,9 128
Jayatissa et al. 2006 WW, SC 1 1 0.3
Amé et al. 2003 ww' NR 1 1,2 2401
Baldia et al. 2003 ww! 30 1 NR 886
Vieira et al. 2005 ww' 20 2 NR 1.25
Wang et al. 2002 ww' 10 1 1,2,3 1.45
Graham et al. 2006 ww'P 20 2 1,2,3 2.5
Jann-Para et al. 2004 ww'? 12 1 2 33 14.1
Albay et al. 2003 wwP 1,23 1 3.7
Billam et al. 2006 wwP 24 1 5.8
Briand et al. 2002 ww? 1.4 1 4.1
Janse et al. 2005 wwP 1 1 109
Sekadende et al. 2005 ww? 1 NR 1
Welker et al. 2003 wwP 1 1,2,3 3
Johnston and Jacoby 2003  ww¥,sc 2 NR 38
Murphy et al. 2003 wwP sc 1,2 1,2 0.4

* Sample method: pt = plankton tow; ww = whole water; sc = surface scum; ww' = whole water with post
collection concentration by plankton net; ww’ = water collected at a depth > 0.5 m. "Analysis method: 1)
HPLC; 2) ELISA; 3) PPIA; 4) PP2A; 5) LC/ESI-MS; 6) MALDI-TOF; 7) TR-FIA; 8) LC/MS.

“Purified MC variants: 1) LR; 2) RR; 3) YR; 4) LA; 5) LW; 6) LF; 7) LY; 8) dm LR; 9) dm RR.

Bolded entries indicate the method corresponding to the maximum MC recorded when more than one

method was used. NR = data not reported.
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Table 3.2. A comparison of microcystin concentrations sampled by whole water and
plankton tows from Constance Lake (2003 — 2005) normalized by dry weight (pg gh,
sample volume (ug L") and chlorophyll a (ug pg') for both total microcystin determined
by ELISA and HPLC. Mean sample volume, dry weight and total chlorophyll are also

given.
units Whole water  Plankton* df P P
(mean) tow (mean)
MCELISA  pugg’ 22.07 77.06 89 518  <0.001
ug L 0.080 0.016 89  3.08 0.003
pg Chla’ 0.012 0.085 85 -7.44  <0.001
MC HPLC ngg! 6.49 40.11 89  -6.69  <0.001
pg L 0.027 0.009 89  1.46 0.14
ng Chl g™ 0.004 0.046 85  -7.84  <0.001
Volume L 1.85 31.50 85 -109.4  <0.001
Dry weight mg 7.37 7.35 85 -0.71 0.48
Chl a g 15.01 8.42 185 8.5 <0.001

*Plankton tows were taken by vertical net haul from 2 m using a 64 um mesh net.

PMeans were compared using standard t-tests.
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3.7 Figures
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Figure 3.1 A comparison of mean microcystin concentrations measured by ELISA and
HPLC on samples collected in three different ways (whole water, n=57; plankton tow,
n=34; surface scum, n= 5) over three ice-free seasons from Constance Lake, Ontario, ‘
Canada. ELISA and HPLC were conducted on the same sample but samples collected
using different methods were taken on different days. The central line is the median, the
box edges are the 25" and 75" percentile and the whiskers represent the 10™ and 90™

percentiles. Minimum and maximum values are represented as points.
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Figure 3.2 Relationships between total MC analyzed by ELISA and MC-LA and LR
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Figure 3.3 The effect of normalization parameter on concentration of microcystins
measured by ELISA and HPLC. Panel a) ELISA results normalized by sample volume
and dry weight, b) LA+LR (HPLC) normalized by sample volume and dry weight, c)
ELISA results normalized by volume and chlorophyll @ and d) LA+LR (HPLC)
normalized by volume and chlorophyll a. Data are separated according to sampling
method (whole water (0), plankton tow (e)). Lines represent best fit using linear

regression for each sample method.
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Figure 3.4 Chromatograms (at 238 nm detection) of cell extracts for two chlorophytes
(UTCC 158 and UTCC 66) and a standard mixture containing MC-RR, MC-YR and MC-
LR. Arrows indicate unknown peaks that had the same absorbance spectrum (200-300

nm) as MC-LR. Both cell extracts were negative when tested with ELISA.
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4 Chapter 4 - Temporal variability of the cyanotoxin microcystin in relation

to algal biomass, zooplankton and environmental factors

4.1 Abstract

Microcystins (MC), a class of cyanobacterial toxins, were measured in a shallow
mesotrophic lake over three years to determine if sampling frequency affected
correlations between MC and environmental factors and if the factors that explain MC
variation across lakes are the same as those that explain temporal variability within a
lake. The within year variability of MC was almost an order of magnitude higher than
that of the abiotic variables measured and that of algal biomass (chl a). No correlations
were detected at the seasonal scale, but at the monthly scale pH and temperature were
positively correlated with MC. At the weekly scale, reactive phosphate (at a lag of 12
days) was correlated with MC. Our results show that correlations between MC and
environmental factors are dependent upon the temporal sampling scale. Also, the factors
most often associated with microcystins in among lake comparisons (i.e. total
phosphorus, nitrogen and light attenuation) did not explain MC variation within the lake
suggesting that across lake studies may be detecting correlations related to changes in
phytoplankton community composition rather than any direct effects of nutrients on MC

dynamics.
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4.2 Introduction

Beyond the negative aesthetics of algal blooms, the toxins associated with
cyanobacterial blooms are a public health problem affecting water for drinking and
recreation as well as fish consumption (Carmichael 1994; Kuiper-Goodman et al. 1999).
The hepatotoxic microcystins (MC) are the most widely studied of the cyanotoxins
(Kotak et al. 1995; Fastner et al. 1999). Regional surveys of lakes have found that MC
concentrations are best explained by the same factors that predict algal biomass: total
nitrogen, total phosphorus and underwater light conditions (Kotak et al. 2000; Graham et
al. 2004; Giani et al. 2005). It is unclear, however, whether these conditions are also

important for predicting within-lake MC concentrations.

Seasonal patterns in MC concentrations are not easily generalized. Yearly
maximum MC values may occur between early spring and late fall and inter-annual
comparisons have reported high variability in seasonal patterns (Kotak et al. 1995; Park
et al. 1998; Jones and Jones 2002; Ozawa et al. 2005). Though environmental conditions
may be responsible for this variability, so far a comparison of results among studies only
reveals inconsistencies. For example, Graham et al. (2006) found no relationship with
soluble reactive phosphate yet Jacoby et al. (2000) found a positive relationship. And
where Graham et al. (2006) also found a positive relationship with temperature, Billam
et al. (2006) found no relationship with temperature in one lake and a negative
relationship in another lake. One explanation for these differences may be the

comparison of results across different temporal scales.

In the studies described above, sampling frequency ranged from 4 to 17 times per
year. Such different sampling frequencies may explain these disparate conclusions since
different factors operate at different time scales (Reynolds 1990). For example, seasonal
means in abiotic conditions can help explain the phytoplankton assemblage present, but
not the specific species (Reynolds 1984a). Higher frequency fluctuations in abiotic
conditions, such as those that occur below the monthly scale, may then select species
based on physiological characteristics such as nutrient uptake kinetics (Tilman et al.

1981). Similarly, community processes such as grazing and competition may also occur
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at different time scales dependent upon the generation time of algae and zooplankton
and/or the time necessary to adapt to changing resources (Jones 1978; Zurawell et al.
2005; Kardinaal et al. 2007a).

To inform lake management strategies, which are applied at the scale of
individual lakes, it is important to understand how the choice of scale affects observed
correlations between microcystins and environmental conditions. The objectives of this
study were to determine if the choice of temporal scale (seasonal, monthly or weekly)
affects the correlations between MC and environmental factors including zooplankton
density and to determine whether the factors that explain variation across lakes are the
same as those that explain temporal variability at the within-lake scale. Comparisons
were made with similar analysis for algal biomass (chlorophyll a) since a great deal is
known about its dynamics both within (Marshall and Peters 1989) and across lakes
(Dillon and Rigler 1974). The lake chosen for the study was a mesotrophic shallow lake
that exhibits periodic cyanobacterial dominance (Hamilton et al. 2005) and lies within the
range of lake trophic state where the risk of cyanobacterial blooms abruptly increases

(Downing et al. 2001).

4.3 Methods
4.3.1 Study site, sampling and laboratory analyses —

Constance Lake is a mesotrophic, shallow lake (mean depth 3 m) in the west end
of Ottawa, Ontario (45° 24' N, 75° 59' W). It is located on the flood plains of the Ottawa
River and the underlying substrate is predominantly limestone and dolomite (Williams et
al. 1984). Additional information on the lake can be found in Hamilton et al. (2005).
Water for nutrient and chlorophyll analyses was collected every three days using an
integrated tube sampler to a depth of 2 m. Samples were collected between 1000 h and
1200 h from the same location near the middle of the lake. On each sampling day, Secchi
depth was recorded and turbidity measured on water samples in the laboratory using a

LaMotte 2020 turbidimeter. Average water column temperature and pH were calculated
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from measurements made at 0.25 m intervals with a Hydrolab multisensor probe. Water
was analyzed for total phosphorus (TP), reactive phosphate (RP), total nitrogen (TIN)
nitrate+nitrite [NO;™ + NO, ], ammonium [NH,*], and silica [SiO,] by the City of Ottawa
laboratory following standard methods of the Ontario Ministry of Environment (1983).
For chlorophyll a, water was filtered through a GF/F filter and immediately frozen at -
20°C until extraction with dimethyl sulphoxide (Burnison 1980; Jeffrey and Humphrey
1975). When net hauls were used to collect samples for microcystin analysis (see below),

a sub-sample of the net concentrate was also analyzed for chlorophyll a.

From 29 May to 7 November in 2003 and from 28 May until 21 June in
2004, 1.5 to 2 L of water from an integrated tube sample was used for toxin analysis
every three days. After 21 June in 2004, seston was concentrated for toxin analysis by
vertical net haul from 2 m (mesh size of 64 um) every 6 days. In 2005, samples were
collected by vertical net haul bi-monthly. In all cases water was filtered through a pre-
ashed and weighed GF/D filter, dried at 60°C overnight and then frozen at -20°C (Harada
et al. 1999). Before extraction, samples were defrosted and rehydrated using distilled
water and again frozen at -20°C for at least 24 hours (Harada et al. 1999; Ortea et al.
2004). Samples were extracted using accelerated solvent extraction (Dionex ASE 2000)
with 75% MeOH, evaporated to dryness and resuspended in 250 pl of 50% MeOH
(Aranda-Rodriguez et al. 2005). Extracts were analyzed using reverse-phase high
pressure liquid chromatography equipped with a PD40 photodiode array detector
(Dionex, Canada). UV spectra were acquired at 200 to 300 nm and data were recorded at
238 nm and compared against MC standards (Aranda-Rodriguez et al. 2005). MC-LR
and MC-RR were obtained from Sigma-Aldrich (Ontario, Canada) and MC-YR and MC-
LA from Calbiochem-Novabiochem Co. (La Jolla, CA, USA). Total microcystin
concentration was determined by enzyme linked immune sorbent assay (ELISA kit from
Envirologix, Canada). Fourty-six percent of samples analyzed by HPLC were below
detection (see results) so statistical analyses were conducted primarily on total MC from
ELISA. Microcystin analytes, standardized by total dry weight, were used in statistical
analyses but descriptive statistics were also calculated for MC standardized by

chlorophyll a (collected by the same sample method as MC) and for 2003, volume.
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Cladoceran samples were collected by vertical net haul from 2 m with a conical
zooplankton net (diameter = 19.8 cm, mesh size = 64 um). Samples were preserved in
the field with 40% formalin buffered with sucrose (Haney and Hall 1973). In the
laboratory, zooplankton were counted in subsamples of 5 mL, until either 20 mL of the
sample or 200 organisms were counted. Water for rotifer samples was collected by
integrated tube sampler and then concentrated by screening through a 35 pm mesh. Sub-
samples were counted at 150X magnification using a Wild M40 inverted microscope.
Zooplankton were identified to genus with the aid of texts by Thorp and Covich (2001),
Eddy and Hodson (1961), and Balcer et al. (1984).

4.3.2 Statistical analysis —

Pearson’s correlation coefficient was used to test for correlations in seasonal and
monthly means and maxima between MC or chlorophyll a and environmental variables.
Single monthly maxima were used but the maximum seasonal values were taken as the
mean of sample dates with MC or chlorophyll a levels that were above the 90™ percentile
for each season. To delineate seasons, two approaches were compared. In the first
approach absolute dates were chosen to divide the year into three seasons: spring —
sampling start until 1 July; summer — 1 July to 10 September; and autumn — samples
collected after 10 September. The second approach was to use the inflection points of a
3" order polynomial fit to chlorophyll a values for each year which made the season’s
ranges within each year unique from one another. A one-way ANOVA was conducted
using both groupings and the first approach to delineating season explained a larger

proportion of variation in MC and so was used in subsequent models.

Analyses at a temporal scale of 6 days were conducted using cross-correlation
analysis for time-series data (Chatfield 2004). Missing values in MC (2003 n=7; 2004
n=1) were fit by linear interpolation and where sampling interval was 3 days, only
alternate days were used. To prepare data for analysis, a number of transformations were
necessary. For all analyses, data were first screened for normality using quantile-quantile
(Q-Q) plots and histograms. If the distribution of the data series was not normal,

variables were transformed using log (MC, chl a, Secchi depth), log+1 (cladoceran
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density, rotifer density, TP, NH,") or square root (silica). Variables were then first-order
differenced to remove the presence of autocorrelation (Chatfield 2004). Some of the
differenced data series were still auto-correlated so an auto-regression model (AR1) was
fit and the residuals were used in subsequent analyses. Cross-correlation plots were then
used to identify significant instantaneous and lagged correlations up to two time steps (12

days).

Variables with significant lagged or instantaneous cross correlations were used in

a lagged regression model which took the following form (Pace et al. 1998):
MC or Chlorophylla=a + ;X ¢+ B2Xs 1zt P3X3ez + € Eq. 4.1

where t is time, X is a predictor variable at t=0, X, and Xj are predictor variables with a
lag = z in days, B are fitted coefficients of the model, and ¢ is a series of uncorrelated
residuals. Backwards selection was used to choose the best regression model but where
variables were co-linear, further refinement of the model was conducted by removing
variables with low standard coefficients and comparing adjusted R’ values and residual
plots of subsequent models. Autocorrelation in residuals was tested using the Durbin-

Watson statistic. Data were analyzed using SYSTAT version 11.

A random-blocked, re-sampling protocol was used to determine if correlations
detected for monthly means and maxima were applicable at lower sampling frequencies.
Using all data, for each month, 1, 2, 3 or 5 samples were chosen without replacement (or
if n<5 for a particular month then n -1 samples were chosen; if n=1 then that sample was
included in all iterations). This was then repeated for a total of 250 iterations. As the
autoregressive relationship in the dependent variables (MC and chl a) was significant for
two time steps, samples were chosen so consecutive samples were not within two time
steps of the previous sample chosen. To further account for autoregression, samples
chosen were re-ordered so the first sample chosen from each month was grouped
followed by the next sample from each month and so on. As a final failsafe, the
dependent variable was included in the model at a lag of one time step (6 days). Mean
coefficients were calculated as well as mean ¢, F and R’ values. Confidence intervals (95

%) for model statistics were compared with the critical ¢ and F values. Optimal sample
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sizes for estimating means were calculated for confidence intervals of 20, 40, 60 and 80
ug g of microcystin seston content at 95% confidence intervals using the equation and

critical t values given in Zar (1999).
4.3.3 Standardizing MC —

In this study, samples for MC were collected by two methods: integrated tube
sample and vertical plankton haul both to a depth of 2 m. A plankton haul sample
concentrates cyanobacterial colonies compared to an integrated tube sample that collects
a more diverse phytoplankton assemblage. The potential for error caused by including
these two methods in our analyses was mitigated by standardizing MC values by total dry
weight. Each standardizing variable (volume, chl g, and total dry weight) has its
limitations. For example, volume does not account for differing cell density; chl a differs
with phytoplankton community composition (Reynolds 1984b); and total dry weight will
include non-organic particles. However, I chose total dry weight because it represents
most closely the MC in the seston as experienced by zooplankton grazers or water
purveyors. A regression of MC standardized by total dry weight against MC
standardized by volume revealed that the slope was not significantly different from one
for either net haul samples or whole water samples so a systematic error was not
introduced by standardizing by total dry weight (Tillmanns et al. 2007). Differences
between the two methods due to absolute concentration were minimized in the time-
series analysis by using the first order difference of the logged series. In addition, as the
two methods were used consecutively in two blocks of time rather than interspersed, all
but one data point in the analysis represents the relative difference between two dates
sampled by the same method. Also, the time-series analysis was focused on cross-
correlations with environmental factors, for which the sampling method remained

constant through out the entire study period.
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4.4 Results

In Constance Lake, microcystins (MC) LR and LA were detected in all three
years but MC-YR and MC-RR were not detected (Fig 4.1). The maximum MC seston
content measured by ELISA was 238.4 ug g and occurred in August of 2005. Maxima
in 2004 also occurred in August (206.9 ug g'') but in 2003 the maximum MC occurred in
June (235.4 pg g™ or 0.353 ng LY. Maximum MC measured by ELISA did not
necessarily coincide with maximum values of MC-LR or MC-LA as measured by HPLC
(Fig 4.1). This is not surprising given that other microcystin congeners for which

standards are not available are likely present in environmental samples.

The within year variability in MC was much higher than most abiotic variables
(50 times higher than pH and 3 times higher than ammonium), about five times higher
than chlorophyll g, three times higher than rotifer density but about the same as
cladocerans (Table 4.1; Figure 4.1). MC standardized by chl a, also showed high
variability within years as did MC standardized by volume in 2003 (Table 4.1).
Chlorophyll a was highest during the summer with maxima ranging from 14.4 ug L'in
2004 to 17.6 ug L™ in 2003 (Fig 4.2). TN and TP had low temporal variability; yearly
CV ranged from 8 to 12 % for TN and 17 to 24 % for TP (Table 4.1) and mean TN: TP
ratios ranged from 14 to 43 but predominantly were between 19 (10™ percentile) and 30
(90" percentile). Ammonium and silica concentrations showed much higher temporal
variability than TN or TP (Table 4.1). Nitrate and nitrite were always below detection

(minimum detectable level: nitrate - 0.02 mg L' nitrite - 0.02 mg L.

At the seasonal scale, there was no correlation between seasonal mean or
maximum MC content and environmental variables (Table 4.2) but algal biomass (chl a)
was positively related to TN and silica concentrations and negatively related to
ammonium. In contrast, at the monthly scale, average MC was positively correlated with
mean pH (P < 0.005) and maximum MC was positively correlated with maximum values
of pH and temperature (P <0.05; Table 4.2). At this same scale, monthly average chl a
was positively correlated with TP, TN and silica, and negatively correlated with

ammonium and Secchi depth while maximum monthly chl a values were positively
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correlated with TP and negatively correlated with MC (Table 4.2). At a scale of 6 days,
MC was positively correlated with RP at t-12 days (Table 4.3). Chlorophyll a was
instantaneously correlated with TP and silica and cross-correlated with temperature at t-6
days (Table 4.3). A linear regression revealed that RP explained a significant amount of
variation in MC (n=47, P =0.001, R*=0. 14). For chl a, only TP was necessary to explain
the largest amount of variation in the dataset (n=51, P =0.001, R2=O.19).

The results of the re-sampling process revealed that only some of the variables
were significant when random sampling within months with decreasing sampling
frequencies (Table 4.4). MC was related to pH when five or three samples per month
were sampled but not when less than three samples were chosen. Neither RP nor
temperature was significant at this lower sampling frequency. Regardless of the sample
frequency, chl a was always strongly dependent upon TP (Table 4.4). As with most
environmental variables, the variance in MC was positively related to the mean (Figure
4.3a). When samples across seasons were combined, the standard deviation decreased
with sample size (Figure 4.3b). However for months, where the maximum sample size
was 10, there was a wide range in standard deviations. Given this wide range in standard
deviations for different seasons and months, a consistent sample size will give a range in

precision when estimating the mean (Figure 4.3b).

4.5 Discussion

The results presented here demonstrate that the choice of temporal scale had an
effect on the correlations detected between MC and environmental variables. At the
monthly scale, mean MC was correlated with pH and at shorter time scales (6 days), MC
was correlated with reactive phosphorus at a time lag of 12 days. Previous studies that
sampled at a frequency higher than once per month also detected a positive correlation
with pH (Kotak et al. 1995; Kotak et al. 2000; Jacoby et al. 2000) and a positive
correlation was detected with soluble reactive phosphate in those studies with sampling
frequencies greater than 10 per year (May to Oct; Kotak et al. 1995; Jacoby et al. 2000).

Though differences in sampling scale may be responsible for some of the discrepancies
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among studies, at least one study with frequent sampling did not find these same
correlations (Rolland et al. 2005). At a seasonal scale, I could detect no correlations
between MC and environmental variables suggesting that regional studies with infrequent
sampling may be observing relationships associated with lake trophic status rather than

variables affecting within lake MC fluctuations.

The correlation between MC and pH detected at a monthly scale was also
detected by regional studies which have shown both cyanobacterial biomass and MC to
be positively correlated with pH ( Kotak et al. 1995; Kotak et al. 2000; Reynolds and
Petersen 2000). Cyanobacteria in general are known to have an effective CO,
concentrating mechanism (Espie et al. 1991; Miller et al. 1991), which provides them
with an advantage over other algae at high pH when concentrations of dissolved CO; are
low. The fact that pH was not cross-correlated with MC at a scale of 6 days or at the
seasonal scale suggests that the processes that relate pH to MC occur at time scales
longer than 6 days but shorter than seasons. This is the same scale over which within-
species genotype succession (toxic vs. non-toxic strains) in cyanobacterial blooms is
thought to occur (Kardinaal et al. 2007a). In addition to light (Kardinaal et al. 2007b),
nutrients (Vezie et al. 2002) and susceptibility to grazers (Tillmanns et al. 2008), pH may
also influence the competition between toxic and non-toxic genotypes. Alternatively,
changes in pH could increase the intracellular production of MC (Song et al. 1998).
However, different patterns in MC-LA and MC-LR compared with total MC measured
by ELISA suggest that there were probably changes in strain dominance at the monthly
scale (Figure 4.1).

Aside from the lagged relationship with RP, neither total phosphorus nor total
nitrogen were important for explaining fluctuations in MC at any scale in Constance
Lake. Regional surveys of lakes have found TP, TN and underwater light conditions to
be the best predictors of both MC concentrations (Kotak et al. 1995; Kotak et al. 2000;
Graham et al. 2004; Giani et al. 2005) and phytoplankton biomass (Reynolds 1984b).
Regional studies, however, typically covered an order of magnitude in TP and TN
concentrations. Generally, the proportion of cyanobacteria biomass increases with overall

phytoplankton biomass (Downing et al. 2001), so correlations of MC with TP and TN are
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likely due to a higher probability of finding toxigenic cyanobacteria in eutrophic
conditions (Reynolds et al. 2000). Regional correlations between MC and chl ¢ may also
be due to the trophic status of lakes rather than any causal association between MC and
chl a (Downing et al. 2001). Indeed in this study, in contrast, MC and chl a were either
not correlated or were negatively rather than positively correlated, depending on the
temporal scale (Table 4.2). Similar to the original TP - chl a relationship (Dillon and
Rigler 1974), correlations with nutrients have helped managers identify lakes that may be
at risk of MC production. However, major nutrients do not seem important when
considering a lake that changes little in overall nutrient concentrations either seasonally

or across years (this study; Jacoby et al. 2000; Graham et al. 2006).

The correlation between MC and reactive phosphorus was only detected at a
weekly scale with a lag time of 12 days. In 2003 and 2004, RP underwent periodic
increases of between 3 and 6 ug L', likely the result of internal loading episodes
(Hamilton et al. 2005) providing brief periods of phosphorus availability. Common
bloom-forming cyanobacteria, and especially Microcystis, can quickly uptake phosphorus
even when cellular levels are not depleted and can store phosphorus for use during low
nutrient conditions (Kilham and Hecky 1988; Krivtsov et al. 2005). The 12 day time lag
likely indicates a period between cellular uptake and population increase in toxicogenic
strains rather than a change in cellular production of MC which would occur more

rapidly.

Correlations detected at monthly and weekly scales were based on data collected
every 3 or 6 days (bi-monthly in 2005). The results of the re-sampling process address
the likelihood of detecting these relationships when sampling less frequently. Although
both monthly mean and maximum pH and maximum temperature were correlated with
MC, only pH remained important when sampling frequency was decreased. RP was also
not related to MC when sampling frequency was reduced to five times per month. The
relationship between MC and pH at a monthly scale explained more variance in MC at a
lower sampling frequency than the relationship between RP and MC when sampling

every 6 days (R° monthly = 0.25 vs R’ weekly = 0.14).
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Compared with MC, the effect of temporal scale was not as important when
testing for correlations between algal biomass and environmental factors. Four of the six
environmental factors correlated with chlorophyll a were significant at more than one
scale compared to MC where both pH and RP were only significant at one time scale.
The variability associated with chl a was also about a quarter of the variability in MC.
This may be expected as chlorophyll g, a surrogate for algal biomass, represents a high
level property of aquatic ecosystems which is the sum of multiple species with
compensatory dynamics (Tilman and Downing 1994; Harris 1994). MC, however, is
produced only by those genotypes that have the mcy gene cluster (Tillet et al. 2000)
which is present in several species across a number of genera (Sivonen and Jones 1999).
The results presented here suggest that the dynamics of toxicogenic genotypes may be
highly variable and high frequency sampling will be necessary to track changes in strain

dominance over time.

Developing an empirical model between MC and environmental factors at the
within lake scale would be of useful to water managers. Given that all microcystin
producing strains have evolved from a common MC producing ancestor (Rantala et al.
2004), it may be possible to develop a direct empirical model for MC rather than
beginning with community composition, which remains difficult to predict (Reynolds et
al. 2002). Selection of the appropriate time scale must first be determined to frame future
studies and also to ensure comparisons across studies can be made. The appropriate
temporal scale will need to minimize variance due to environmental stochasticity but not
lose variation due to the response of these genotypes to changing environmental and
biotic conditions. Here I show that relationships developed at a monthly scale provided

the best potential for describing fluctuations in MC.
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10
11
12
13

14

Table 4.2 Pearson’s product moment correlations of seasonal means and maxima (n=8)

and monthly means and maxima (n = 15-16) for microcystin seston content (MC) and

chlorophyll a concentrations (Chl a) with environmental variables. Years were divided

into three seasons: spring — sampling start until 1 July; summer — 1 July to 10 September;

and autumn — samples collected after 10 September. Seasonal maxima were calculated as

the average of values greater than the 9ot percentile. Season-years or month-years that

were only represented by one data point were not included in this analysis.

Seasonal Ave Seasonal Max Monthly Ave Monthly Max

MC Chla MC Chla MC Chla MC Chla

MC - ns - ns - ns - -0.77*
Chla ns - ns - ns - ns ns
Cladoceranno.  ns ns ns ns ns ns ns ns
Rotifer no. ns ns ns ns ns ns ns ns

TP ns ns ns ns ns 0.83%x* ns 0.78*
RP ns ns ns ns ns ns ns ns
N ns 0.82* ns  091* ns 0.84%x ns ns
NH,' ns -0.93** ns ns ns -0.61*  ns ns
Silica ns 0.83* ns 0.95%* ns 0.79%* ns ns
Secchi ns ns ns ns ns -0.84* ns ns
Temp ns ns ns ns ns ns 0.682* ns
pH ns ns ns ns 0.821** ns 0.618* ns

* P<0.05; ** P<0.005
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16
17
18
19
20

21

22

Table 4.3 Cross-correlations of microcystin seston content and chlorophyll a

concentrations with environmental variables in Constance Lake, Canada. Data used in

this analysis was at a frequency of every 6 days in between May and November in 2003

and 2004. The number of days the environmental variable is lagged is given in

parentheses. Only lagged cross-correlations up to a maximum of 12 days were included

(2 time steps; n=51).

MC-Total Chla

Chl a ns -
Cladoceran no. ns ns
Rotifer no. ns ns

TP ns 0.436(0)**
RP 0.375(12)* ns

TN ns ns
NH," ns ns
Silica ns 0.317(0)*
Turbidity ns ns
Temp ns 0.370(6)*
pH ns ns

* p<0.05; ** P<0.005
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4.7 Figures
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Figure 4.1 Microcystin content of seston measured in Constance Lake by ELISA (top
row), and HPLC (bottom two rows) for 2003-2005 (mean + s?, n=2). Samples collected
before 23 June 2004 were collected by integrated tube sampling from a depth of 2 m.
Samples collected after 23 June 2004 were collected by vertical net haul from 2 m (mesh
size 64 um). 23 June 2004 is marked by a horizontal line in 2004. Samples collected by
integrated tube sampling were collected at an interval of 3 days while samples collected

by vertical net haul were collected every 6 days in 2004 and bi-monthly in 2005.
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Figure 4.2 Chemical and physical measurements made in Constance Lake in 2003-2005.

Samples were collected at an interval of 3 days in 2003 and 2004 and bi-monthly in 2005.
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Figure 4.3 The relationship between seasonal and monthly mean, standard deviation and

sample size for microcystin seston sampled in Constance Lake. The lines in panel B

show the sample sizes necessary to estimate means with 95% confidence for each

confidence interval (20, 40, 60, 80 ug g™') given the variance of the sample.
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5 Chapter 5 - Regulation of colonial cyanobacterial populations by abiotic

and biotic factors during non-bloom years

5.1 Abstract

Cyanobacterial blooms occur when one or a few species of cyanobacteria dominate an
ecosystem. In this study, abiotic factors and zooplankton density were measured in a
shallow lake every three days over two growing seasons to test for correlates with
cyanobacterial growth. Although populations of Anabaena, Microcystis, Woronichinia,
and Aphanizomenon were present none of these genera reached bloom levels. Abiotic
limits to growth were expected as positive correlations between changes in abiotic factors
and changes in cyanobacterial growth rates. Grazing pressure and competition between
cyanobacteria were expected as negative correlations. The results showed that most
correlations with zooplankton and between cyanobacteria taxa were positive suggesting
that facilitative relationships may be more important in explaining cyanobacterial
population dynamics than grazing pressure or competition. Inclusion of time lagged
variables in regression models doubled the variance explained for some cyanobacterial
taxa. For all cyanobacterial taxa, biotic interactions explained more variation than abiotic
variables suggesting that more emphasis should be placed on studying community

dynamics as a means of predicting cyanobacterial blooms.
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5.2 Introduction

Freshwater cyanobacteria, especially a few species of colonial cyanobacteria,
undergo occasional dramatic increases in population abundance. These population
outbreaks are known as water blooms when one or a small number of species dominate
the pelagic zone, (Reynolds and Walsby 1975). There are a number of societal
consequences of bloom events, especially if the dominant species produce toxins (Codd
2000; Zurawell et al. 2005). Ecologically, cyanobacterial blooms can disrupt normal
ecosystem functions by reducing energy transfer through the food chain, phytoplankton
diversity and nutrient recycling rates in the pelagic zone (Mehner et al. 2002; Sunda et al.
2006). Blooms are thought to occur when one or a few species proliferate under ideal
abiotic conditions and/or in the absence of competition or grazing (Hyenstrand et al.
1998). Time lags may also be important in detecting these relationships as lags in
population response time to environmental changes can result in large fluctuations (May

1976).

Cyanobacteria have a number of physiological adaptations that give them an
advantage over other phytoplankton species under specific abiotic conditions
(Hyenstrand et al. 1998). These adaptations include the ability to regulate buoyancy,
which is beneficial under low turbulence (Reynolds et al. 1987; Miller et al. 1991;
Shapiro 1997; Huisman et al. 1999c; Johnston and Jacoby 2003), and the ability of some
species to fix atmospheric nitrogen, which may explain the dominance of cyanobacteria
in lakes with low nitrogen to phosphorus levels (Smith 1983; Pick and Lean 1987).
Many cyanobacterial species reach an optimal photosynthetic capacity at water
temperatures of 25°C (Robarts and Zohary 1987), and have the ability to store
phosphorus (Kilham and Hecky 1988). Not surprisingly, blooms are commonly found
when temperature and phosphorus levels are high (McQueen and Lean 1987; Downing et
al. 2001). In each of the adaptations listed above, the response time may not be
immediate or immediately detectable. In batch cultures, for example, cells transferred
from nutrient deficient conditions to nutrient rich conditions undergo a lag phase while

the cell readies itself for cell division (Fogg and Thake 1975).
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Cyanobacteria have a number of features, such as the large size of colonies and
the production of secondary metabolites, which are thought to deter grazers (Lampert
1987). But although cyanobacteria may not be an ideal food source for zooplankton,
zooplankton populations can increase when fed a diet consisting solely of cyanobacteria
and the responses of zooplankton to cyanobacteria are highly variable within species
(Chapter 1, Tillmanns et al. 2008). This genetic diversity of zooplankton populations
provides the basis for adaptation to cyanobacteria (Hairston et al. 2001; Sarnelle and
Wilson 2005; Gustafsson et al. 2005). Individuals may adapt within one lifespan
(Ghadouani and Pinel-Alloul 2002; Sarnelle and Wilson 2005) and then pass this on to
subsequent generations (Gustafsson et al. 2005) or adaptation may occur over a longer
period (Hairston et al. 2001; Chapter 2). Adaptation of a zooplankton population to
cyanobacteria may cause a lag between changes in zooplankton population growth and

cyanobacterial populations.

Competition is expected to be strongest among species with strongly overlapping
resource use (Hardin 1960). Bloom-forming cyanobacteria share similar physiological
adaptations and therefore competition among cyanobacteria should be apparent.
Competition may explain why blooms consist of one or a small number of species when
multiple cyanobacterial species were present and why summer assemblages typically
have low diversity (Lindenschmidt and Chorus 1998). Competitive exclusion under
different light and nitrogen regimes has been documented for cyanobacterial species in
vitro (De Nobel et al. 1998; Huisman et al. 1999a). Competition may also be mediated
by allelopathy (Keating 1977; Keating 1978; Gross 2003). Succession occurs among
phytoplankton groups over the course of a season (Lindenschmidt and Chorus 1998;
Reynolds et al. 2002), but little is known about the strength of competition among

cyanobacterial species.

The importance of top down (grazer mediated) vs. bottom-up (abiotic conditions)
factors on the growth of cyanobacteria and phytoplankton in general has been long
debated in the literature (Power 1992; Gliwicz 2002). Most studies have focussed on
abiotic controls of cyanobacteria due to the collection of evidence that found

zooplankton, especially cladocerans, to be inhibited by the presence of colonial
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cyanobacteria (DeMott et al. 2001; Ghadouani et al. 2003). However, in some situations
top down control of cyanobacteria has proved effective (Mehner et al. 2002) and a recent
paper has shown that Daphnia are capable of invading an established population of
Microcystis (Sarnelle 2007). Most studies recognize that both processes are important
but the relative importance of each for describing the variability in cyanobacterial

population dynamics has not been resolved (Elser 1999; Gliwicz 2002).

As highlighted above, a great deal is known about the conditions that favour
cyanobacterial population growth but still the factors that lead to a bloom, especially
within a mesotrophic lake, remain elusive (Downing et al. 2001). If during bloom years,
a set of ideal conditions lead to a bloom, it is reasonable to surmise that during non-
bloom years, some of these factors must be limiting cyanobacterial growth. Time lags
between abiotic and biotic factors and cyanobacteria growth rates may lead to complex
dynamics which periodically lead to bloom events. In this paper, population dynamics of
cyanobacterial species sampled in situ over two years, were analysed using time-series
methods to determine if cyanobacterial population growth 1) is regulated by abiotic
and/or biotic factors during non-bloom years; 2) is influenced by lagged interactions and

3) regulated more by biotic or abiotic factors.

5.3 Materials and Methods
5.3.1 Sample Collection and Analysis

Samples were collected from Constance Lake, a mesotrophic lake in the west end
of Ottawa, every three days between 4 June and 7 November in 2003 and between 22
April and 28 October in 2004. In 2005, samples were collected bi-weekly between 20
May and 12 October. For each sampling date, water was collected by integrated tube
sampler to a depth of 2 m for water chemistry, chlorophyll, colonial cyanobacteria, and
rotifers. Macrozooplankton samples were collected by vertical net haul from 2 m with a
conical zooplankton net (diameter = 19.8 cm, mesh size = 64 pm) and preserved

immediately with 40% formalin buffered with sucrose (Haney and Hall 1973). A
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Hydrolab multisensor probe was used to record water temperature and pH every 0.25 m.
In the lab, 2 L of water collected by integrated tube sample was screened through a 35um
Nitex mesh and preserved in formalin for later enumeration of rotifers and colonial
cyanobacteria. Water chemistry analyses were conducted by City of Ottawa laboratory
(Ontario Ministry of the Environment 1983). Further details on laboratory methods are

given in Chapter 2 and 4.

Cyanobacteria and rotifer density was estimated using a Wild M40 inverted
microscope at 150X and 300X magnification. After inverting collection vials at least 10
times, sub-samples of between 0.05 and 0.4 mL (corresponding to 5 to 35 mL) were
pipetted from the vial directly to an Utermdhl counting chamber. A couple of drops of
diluted (10%) Lugol’s iodine solution was added to help identify the cyanobacteria and
the chamber was left to settle for at least two hours. The entire chamber was counted.
Cyanobacteria colonies >35 pm were identified to species using the following taxonomic
references: Komérek and Anagnostidis 1998; Komarek 1999; Komarek 2003; Komarek
et al. 2003; Li et al. 2000; Stiicken and Wiedner 2008. For each sample a minimum of 23
individuals of each common cyanobacterial species was counted. This has an associated
error of £30% (Laslett et al. 1997) and was deemed an acceptable trade off given the
large number of samples that needed processing. Methods for enumerating macro-
zooplankton were explained in Chapter 4. Only colonial cyanobacterial species found in
greater than 50% of all samples (2003 - 2005) and zooplankton genera in greater than

30% of samples were reported in this paper.
5.3.2 Statistical Analysis

Time-series analysis was conducted on growth rates of cyanobacteria and

zooplankton calculated using the equation (Gotelli 1998):

e InN,-InN,

Eq. 5.1
p q

where N is the density of cyanobacteria cells, zooplankton individuals or concentration of

chlorophyll and ¢ is time in days. Environmental factors were log+1 transformed to

87



adjust for normality and first order differenced. As growth rates are the population series
that are the first order difference of In transformed series divided by a constant, both of

these calculations resulted in creating a stationary data series.

A first examination of the calculated growth rate series revealed large fluctuations
due to the highly variable nature of the population series and zero values. Both of these
events are likely a consequence of random sampling error rather than actual fluctuations
in growth rates. Sampling error is introduced through algal counts, estimated at + 30%
(Laslett et al. 1997), and also by the occasional patchy distribution of cyanobacteria and
zooplankton within a lake (Verhagen 1994). To minimize this sampling error, population
growth rates were calculated from population density series that were first smoothed
using a moving average filter over a three-sample window (Chatfield 2004). Remaining
zeros were then filled with a random number between 0 and half the minimum value of

the complete series (all years combined).

Before correlations between variables could be identified, data series were first
pre-whitened to remove autocorrelation (Chatfield 2004). This was accomplished by
fitting an autoregressive model to each growth rate and differenced environmental series,
where autocorrelation was identified from correlograms, and using the residuals from this
model in all subsequent analyses (Chatfield 2004). Next, cross-correlations were
calculated among cyanobacteria genera (Anabaena, Microcystis, Woronichinia, and
Aphanizomenon) as well as among cyanobacteria species (Anabaena flos-aquae, A.
lemmermanii, Microcystis aeruginosa, M. wesenbergii, Aphanizomenon flos-aquae and
Woronichinia sp.) and with each of these taxa and zooplankton population growth rates
and changes in environmental conditions. In the case of Woronichinia and
Aphanizomenon, these genera are represented by only one species and were tested for

correlations with both cyanobacterial species and genera.

One of the problems with conducting multiple correlation tests is the inflated
probability of detecting significant results purely by chance. The most common practice
to correct for this is the Bonferonni correction where the significance threshold is reduced

by dividing the alpha value (0.05) by the total number of correlation tests (Zar 1999).
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The likelihood of detecting correlations in pre-whitened data series is already reduced
and reducing the significance level further would make a type II error likely (Nakagawa
2004). Rather than correct the alpha value, the total number of correlation tests was
limited by 1) reducing the number of taxa used in the analysis; 2) limiting the number of
time lags considered and 3) omitting tests for delayed relationships (t+z). Delayed
correlations with zooplankton may occur if a period of time is necessary for zooplankton
to increase in population after grazing upon cyanobacteria. Delayed relationships,
however, will not aid in the development of predictive models and will increase
substantially the number of correlation tests conducted. Cyanobacteria taxa were limited
to include all colonial and potentially toxic bloom-forming genera and the two
Microcystis and Anabaena species with the highest densities (Anabaena flos-aquae, A.
lemmermanii, Microcystis aeruginosa, M. wesenbergii). Calanoid copepods,
Ceriodaphnia and Diaphanosoma were eliminated from time-series analysis due to low
densities. For cross-correlations among cyanobacteria species, a time lag of 3 steps or 9
days was considered. This would allow for about three generations of a given
cyanobacterial taxa to respond to changes in the growth rates of a second taxa (Reynolds
1984b). Similarly, correlations with environment variables were limited to 9 days.
Correlations with rotifers were limited to 12 days, Bosmina to 21 days and Daphnia and
cyclopoids to 27 days. In each case this would cover approximately three generations of

each zooplankton taxa (Gillooly 2000).

To determine the total amount of variation explained in cyanobacterial population
growth rates by abiotic and biotic variables, all variables that were significantly cross-
correlated were used in a linear regression. Two models were considered — the first one
using only variables that were instantaneously correlated (tp) and the second one using all
lagged correlated variables (to+t,). Models were compared using adjusted R? (Rzadj),
which takes into account the number of independent variables used in the model (Zar
1999). A commonality analysis was conducted to partition the variance explained (R’) in
the lagged regression models (ty+t.;) into abiotic and biotic components (Seibold and
McPhee 1979). This was done by first partitioning the variance into unique and common
components for all variables and then adding together the components that could be

solely attributed to abiotic variables, other cyanobacteria, zooplankton or the combined
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variation of biotic variables (other cyanobacterial taxa and zooplankton). Commonality
analysis was conducted using the package developed for R by (Nimon et al. 2008).

Time-series analysis and linear regressions were conducted in SYSTAT vs. 11.

5.4 Results

Ten colonial cyanobacterial species were found in greater than 50% of the
samples collected (Table 5.1, Appendix B). Microcystis reached higher density in 2003
compared with 2004 (Figure 5.1), due largely to the prevalence of M. wesenbergii which
reached the highest density of any colonial cyanobacterial species in 2003 with a density
of 1.9 x 10°cells L. M. aeruginosa also reached its maximum density in 2003 (Figure
5.2, Table 5.1). Anabaena density was higher in 2003 compared with 2004 (Figure 5.1).
In 2003, A. crassa and A. viguieri contributed more to overall Anabaena density than in
2004 but both species contributed less in both years relative to A. flos-aquae and A.
lemmermanii (Figure 5.3). Other commonly found species were Aphanizomenon flos-
aquae which reached highest densities in the fall of 2004; Cylindrospermopsis
raciborskii which although present in a large number of samples never reached a very
high density (maximum 5.8 x 10* cells L™"); and Woronichinia sp. that had high densities
in both years in the fall (Table 5.1, Figure 5.4).

Five genera of cladocerans were found in more than 30% of samples: Bosmina
(72% of all samples), Ceriodaphnia (54%), Daphnia (48%), Diaphanosoma (45%) and
Chydorus (31%). Chydorus, however, was not included in the analyses as it is a
predatory species. Within each year, cladoceran dynamics were highly variable (Figure
5.5) with coefficients of variation reaching as high as 322% for Daphnia in 2003 (Table
5.1). Generally, the cladoceran genera showed defined periods of population increase
and decline within each year. Bosmina increased only for a short period in the fall of
2003 and again in the spring of 2004; Ceriodaphnia reached maximum densities in late
summer in 2003 and 2004; Daphnia reached highest densities in the spring of both years;
and Diaphanosoma increased in late summer in both years though it reached higher

maximums in 2003 (Figure 5.5).
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Both calanoid and cyclopoid copepods were found in Contance Lake. Cyclopoids
and nauplii were found in every sample where calanoid copepods were rarely found in
2003 (Table 5.1, Figure 5.6). Cyclopoids reached highest density in early spring of 2004
(82 individuals L) but by June fell to below 20 indivduals L where densities remained
for the rest of the year. In 2003, cyclopoids never reached more than 31 individuals L.

In both years, nauplii dynamics were similar to the cyclopoids (Figure 5.6).

Four rotifer genera were commonly found in Constance Lake: Asplanchna (55%
of samples), Keratella (98%), Polyartha (99%), and Trichocera (77%). Polyartha
reached the highest densities of any of these genera in spring of 2003 (4,679 individuals
L; Table 5.1; Figure 5.7). Except for Asplanchna in 2004, each genus underwent a
rapid increase in density between June and mid-July in each year and Keratella and
Polyartha showed a slight increase again in late fall. Trichocera only peaked in the

spring of each year and in 2004, Asplanchna only increased in the fall (Figure 5.7).

Of the fifteen cross-correlations detected among growth rates of cyanobacterial
taxa, only two were negative (Table 5.2). Woronichinia was negatively correlated with
both A. flos-aquae and M. aeruginosa at t 3 and t.¢ respectively. Woronichinia, however,
was positively correlated with Microcystis at t.3. And Microcystis was positively
correlated with Woronichinia at ts. The strongest correlation was between Woronichinia
and Anabaena at t (r = 0.65; P <0.001), followed by an instantaneous correlation

between M. aeruginosa and M. wesenbergii (r = 0.33; P <0.001).

A number of correlations were detected between cyanobacterial species and
zooplankton genera and again the majority of these relationships (15 out of 19) were
positive (Table 5.3). The only negative relationships were between Cyclopoids and
Anabaena, A. flos-aquae and A. lemmermanii at ty to and t respectfully, and between
Keratella and Aphanizomenon flos-aquae at t 3. Cyclopoids also had a positive
relationship with Woronichinia at to. Only one relationship was detected with
cladocerans: Daphnia were positively correlated with Anabaena flos-aquae at t.15.
Fourteen of the correlations detected were with rotifers and nine of those were with

Trichocera.
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Nutrients, turbidity and average water column temperature all showed correlations
with cyanobacterial growth rates (Table 5.3). Ammonium and TP both were negatively
correlated with total cyanobacterial biomass at t.3 and ammonium was also negatively
correlated with the growth rate of M. aeruginosa at t.;. Total nitrogen was negatively
correlated with the growth rates of Anabaena and A. flos-aquae at t_3 and to respectively.
Although TP was negatively related to total cyanobacterial biomass, it was positively
related to growth rates of Microcystis, M. aeruginosa, Woronichinia sp. and
Aphanizomenon flos-aquae at lags up to three days. Turbidity was positively correlated
with Microcystis and Microcystis aeruginosa at ty but was negatively correlated with A.
flos-aquae at t 3. Microcystis, M. aeruginosa and M. wesenbergii were all correlated with

temperature at t3 t.3 and te.

Lagged linear regression models for each cyanobacterial population growth rate
against cross-correlated variables revealed highly significant models in all cases (Table
5.4). Two sets of models were run, the first using only variables that were
instantaneously correlated (tp) and the second using all variables (to+t;). The amount of
variation (R%) explained by the first set of models ranged from 0.174 for M. aeruginosa to
0.095 for Woronichinia and between 0.330 for Woronichinia to 0.106 for Aphanizomenon
flos-aquae for the second set of models. For all cyanobacterial taxa, the addition of
lagged variables increased the amount of variation explained by the model. In the cases

of A. flos-aquae and Woronichinia, the amount of explained variation was double.

Biotic variables were responsible for most of the explained variation in each
lagged regression model but abiotic variables explained about an equal amount of the
variation for Microcystis and Aphanizomenon flos-aquae (Table 5.5). For M. aeruginosa,
M. wesenbergii and Woronichinia, the associations with other cyanobacterial taxa were
responsible for more variation than zooplankton. For Anabaena, Microcystis, A. flos-
aquae, A. lemmermanii, and Aphanizomenon flos-aquae, the opposite was true. All
variables explaining the most variation were biotic except for turbidity in the case of A.

flos-aquae.
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5.5 Discussion

A number of common bloom-forming and toxic cyanobacterial species were
present in Constance Lake between 2003 and 2005, but their biomass never reached
bloom levels. In this study, cyanobacterial population dynamics were analyzed against
environmental factors to identify limits of cyanobacterial growth. Limits to growth were
expected as positive correlations between cyanobacterial growth rates and abiotic factors
or negative correlations with zooplankton and/or between cyanobacterial genera. As
expected, most correlations with abiotic variables were positive with the exception of
correlation with ammonium and total nitrogen. Surprisingly, most correlations with
zooplankton and other cyanobacterial taxa were also positive. A time lag occurred in
most cyanobacterial populations before responding to changes in abiotic conditions,
zooplankton or other cyanobacterial growth rates. When lagged factors were included in
regression models the amount of variation explained doubled in some cases (Table 5.4).
For all cyanobacterial taxa except A. flos-aquae, biotic variables, either other
cyanobacteria or zooplankton taxa, explained more variation in population growth rate
dynamics than abiotic variables (Table 5.5). This suggests that more emphasis needs to
be placed on understanding the interactions of populations within multi-species

communities.

Competition among cyanobacteria within the same genus was expected as these
species are the most similar and therefore have the highest degree of resource overlap
(Hardin 1960). Surprisingly, there was no evidence of competition among species within
the same genus and all but two of the correlations detected among cyanobacterial taxa
were positive (Table 5.2). Both the two most abundant Anabaena species (A. flos-aquae
and A. lemmermanii) and the two most abundant Microcystis species (M. aeruginosa and
M. wesenbergii) were positively correlated. As an answer to his original “Paradox of the
Plankton”, Hutchinson (1961) suggests that multiple species may exist when equilibrium
conditions are not met. This is likely in the shallow, polymictic lake studied and positive
correlations among similar species may then be due to species responding to similar
environmental conditions. The correlations detected were based on three day intervals,

however, and at this short time scale, even species within the same genus have different
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correlations with environmental conditions (Table 5.3). Alternatively, these taxa may be
actively facilitating the growth of other cyanobacterial taxa. For example, facilitation
between cyanobacteria species has been documented when light and nitrogen are limited

(Agawin et al. 2007).

A number of species pairs showed correlations at two time lags. For example,
positive correlations between species occurred in series when the first species (e.g. A.
flos-aquae or A. lemmermanii) positively atfected a second species (A. lemmermanii or
M. wesenbergii respectively) at t-3, and then was also instantaneously correlated with the
second species. This pattern was also present between Anabaena and Woronichinia at t-
6. One explanation is that the first species facilitates the growth of a second species
which then benefits from the growth of this species. This may occur to aid in the
protection from grazers. For example, if A. lemmermanii produced a macromolecule to
defend against cyclopoids, then it may be in the best interest of A. flos-aquae to facilitate
the growth of A. lemmermanii to gain protection. Zooplankton can also facilitate growth
by recycling nutrients (Wetzel 2001). For example, Trichocera was positively correlated
with the growth of A. lemmermannii and M. wesenbergii (Table 5.3). If A. lemmermanii
facilitates the growth of M. wesenbergii, A. lemmermanii would also gain an advantage

through the presence of more Trichocera.

Only one correlation was detected between the growth rate of a cyanobacteria
taxon and a cladoceran genus: A. flos-aquae and Daphnia at t-1; days. Though Bosmina
were generally more numerous than Daphnia, they had no influence on cyanobacterial
populations. van Gremberghe et al. (2008) found that the cladoceran community was
important in structuring cyanobacteria community dynamics in a mesotrophic lake.
Community composition, however, was determined by denaturing gradient gel
electrophoresis of PCR-amplified 16S rRNA gene fragments and therefore represents the
genotype community rather than the morphotype community composition (van
Gremberghe et al. 2008). Cladocerans may have influenced the genotype composition of
cyanobacterial populations but these changes were not detected in the changes of
morpho-species population growth rates. The low density of cladocerans in Constance

Lake, likely due to the presence of planktivorous fish which are known to feed on larger
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cladocerans (Lynch and Shapiro 1981), may not have been adequate to reduce

cyanobacterial biomass (Sarnelle 2007).

In contrast to the cladocerans, there were a greater number of correlations with
rotifers (Table 5.3). In particular, all cyanobacteria taxa were positively correlated with
Trichocera and the only negative correlation was between Anabaena and Polyartha at t-3
days. Increases in colonial cyanobacterial biomass have been associated with decreases
in large cladocerans and increases in smaller cladocerans, rotifers and copepods
(Edmondson and Litt 1982; Orcutt and Pace 1984; Hansson et al. 2007). These smaller
species are thought to be less susceptible to cyanobacteria (Gilbert 1990) compared to
larger cladocerans which are considered to be more susceptible to feeding interference
and/or toxicity from cyanobacteria (Porter and Orcutt 1980a; Gliwicz and Lampert 1990;
Hansson et al. 2007). However, the correlations at a fine temporal scale suggests that
there may be a direct relationship between rotifers and cyanobacteria rather than the
proliferation of rotifers due a release from competition by larger cladocerans (Sartonov
1995). One possibility is that the relationship between rotifers and cyanobacteria was
mediated by bacteria. Bacteria can influence growth rates of phytoplankton by
influencing nutrient availability (Danger et al. 2007) or by allelopathically inhibiting
algal growth (Fukami et al. 1997) or causing cell lysis (Manage et al. 2000). Rotifer
populations may benefit from the bacteria associated with cyanobacteria (Ooms-Wilms
1997) and in doing so promote the growth of cyanobacteria by reducing the inhibitory

effects of bacteria.

Very little work has been done on the interaction between copepods and
cyanobacteria in part because copepods are able to select their food and therefore are
thought to avoid cyanobacteria (Kerfoot and Kirk 1991). DeMott and Moxter (1991)
demonstrated that the calanoid copepod, Diaptomus birgei, does actively select non-toxic
strains of cyanobacteria. There was a low density of calanoid copepods in Constance
Lake in 2003 and 2004 (maximum density was 4 individuals L") but cyclopoid copepods
reached densities of 82 individuals L in 2004 (Table 5.1). Adult Cyclopoid copepods
were negatively correlated with Anabaena and A. lemmermanii at t.¢ days and

instantaneously negatively correlated with A. flos-aquae. Cyclopoid copepods can be
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herbivores, predators or omnivores (Kumar and Rao 1999; Wetzel 2001) but since but
since this class was not identified to genus it is not possible to know whether the
cyclopoids were herbivorous actively decreasing Anabaena biomass, or predator
cyclopoids which may have been impacting Anabaena through a secondary path with

microzooplankton.

Compared with the biotic interactions, abiotic variables were less important in
explaining the variation in cyanobacterial population growth dynamics (Table 5.5). These
same abiotic variables are commonly measured and have been the focus of numerous past
studies on cyanobacteria (Jacoby et al. 2000; Welker et al. 2003; Downing et al. 2001).
Total phosphorus and turbidity were positively instantaneously correlated with
Microcystis and M. aeruginosa. TP and turbidity were in themselves highly correlated so
whether the low light conditions or high turbidity were specifically favourable cannot be
discerned. However, both high TP and low light, in this case caused by high turbidity,
has been shown to positively influence Microcystis (Huisman et al. 1999a; Nalewajko
and Murphy 2001). Also, temperature at lags of 3 and 6 days were correlated with
Microcystis population growth rates. Maximum photosynthetic capacity of Microcystis is
known to occur under high temperatures (Robarts and Zohary 1987) and as light was
never limiting, the lagged correlation with temperature is likely the time needed to

convert new energy into growth.

In temperate lakes, nitrogen can be as limiting as phosphorus on phytoplankton
growth (Elser et al. 1990). Ammonium is the most easily assimilated form of nitrogen
but the results show a negative correlation with total cyanobacterial biomass and with M.
aeruginosa at lags of 3 days. Yoshida et al. (2007) found that the green alga,
Scenedesmus quadricauda outgrew and almost excluded Microcystis novacekii under
conditions of pulsed ammonium supply compared to a low continuous ammonium supply
in which M. novacekii suppressed S. quadricauda. Tn 2003 and 2004, the variability in
ammonium was higher than other abiotic variables (Chapter 4) suggesting that conditions
were more analogous to a pulsed rather than continuous supply of ammonium. Anabaena
and A. flos-aquae were negatively correlated with total nitrogen (at t3 and tg

respectively). Anabaena species have the ability to fix atmospheric nitrogen (Komarek et
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al. 2003) so this negative correlation might suggest an advantage for Anabaena when
total nitrogen was low. Nitrogen fixation requires higher light conditions than nitrogen
uptake (Agawin et al. 2007), which could explain the negative correlation with turbidity
at t.3 (Table 5.3).

Population fluctuations are thought to arise by a combination of short and long
term abiotic influences (weather vs. climate forcing) and biotic processes which consist
of intrinsic processes within a species and interactions among individuals of different
species (Bjgrnstad and Grenfell 2001). Plankton community composition is reset each
spring and yearly variations within one lake will largely be due to community dynamics
and changing weather. In some studies, weather conditions are concluded as the main
cause of promoting or disrupting cyanobacterial blooms (e.g. Jacoby et al. 2000). Less
well studied are community processes and the resultant influence of population dynamics.
Biological communities are known to respond to linear changes in environmental
conditions in a non-linear manner (Hsieh and Ohman 2006). Time lags in the response of
a species to changing conditions have been mathematically shown to causes non-
linearities in population dynamics but the specific factors that cause these lags remain to
be discovered (Turchin 1990; Bjgrnstad and Grenfell 2001). Understanding inter-specific
interactions as they occur in natural ecosystems requires in sifu observations as these
interactions are in part a result of the history of the system (Landis et al. 2000). By
analysing two years of high frequency multi-species data from Constance Lake, some
highly significant inter-specific interactions were identified that occurred both with and
without time lags. Biotic relationships explained the majority of variation in

cyanobacterial population dynamics.
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5.6 Tables

Table 5.1 Descriptive statistics for cyanobacterial taxa, zooplankton genera and

chlorophyll sampled in Constance Lake over three years (2003, n=53; 2004, n=64; 2005,

n=10).

Food web component

2003

mean/range/%CV

2004

mean/range/%CV

2005

mean/range/%CV

Total cyanobacteria biomass (ug L)
Cyanobacteria taxa (103 cells L")
Anabaena
Microcystis
Anabaena flos-aquae
A. lemmermannii
Anabaena crassa
Anabaena viguieri
Microcystis aeruginosa
Microcystis flos-aquae
Microcystis wesenbergii
Woronichinia sp
Aphanizomenon flos-aquae
Cylindrospermopsis raciborskii
Zooplankton genus (individuals L)
Bosmina
Ceriodaphnia
Daphnia
Diaphanosoma
Calanoids
Cyclopoids
Nauplii
Asplanchna
Keratella
Polyartha

Trichocera

54/3 - 200/88

254/0 - 786/80
670/0 - 2586/91
90/0 - 534/148
66/0 - 470/129
58/0 - 321/159
31/0 - 425/228
316/13 - 1211/80
32/0 - 238/174
326/0 - 1934/132
97/0 - 619/136
6/0 - 17/74
17/0 - 58/79

2/0 - 25/211
2/0 - 29/237
3/0 - 64/322
1/0 - 10/168
1/0 - 4/116
9/2 - 31/70
15/2 - 55/64
106/0 - 720/160
711/138 - 1686/60
995/143 - 4679/78
165/0 - 1133/129

35/0 - 114/72

385/0 - 1789/90
343/0 - 1252/90
277/0 - 1108/95
61/0 - 823/225
33/0 - 175/134
11/0 - 96/175
266/0 - 751/84
36/0 - 621/233
42/0 - 233/124
63/0 - 515/191
34/0 - 264/179
3/0 - 30/220

3/0 - 41/232
1/0 - 6/141
2/0 - 32/291
0/0 - 3/199
0/0 - 3/462
10/0 - 82/138
18/3 - 70/73
168/0 - 1225/172
769/0 - 3080/85
902/0 - 2881/79
112/0 - 1066/148

46/1 - 153/103

405/1 - 1596/120
313/14 - 1353/139
125/0 - 470/109
90/0 - 428/158
81/0 - 461/173
101/0 - 753/235
180/10 - 630/117
47/0 - 308/210
86/4 - 547/201
78/0 - 272/151
84/0 - 198/88
15/0 - 57/117

9/0 - 33/121
4/0 - 17/153
8/0 - 71/291
2/0 - 10/191
0/0 - 1/172
15/1 - 60/123
20/4 - 40/68
129/0 - 641/201
940/150 - 4000/124
884/75 - 2425/80
109/0 - 488/128
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Table 5.2 Lagged and instantaneous correlations between cyanobacterial population
growth rates in Constance Lake during 2003 & 2004. The taxa listed in column A is
shifted the given number of days (lag) from the taxa listed in column B (A, *B).

A - Lagged Taxa B - Taxa Lag r p
Anabaena Microcystis -9 0.27 0.018
Anabaena Woronichinia 0 0.31 0.001
Anabaena Woronichinia -6 0.65 <0.001
Microcystis Woronichinia -6 0.25 0.007
Woronichinia Microcystis -3 0.21 0.025
Woronichinia M. aeruginosa -3 0.21 0.027
Woronichinia M. aeruginosa -6 -0.24 0.013
Woronichinia A. flos-aquae -3 -0.23 0.014
A. flos-aquae A. lemmermanii 0 0.27 0.005
A. flos-aquae A. lemmermanii -3 0.23 0.015
A. flos-aquae M. aeruginosa -6 0.24 0.012
M. wesenbergii M. aeruginosa 0 0.33 <0.001
A. lemmermanii Woronichinia -3 0.31 0.001
A. lemmermanii M. wesenbergii 0 0.19 0.044
A. lemmermanii M. wesenbergii -3 0.31 0.001
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Table 5.4 Cyanobacteria population growth rates regressed against biotic and abiotic

variables without time lags (to) and both instantaneous and lagged (to+t.;) variables. If no

subscript is present, variables were not lagged. ANA — Anabaena, MIC — Microcystis,
AFLO - A. flos-aquae, ALEM — A. lemmermanii, MAER — M. aeruginosa, MWES — M.

wesenbergii, WOR — Woronichinia, ASP — Asplanchna, DAPH — Daphnia, CYC —

cyclopoids, KER — Keratella, POLY — Polyartha, TR — Trichocera, TURB — turbididty,

TEMP - average water column temperature, RP - reactive phosphorus, TP — total

phosphorus, TN — total nitrogen, EXT — light extinction coefficient.

RZ

Taxa Model Independent Variables Rzadj df F p
Cyanobacteria to TRI 0.106 0.098 1,113 1340 <0.001
Biomass tott,  TRI-NHy3-TP;; 0.139 0.124 2,110 890 <0.001
Anabaena to WOR+TRI 0.127 0.111 2,108 7.89 0.001
tott, WOR+TRI+ASP. +POLY o 0.211 0.179 4,100 6.89 <0.001
Microcystis to TRI+TP+TURB 0.168 0.145 3,111 746 <0.001
tott, TRI+TP+ANA_+TEMP,; 0.236 0.207 4,104 8.03 <0.001
A. flos-aquae to ALEM-CYC -TN 0.159 0.136 3,111 7.00 <0.001
tott, ALEM-CYC -TN+DAPH, , +KER, 0.325 0277 7,99 6.81 <0.001
12+TRI 1 -TURB 3
A. lemmermanii to AFLO+TRI 0.152 0.136 2,110 9.84 <0.001
tott,  AFLO+TRI+AFLO,;-CYC. 0.225 0.187 5,101 5.87 <0.001
+ASP,
M. aeruginosa to MWES+TRI+TURB 0.174 0.151 3,111 7.77 <0.001
tott,  MWES+EXT+AFLO +WOR,; - 0322 0.283 6,104 8.23 <0.001
WOR, (+TEMP, 4
M. wesenbergii to MAER+TRI 0.163 0.145 2,112 10.67 <0.001
tott, MAER+TRI+ALEM,;+TEMP, ¢ 0.283 0.256 4,106 1045 <0.001
Woronichinia to CYC 0.095 0.087 1,112 11.76 0.001
sp. tott, CYC+ANA+TP.g 0.330 0.331 3,106 17.37 <0.001
Aphanizomenon to!
tott, -KER,3+TP,3 0.106 0.090 2,110 6.52 0.002

flos-aquae

"No variables were instantaneously correlated with Aphanizomenon flos-aquae.
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Table 5.5 Percentage of total R* from complete regression models that is due to abiotic
factors (a), other cyanobacteria taxa (c), and zooplankton (z), as well as both
cyanobacteria and zooplankton together (c1z). Also, listed are the two variables and

their time lags, that explain the largest amount of variation within each model.

Total % R*
Taxa R? a ¢ z cNz variable %R> variable % R
Cyanobacterial Biomass 0.139 29 0 54 54 TRI 54 NHy. 3 38
Anabaena 0247 0 41 50 100 WOR 41 POL, 17
Microcystis 0.188 43 18 29 49 TRI 29 TP 23
A. flos aquae 0308 30 10 46 68 TURB,; 18 DAPH,;; 16
A. lemmermanii 0339 0 18 70 100 ASPy 24 TRI 21
M. aeruginosa 038 19 68 0 68 MWES 31 WOR¢ 20
M.wesenbergii 0322 11 45 26 85 ALEM,; 30 TRI 26
Woronichinia sp. 0.190 7 52 13 83 AN,¢ 52 CYCLO 13

Aphanizomenon flos-aquae 0.057 46 0 50 50 KER,; 50 TP, 3 46
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5.7 Figures
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Figure 5.1 Population dynamics of the two most common genera of colonial

cyanobacteria in Constance Lake, Canada. Note the different scales.
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Figure 5.2 Population dynamics of the three most common species of Microcystis

sampled in Constance Lake over two years. Note the different scales.
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Figure 5.3 Population dynamics of the four most common Anabaena species sampled in

Constance Lake over two years. Note the different scales.
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Figure 5.4 Population dynamics of Aphanizomenon flos-aquae, Cylindrospermopsis
raciborskii, and Woronichinia sp. in Constance Lake over two years. Note the different

scales.
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Figure 5.5 Population dynamics of the most common genera of cladocerans in

Constance Lake, Canada. Note the different scales.
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Figure 5.6 Population dynamics of the most common genera of copepods in Constance

Lake, Canada. Note the different scales.
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Figure 5.7 Population dynamics of the most common genera of rotifers in Constance

Lake, Canada. Note the different scales.
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6 Conclusions

Since Reynolds’ (1975) first description of cyanobacterial blooms, a great
deal of research has been conducted using the methods of field observations, mesocosms,
and laboratory experiments. Laboratory studies have investigated the response of
different zooplankton species to cyanobacteria, studied the physiological adaptations of
cyanobacteria to abiotic conditions and uncovered the genetic basis of microcystin
production. Mesocosm studies have sought to unravel the food web interactions between
nutrients, cyanobacteria, zooplankton and fish and field observations have uncovered
regional scale relationships such as those between nutrient enrichment and the likelihood
of a cyanobacterial blooms, as well as relationships with abiotic conditions that may be
regulating cyanobacteria and cyanotoxins in situ (e.g., Kotak et al. 1995; Kotak et al.

1996).

Though much has been learned over the last three decades many questions
remain. The large number of laboratory studies and mesocosm studies of cyanobacteria-
zooplankton interaction has made it difficult to draw any conclusions. Chapter one
showed the high degree of variability in population growth rates both within and between
zooplankton species fed diets containing cyanobacteria. It also showed that most
zooplankton could maintain positive population growth rates when fed diets containing

cyanobacteria, though those growth rates are below optimal levels.

Over the same period that this meta-analysis was conducted, studies were
published which showed the potential for Daphnia to adapt to the presence of
microcystin and cyanobacteria in general (Gustafsson and Hansson 2004; Gustafsson et
al. 2005). As both the length of time necessary for adaptation to occur and the
mechanism involved will influence species dynamics and interactions (Holt 2005; Stomp
et al. 2008), identifying both the time required and the adaptive trait was the logical next
step. The results of chapter two show that, rather than the decades of time previously
thought necessary for Daphnia to adapt to toxic cyanobacteria (Hairston et al. 2001),

Daphnia can adapt in periods as short as 8 weeks. A model of the experimental results
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suggests that the adaptive trait could be either differential gut passage or feeding

selectivity.

The results of both chapters one and two suggest that zooplankton play a role in
controlling cyanobacterial biomass and may shift cyanobacterial strains towards toxic
genotypes. In contrast, field observations showed no correlations between zooplankton
and microcystins in Constance Lake, even with high frequency sampling. This could have
been due to the low abundance of cladocerans throughout much of the years studied
(Figure 5.5). However, there were negative correlations between Anabaena taxa and
Daphnia and cyclopoid copepods. Daphnia and copepods have been previously shown
to graze on Anabaena (DeMott and Moxter 1991) and this negative correlation may in
part explain why cyanobacterial taxa in Constance Lake never reached bloom levels. The
positive correlations between cyanobacterial and rotifer growth rates and also among
cyanobacterial taxa were more unexpected. Such facilitative relationships are rarely
observed or studied though they may play a large part in maintaining phytoplankton
diversity (Agawin et al. 2007).

In the last chapter of this thesis, the dynamics of all potentially bloom-forming
cyanobacteria that occurred in Constance Lake were investigated in the light of limiting
abiotic conditions, competition and grazing pressure. The high frequency sampling
allowed for the simultaneous examination of each of these interactions in situ, an
objective that has thus far been limited to experimental mesocosms (e.g.Ghadouani et al.
2003; Sarnelle 2007; Gobler et al. 2007). The list of abiotic factors that may limit
cyanobacterial population growth is well documented (Hyenstrand et al. 1998). Some of
these factors, such as temperature and nutrients, were important in Constance Lake.
However, biotic interactions with zooplankton, especially rotifers, and other

cyanobacterial taxa were more important in explaining the variability of each species.

Applying laboratory results to whole ecosystems remains a challenge for
ecologists. Where laboratory studies are designed to look at simple interactions,
ecosystems contain all possible interactions. One of the first hurdles to overcome in

moving from laboratory studies to predictive ecology in ecosystems is the selection of an
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appropriate scale (time and space) that best explains the main sources of variability
without distortion from small scale stochastic events. Regional studies have better
predictive potential for cyanobacterial biomass in relation to abiotic and biotic variables
most likely due to the greater range of these variables (Reynolds 1998) but cyanobacterial
blooms and the management of these blooms occur at the within lake scale. Sampling at
six day intervals in the case of microcystins and three day intervals for cyanobacterial
taxa only explained a maximum of 35 % of the variance. Further variation may be
explained by the internal dynamics of each species (Turchin 1990; Turchin 1999) or
possibly allelopathic interactions with species in other phyla (e.g. Keating 1977; Vardi et
al. 2002).

Community relations, especially predator-prey interactions have the capacity to
shape species composition and alter species dynamics (Sarnelle 1993). Species
interactions will also depend upon both the genetic diversity and adaptation potential of
the species involved (Chapters 1 & 2; Yoshida et al. 2003). The finding that not only is
there a wide variation in the response of zooplankton to cyanobacteria but also that
zooplankton can adapt to the presence of cyanobacteria has changed the direction of
future research from laboratory studies using single clones to investigating interactions of
populations (Sarnelle 2007). Although much of the emphasis in explaining
cyanobacterial blooms has been focussed on bottom-up influence of abiotic variables
(e.g. Hyenstrand et al. 1998) when considering blooms within a single lake, community
processes could be more important (Chapter 5). Given the potential for adaptation of
both zooplankton and cyanobacteria to changing conditions, ecosystem models which
extend beyond single genotype interactions to consider the adaptive potential of each
population may better explain multi-species dynamics in semi-closed ecosystems such as

lakes.
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7 Appendix A

Table Al. The intra-class correlation coefficient and associated significance values for
zooplankton taxa. Significant values <0.05 indicate effect sizes are more similar within a

study than across all studies.

Taxa N # of studies ICC P
Bosmina longirostris 3 2 -0.32 0.562
Ceriodaphnia 34 6 -0.02 0.499
Ceriodaphnia cornuta k 28 4 -0.06 0.606
Ceriodaphnia dubia 6 2 0.64 0.065
Daphnia 214 33 0.40 <0.001
Daphnia ambigua 5 2 0.52 0.155
Daphnia carinata 8 2 0.62 0.034
Daphnia cucullata 16 2 -0.18 0.749
Daphnia galaeta 22 6 0.53 0.007
Daphnia longispina 12 5 0.93 <0.001
Daphnia magna 46 8 0.72 <0.001
Daphnia pulex 95 12 0.12 0.034
Moina 27 7 0.72 <0.001
Moina macrocopa 7 2 -0.41 0.948
Moina micrura 20 5 0.78 <0.001
Brachionus 56 11 0.48 <0.001
Brachionus calyciflorus 45 10 0.62 <0.001
Brachionus rubens 11 2 -0.08 0.43
Keratella 19 5 0.55 0.009
Keratella cochlearis 14 5 0.54 0.041
Keratella crassa 4 2 -1.49 0.786
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Table A2. Results of a random sign test to determine the influence of multiple
experiments per study on the effect size of herbivorous zooplankton fed treatment diets
containing cyanobacteria. Genus entries are bolded and combine effect sizes from all

studies with species in the specified genus.

mean effect

Zooplankton taxa no. experiments n size s P
Daphnia 1 33 -0.58 0.07 0.001
3 87 -0.61 0.05 0.001
6 139 -0.61 0.04 0.001
10 177 -0.62 0.04 0.001
15 200 -0.62 0.03 0.001
ALL 214 -0.62 0.03 0.001
Daphnia carinata 1 2 -0.74 0.27 0.123
6 -0.75 0.16 0.023
4 8 -0.75 0.13 0.013
Daphnia galeata 1 6 -0.29 0.08 0.028
16 -0.31 0.05 0.02
4 22 -0.39 0.04 0.001
Daphnia longispina 1 5 -0.52 0.06 0.023
11 -0.49 0.04 0.03
4 12 -0.47 0.04 0.02
Daphnia magna 1 8 -0.931 0.107 0.005
3 24 -0.934 0.064 <0.001
6 34 -1.005 0.057 <0.001
10 40 -1.016 0.056 <0.001
15 46 -1.009 0.057 <0.001
Daphnia pulex 1 12 -0.48 0.19 0.035
32 -0.52 0.12 0.02
6 54 -0.58 0.10 0.001
10 68 -0.59 0.08 0.001
15 82 -0.61 0.07 0.001
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mean effect

Zooplankton taxa no. experiments n size s p
Moina 1 7 -1.21 0.21 0.022
3 18 -1.27 0.14 0.001
6 25 -1.10 0.12 0.001
8 27 -1.03 0.11 0.001
Moina micrua 1 5 -0.68 0.09 0.014
3 12 -0.63 0.06 0.02
6 18 -0.54 0.05 0.01
8 20 -0.50 0.05 0.01
Brachionus 1 12 -1.10 0.22 0.017
3 34 -1.14 0.14 0.001
6 47 -1.12 0.13 0.001
10 56 -1.04 0.12 0.001
Brachionus calyciflorus 1 10 -0.98 0.19 0.027
28 -1.01 0.12 0.01
6 38 -1.02 0.12 0.01
10 45 -0.92 0.13 0.01
Keratella 1 5 -0.22 0.07 0.105
3 12 -0.22 0.05 0.023
6 16 -0.21 0.05 0.05
10 19 -0.22 0.04 0.08
Keratella cochlearis 1 5 -0.20 0.07 0.117
3 11 -0.22 0.06 03
6 14 -0.22 0.05 0.1
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Table A3. The results of re-sampling with replacement for t-tests comparing effect sizes
of Daphnia magna fed toxic and non-toxic treatment diets (putative toxins); mean
zooplankton effect sizes for treatment diets containing Microcystis aeruginosa with or
without microcystins; and also for mean zooplankton effect sizes for treatment diets

containing Microcystis aeruginosa in colonial or single celled form (morphology).

No. Mean
experiments Effect Standard
Taxa Comparison selected N Size  deviation p-value
Daphnia  putative 1 10 240 0.72 0.029
magna toxins 3 25 3.73 0.71 0.001
6 32 379 0.70 0.002

ALL 38 340 0.66 0.001

Microcystis microcystins 1 22 053 0.53 0.343
aeruginosa 3 59 0.64 0.54 0.307
6 92  0.88 0.50 0.166
10 119 1.15 0.49 0.113
15 138 1.24 0.45 0.107

ALL 151 1.18 0.47 0.118

Microcystis morphology 1 34  -0.36 0.52 0.355
aeruginosa 3 87 -0.30 0.64 0.364
6 138 -0.19 0.73 0.338
10 180 0.03 0.80 0416
15 210 -0.30 0.94 0.314

ALL 229 041 0.97 0.261
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Table A4. List of studies used in the meta-analysis comparing r for grazers fed control
foods comprised of chlorophytes and/or flagellates and treatment foods containing
cyanobacteria. Grazer types: cl = cladoceran [Genera = 'Bosmina, *Ceriodaphnia,
3Chydorus, *“Daphnia, *Moina, ®Moinadaphnia, ' Scapholeberis, ®Simocephalus] and r =
rotifer [Genera = 9A_qplanchmz, 1OBmchionus, 11Hexarthra, 2Keratella, Synchaetal.
Toxins analyzed and found to be present: *anatoxin, ’deazaadenosine,
glucopyranoside, '"microcystin. Morphology types: colonial = colonial [Genera =
18Microcystis], filament = filamentous [Genera = 19Anabaena, 2OAphanizomenon,
21Cylindrospermopsis, 20scillatorial Planktothrix], and single = single-celled [Genera =
19Anabaena, 23Anacystis, 24Gleocapsa, 25Merismopedia, 18Microcysz‘is, 26Symzchococcus,

%TSynechocystis]. ND = toxin presence not-determined by chemical analysis.
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Grazer Cyanobacterial Cyanobacterial Effect size
Studies types toxicity morphology estimates
Ahlgren et al. 1990 el ND single", filamentous™ 4
Alva-Martinez et al. 2001 1245 ND single!® 9
Alva-Martinez et al. 2004 cl? ND single'® 8
Arnold 1971 clt non-toxic, ND single!»23:2425.26.27 14
Brett 1993 ol ND single'® 2
Cecchine G.A III. 1997 0 toxic! single’® 9
Chen and Xie 2003 o ND colonial'® 3
Chen and Xie 2004 ol toxic!’ single'® 4
Claska and Gilbert 1998 o toxic!*!*1¢ filament" 25
de Bernardi et al. 1981 cl* ND single'® 6
de Figueiredo et al. 2004 ol ND filament® 6
Ferrdo-Filho and Azevedo 2003  cI*® toxic'” single'®, colonial™® 16
Ferrdo-Filho et al. 2000 12458 toxic'” single'® 25
Ferrdo-Filho et al. 2002 o’ toxic!’ single'® 2
Fulton and Paerl 1987 ' ND single®, colonial'® 4
Fulton and Paerl 1988 cl?, r'f ND colonial'® 4
Geng et al. 2006 T toxic'’ single'® 6
Gilbert 1990 I8 1213 toxic'™'6 filament'® 22
Gilbert 1994 r'? toxic! filament' 1
Gilbert 1996b 0 toxic" filament'® 5
Gilbert 1996a 210 toxic'* filament'® 6
Gilbert and Durand 1990 clt 12 non-toxic filament'? 4
Hanazato and Yasuno 1987 o’ ND single'®, colonial® 2
Henning et al. 1991 cl* toxic'’, non-toxic, ND  single'® 4
Hietala et al. 1995 ot toxic'? single® 10
Hietala et al. 1997a cl toxic!’ single'® 18
Hietala et al. 1997b cl* toxic!’ single'® 4
Kurmayer 2001 a? non-toxic filament® 4
Lundstedt and Brett 1991 cl* ND single'® 1
Liirling 2003a ol toxic”, non-toxic single'® 8
Liirling 2003b cl* toxic'’, non-toxic single'® 16
Liirling and van der Grinten toxic'”, non-toxic single'® 5
2003 el
Martin-Creuzburg et al. 2005 el ND single?® 6
Nandini and Rao 1998 24578 g0l ND single'®, colonial'® 32
Nandini et al. 2000 clt ND colonial*® 2
Porter and Orcutt 1980b ol toxic'* single', filament" 4
Repka 1996 cl* toxic'” filament® 6
Repka 1997 c toxic!’ filament?? 9
Repka 1998 clt toxic'’ filament™ 12
Rothhaupt 1991 0 ND single'®, filament'**! 8
Sartonov 1995 cl®, r'? non-toxic single!® 4
Shurin and Dodson 1997 clt toxic!’ single’® 3
Smith and Gilbert 1995 clt, 12 toxic'”, non-toxic single'® 18
Starkweather 1981 0 non-toxic filament"? 2
Starkweather and Kellar 1983 10 toxic'* filament" 3
Weithoff and Walz 1995 10 toxic!’ filament?? 10
Forbes and Calow 1999 ol toxic!? single'® 2

Total 378
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8 Appendix B - Common Cyanobacteria Species found in Constance Lake

8.1 Methods

Samples were collected from Constance Lake, a shallow mesotrophic lake in west
Ottawa, between May 2003 and October 2005. Water samples were collected with an
integrated tube sampler to a depth of 2 m. In the laboratory, 2 L of water was screened
through a 35um Nitex mesh and preserved in formalin. Sub-samples were pipetted
directly to an Utermd&hl counting chamber and a couple of drops of diluted (10%) Lugol’s
iodine solution was added to help identify the cyanobacteria. Pictures were taken at
300X magnification using a Sony Cyber-shot 2.1 mega pixels digital camera with an eye
piece adaptor for a Wild M40 inverted microscope. Cell and colony dimensions are
based on mean measurements made over all years (n = 230). Five measurements per
species were made on three samples each month except for in 2005 when measurements

were made on all samples.
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8.2 Anabaena flos-aquae

Trichome flexulose, some thin mucilage, barely visible

Vegetative Cells  ~5 um diameter, spherical, well defined margin, cells well separated

Akinete 10-12 x 5 -7 pmj straight edged, cylindrical, scattered throughout
trichome

Heterocyte slightly smaller than cells and spherical

Digital photographs of Anabaena flos-aquae. From top left and moving clockwise,
pictures were taken June 15, 2004; Sept 22, 2004; Sept 22, 2004; Oct 22, 2004
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8.3 Anabaena lemmermannii

Trichome Flexulose, can produce tangled colonies
Vegetative Cells  ~7-8 x 6-7 pm, slightly longer than wide
Akinete ~10 x 8 um, found on either side of heterocyte
Heterocyte ~6 X 6 um, round

Digital photographs of Anabaena. All pictures were taken Junel5, 2004.
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8.4 Anabaena crassa

Trichrome Spiraled or sometimes flexulose, 60 um long and 16 pm between
spirals

Vegetative Cells  ~8 x 8 pm, roundish but squished together

Akinete ~16 x 12; dispersed throughout trichrome, can be two in a row

Heterocyte ~8 x 8 um; round, same size as cells

Digital photographs of Anabaena spiroides. From top left and moving clockwise,
pictures were taken June 15, 2004; June 24, 2004; Aug 13, 2004; June 24, 2004.
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8.5 Anabaena viguieri

Trichome Straight, thin

Vegetative Cells  6-7 x 8; cells spherical to barrel shaped
Akinete 20x 12 pm

Heterocyte 8-9 x 8, spherical

Digital photographs of Anabaena viguieri. From top, samples were taken June 15, 2004;
Aug 17, 04; Aug 17, 04. The arrow in the middle picture points to an akinete in early
stages of development.
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8.6 Aphanizomenon flos-aquae

Trichome Straight, long

Vegetative Cells  ~ 8 x 4.5; barrel shaped; no gas vesicles, just aerotopes
Akinete ~ 72 x 8; long and slender, found in the middle of the trichome
Heterocyte ~ 1 2x 8, often terminal

Digital photographs of Aphanizomemon flos-aquae. From top, pictures were taken Aug
17, 2004; Sept 22, 2004; Sept 28, 2004.
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8.7 Cylindrospermopsis raciborskii

Trichome Straight

Vegetative Cells  ~ 3 x 8 um but difficult to see cell divisions

Akinete ~ 5 x 16 um, always right before heterocyte on the end or close to the
end, sometimes two in a row

Heterocyte ~3 x 7 wm, always terminal

Digital photographs of C. raciborskii taken Sept 28, 2004 (top) and Aug 18, 2004
(bottom).
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8.8 Microcystis flos-aquae

Colony Shape More or less spherical, compact with irregular margin
Vegetative Cells  ~ 3.5 pm, spherical
Mucilage Not easily visable

Digital photographs of M. flos-aquae from sample taken July 6, 2004.
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8.9 Microcystis aeruginoa

Colony Shape spherical when small but becoming lobed and clathrate when larger
Vegetative Cells  spherical, ~5 pm
Mucilage thin, no easily seen

Digital photographs of M. aeruginosa. From top left and moving clockwise, pictures
were taken pictures taken Aug 18, 03; July 21, 04; Aug 18, 2003; and August 9, 2006.

127



8.10 Microcystis wesenbergii

Colony Shape Lobed and clathrate as colonies get larger
Vegetative Cells  ~5-6 um, round
Mucilage Thick with refractive edge

Digital photographs of M. wesenbergii. From top left and moving clockwise, first three
pictures were taken July 21, 2004 and the fourth picture was taken July 5, 2006.
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8.11 Woronichinia sp.

Colony Shape spherical, cells radially arranged
Vegetative Cells  ~5.5 x 4, cells slightly oblong, especially along margin
Mucilage Sometimes not visible, sometimes visible around margin

Digital photographs of Woronichinia sp. taken Aug 18, 2003.
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